1521-0103/372/1/119-127$35.00
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS

Copyright © 2019 by The American Society for Pharmacology and Experimental Therapeutics

https://doi.org/10.1124/jpet.119.261818
J Pharmacol Exp Ther 372:119-127, January 2020

Cannabinoid Antagonist Drug Discrimination in

Nonhuman Primates

Brian D. Kangas, Ani S. Zakarian, Kiran Vemuri, Shakiru O. Alapafuja, Shan Jiang,
Spyros P. Nikas, Alexandros Makriyannis, and Jack Bergman

Department of Psychiatry, Harvard Medical School, Boston, Massachusetts (B.D.K., J.B.); Behavioral Biology Program, McLean
Hospital, Belmont, Massachusetts (B.D.K., A.S.Z., J.B.); and Center for Drug Discovery, Northeastern University, Boston,

Massachusetts (K.V., S.0.A., S.J., S.P.N., AM.)
Received July 29, 2019; accepted October 21, 2019

ABSTRACT

Despite a growing acceptance that withdrawal symptoms can
emerge following discontinuation of cannabis products, espe-
cially in high-intake chronic users, there are no Food and Drug
Administration (FDA)-approved treatment options. Drug devel-
opment has been hampered by difficulties studying cannabis
withdrawal in laboratory animals. One preclinical approach that
has been effective in studying withdrawal from drugs in several
pharmacological classes is antagonist drug discrimination. The
present studies were designed to examine this paradigm in
squirrel monkeys treated daily with the long-acting CB4 agonist
AM2389 (0.01 mg/kg) and trained to discriminate the CB+ inverse
agonist/antagonist rimonabant (0.3 mg/kg) from saline. The
discriminative-stimulus effects of rimonabant were both dose
and time dependent and, importantly, could be reproduced by
discontinuation of agonist treatment. Antagonist substitution
tests with the CB1 neutral antagonists AM4113 (0.03-0.3 mg/kg),
AM6527 (0.03-1.0 mg/kg), and AM6545 (0.03-1.0 mg/kg) con-
firmed that the rimonabant discriminative stimulus also could
be reproduced by CB; antagonists lacking inverse agonist
action. Agonist substitution tests with the phytocannabinoid
A®-tetrahydrocannabinol (0.1-1.0 mg/kg), synthetic CB; ago-
nists nabilone (0.01-0.1 mg/kg), AM4054 (0.01-0.03 mg/kg),
K2/Spice compound JWH-018 (0.03-0.3 mg/kg), FAAH-selective

inhibitors AM3506 (0.3-5.6 mg/kg), URB597 (3.0-5.6 mg/kg), and
nonselective FAAH/MGL inhibitor AM4302 (3.0-10.0 mg/kg)
revealed that only agonists with CB; affinity were able to
reduce the rimonabant-like discriminative stimulus effects
of withholding daily agonist treatment. Although the pres-
ent studies did not document physiologic disturbances
associated with withdrawal, the results are consistent
with the view that the cannabinoid antagonist drug discrim-
ination paradigm provides a useful screening procedure
for examining the ability of candidate medications to atten-
uate the interoceptive stimuli provoked by cannabis
discontinuation.

SIGNIFICANCE STATEMENT

Despite a growing acceptance that withdrawal symptoms can
emerge following the discontinuation of cannabis products,
especially in high-intake chronic users, there are no FDA-
approved pharmacotherapies to assist those seeking treatment.
The present studies systematically examined cannabinoid an-
tagonist drug discrimination, a preclinical animal model that is
designed to appraise the ability of candidate medications to
attenuate the interoceptive effects that accompany abrupt
cannabis abstinence.

Introduction

In recent years, it has become commonly accepted that
withdrawal symptoms can emerge following the abrupt
discontinuation of cannabis products, especially in high intake
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chronic users. These evolving views were codified in the DSM-
5 (American Psychiatric Association, 2013) with the inclusion
of Cannabis Use Disorder which, for the first time, included
diagnostic criteria for cannabis dependence. Symptom cate-
gories following abrupt discontinuation include disturbances
in mood, sleep, food consumption, and physical comfort
(Budney and Hughes, 2006; Schlienz et al., 2017). It is widely
recognized that such withdrawal discomfort can lead to
relapse to cannabis use for symptomatic relief, presenting
a formidable obstacle to successful (or long-term) remission.

ABBREVIATIONS: AM2389, 9B-hydroxy-3-(1-hexyl-cyclobut-1-yl)-hexahydrocannabinol; AM3506, 5-(4-hydroxyphenyl)pentanesulfony! fluo-
ride; AM4054, 98- (hydroxymethyl)-3-(1-adamantyl)-hexahydrocannabinol; AM4113, 5-(4-alkylphenyl)-1-(2,4-dichlorophenyl)-4-methyl-N-(piper-
idin-1-yl)-1H-pyrazole-3-carboxamide; AM4302, 3-cyanophenyl 4-benzylpiperidine-1-carboxylate; AM6527, 5-(4-alkylphenyl)-1-(2,4-
dichlorophenyl)-4-methyl-N-(morpholino)-1H-pyrazole-3-carboxamide; AM6545, 5-(4-(4-cyanobut-1-yn-1-yl)phenyl)-1-(2,4-dichlorophenyl)-N-(1,1-
dioxidothiomorpholino)-4-methyl-1H-pyrazole-3-carboxamide; CB;, cannabinoid receptor 1; FAAH, fatty acid amide hydrolase; FR, fixed ratio;
JWH-018, 1-pentyl-3-(1-naphthoyl)indole; MGL, monoacylglycerol lipase; nabilone, 9-nor-9-oxo-3-(1,1-dimethylheptyl)hexahydrocannabinol; rimona-
bant, 5-(4-chlorophenyl)-1-(2,4-dichloro-phenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide; SEM, standard error of the mean; AS-THC, A°®-
tetrahydrocannabinol; URB597, [3-(3-carbamoylphenyl)phenyl] N-cyclohexylcarbamate.
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Unfortunately, medications have not yet been developed to
attenuate these symptoms and more than 300,000 people
enter treatment for cannabis use disorder in the United States
each year (Substance Abuse and Mental Health Services
Administration, Center for Behavioral Health Statistics and
Quality, 2014) without the assistance of a Food and Drug
Administration—approved pharmacotherapy. To address this
treatment gap, researchers have begun to examine the ability
of CB; agonist replacement therapies to suppress cannabis
withdrawal symptoms in human subjects (Budney et al., 2007,
Levin et al., 2011; Balter et al., 2014; Herrmann et al., 2016).
Unfortunately, this effort is handicapped by the difficulty of
conducting studies of cannabis withdrawal in laboratory
animals.

One preclinical approach that has been effective in studying
withdrawal from chronic treatment with drugs from several
pharmacological classes, including cannabinoids, is antago-
nist drug discrimination. Based upon the standard drug
discrimination assay in which a subject is trained to respond
differentially following the administration of a training drug
dose or its vehicle (Glennon and Young, 2011; McMahon,
2015), drug discrimination work to study withdrawal is
conducted in subjects chronically treated with an agonist
and trained to discriminate the interoceptive effects produced
by an injection of an antagonist from those of its vehicle.
Presumably, the subject reports the interoceptive effects
associated with the immediate displacement of the agonist
from its target receptors which also may provoke behav-
ioral signs of withdrawal. Furthermore, the ability of
abruptly discontinuing chronic agonist treatment to mimic
the discriminative-stimulus effects of the antagonist in
a time-dependent manner provides strong evidence to
support this presumption.

Previous applications of this paradigm have confirmed
that antagonist discrimination can be an effective surrogate
for withdrawal. For example, Gellert and Holtzman (1979)
showed that the discriminative-stimulus effects of the opioid
antagonist naltrexone corresponded well with weight loss in
rats that were chronically treated with morphine. Subse-
quently, France and Woods (1989) extended naltrexone drug
discrimination studies to nonhuman primates receiving daily
injections of morphine and detailed the behavioral effects and
binding affinities of a variety of opioid antagonists and
agonists (France et al., 1990, 1995).

The pioneering work with opioid antagonist discrimination
has been extended into studies of benzodiazepine dependence
in chlordiazepoxide-treated monkeys that were trained to
discriminate flumazenil (France and Gerak, 1997) and, more
recently, studies of CB; dependence in A°-tetrahydrocannabi-
nol (A%-THC)treated monkeys that were trained to discrimi-
nate the CB; inverse agonist/antagonist 5-(4-chlorophenyl)-1-
(2,4-dichloro-phenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-
3-carboxamide (rimonabant) (Stewart and McMahon, 2010).
Results of the latter studies showed that rimonabant was dose-
dependently discriminated from vehicle during chronic A°>-THC
treatment and that these effects were attenuated by A>-THC
and other CB; agonists. As well, abrupt discontinuation of
A®-THC treatment increased rimonabant-lever responding in
a time-dependent manner. Withdrawal measures including
changes in heart rate and home cage activity were reported to
generally track data from rimonabant-discrimination studies
(Stewart and McMahon, 2010; see also Wilkerson et al., 2019).

In addition, head shaking, previously associated with rimona-
bant administration in A°>-THC-treated mice (Cook et al., 1998),
was observed following both rimonabant administration and
A®-THC discontinuation and was attenuated by CB; agonists.
These findings provide intriguing parallels to data from
previous antagonist discrimination studies, and suggest that
such studies may be similarly useful in identifying novel
medications for the management of symptoms associated with
cannabis withdrawal.

The purpose of the present studies was to extend the work of
Stewart and McMahon (2010) in two ways. First, the utility of
the rimonabant discrimination procedure for characterizing
different types of CB; antagonist actions was assessed by
determining the effects of CB; neutral antagonists [5-(4-
alkylphenyl)-1-(2,4-dichlorophenyl)-4-methyl-N-(piperidin-1-
yD-1H-pyrazole-3-carboxamide (AM4113), 5-(4-alkylphenyl)-
1-(2,4-dichlorophenyl)-4-methyl-N-(morpholino)-1H-pyrazole-
3-carboxamide (AM6527), and 5-(4-(4-cyanobut-1-yn-1-yl)phenyl)-
1-(2,4-dichlorophenyl)-N-(1,1-dioxidothiomorpholino)-4-methyl-
1H-pyrazole-3-carboxamide (AM6545)] in squirrel monkeys
treated daily with the long-acting CB; agonist 98-hydroxy-
3-(1-hexyl-cyclobut-1-yl)-hexahydrocannabinol (AM2389)
and trained to discriminate rimonabant from vehicle. Second,
different types of cannabinergic drugs were compared for their
ability to attenuate the rimonabant-like effects of discon-
tinuing AM2389 treatment. These included the phytocan-
nabinoid A®-THC, synthetic CB; agonists 9-nor-9-oxo-3-
(1,1-dimethylheptyl)hexahydrocannabinol (nabilone) and 98-
(hydroxymethyl)-3-(1-adamantyl)-hexahydrocannabinol (AM4054),
and the K2/Spice compound 1-pentyl-3-(1-naphthoyl)indole
(JWH-018). In addition, effects of the fatty acid amide
hydrolase (FAAH)-selective inhibitors 5-(4-hydroxyphenyl)
pentanesulfonyl fluoride (AM3506) and [3-(3-carbamoyl-
phenyl)phenyl] N-cyclohexylcarbamate (URB597), and non-
selective FAAH/monoacylglycerol lipase (MGL) inhibitor 3-
cyanophenyl 4-benzylpiperidine-1-carboxylate (AM4302),
were examined to determine whether elevating levels of the
endocannabinoids anandamide and/or 2-arachidonoylglycerol
also might attenuate the rimonabant-like effects of discon-
tinuing agonist treatment. These substitution tests were
designed to further appraise the CB; antagonist drug discrim-
ination assay as a means to identify candidate medications
that might be useful as agonist replacement therapies for
cannabis use disorders.

Materials and Methods
Subjects

Four adult male squirrel monkeys (Saimiri sciureus) were in-
dividually housed in a temperature- and humidity-controlled vivar-
ium with a 12-hour light/dark cycle (7 AM-7 PM) in a facility licensed
by the US Department of Agriculture. All procedures involving the use
of experimental subjects in the present studies were approved by the
Institutional Animal Care and Use Committee at McLean Hospital
and were in accord with the Guidelines for the Care and Use of
Mammals in Neuroscience and Behavioral Research (National Re-
search Council, 2011). Throughout the present studies, all subjects
had unlimited access to water in their home cage and were maintained
at approximate free-feeding weights by post-session feedings of
a nutritionally balanced diet of high protein primate chow (Purina
Monkey Chow, St. Louis, MO). In addition, fresh fruit and environmen-
tal enrichment were provided daily. All subjects had previously served
in studies of other behaviorally active drugs (e.g., cannabinoids, opioids,



and stimulants) but were drug free for at least 6 months prior to the
present studies. Each subject was implanted with an intravenous (i.v.)
catheter using sterile techniques under isoflurane anesthesia (Herd
et al., 1969). One end of a round-tip silicone catheter (inner diameter,
0.6 mm; outer diameter, 1.2 mm; Access Technologies, Skokie, IL) was
inserted into a femoral vein and the other end was connected to
a subdermal vascular access port (Access Technologies) placed in the
monkey’s midlumbar area.

Apparatus

During experimental sessions, subjects were seated in a Plexiglass
chair (Kangas et al., 2013) in a ventilated sound- and light-attenuating
chamber. Two response levers were positioned 6 cm left and right of
the center front panel of the chair. Each lever-press with a force of at
least 0.25 N closed a microswitch, produced an audible relay click, and
was recorded as a response. Red stimulus lights were mounted behind
the front panel of the chair and 10 cm above each response lever.
Before each session, a shaved portion of the subject’s tail was coated
with electrode paste and placed under brass electrodes for the delivery
of brief, low-intensity current (200 millisecond; 3 mA). Experimental
events and data collection were controlled by Med Associates
(St. Albans, VT) interfacing equipment and operating software.

Behavioral Procedure

Rimonabant Discrimination. Subjects were given an intramus-
cular (i.m.) injection once daily of the potent and long-acting canna-
binoid agonist AM2389 (Nikas et al., 2010). This CB; agonist has
A®-THC-like discriminative-stimulus effects (Kangas et al., 2013) and
has been shown to have protracted behavioral effects in both rats and
nonhuman primates. For example, the dose of 0.01 mg/kg, adminis-
tered acutely, was found to have a functional half-life of 17 hour in rats
(Jarbe et al., 2012) and, in preliminary dose-ranging experiments,
produced a disruption of operant behavior that was evident 24 hour
after administration in nonhuman primates. Initially, 0.003 mg/kg
AM2389 was given daily; the dose was then increased by a quarter log
unit every 5 days until the desired chronic dose was established
(0.01 mg/kg). Thereafter, antagonist drug discrimination training
sessions were introduced, and subjects were trained to discriminate
i.v. infusions of the cannabinoid inverse agonist/antagonist rimona-
bant (0.3 mg/kg) from saline in a two-lever operant procedure.
Sessions were conducted Monday-Friday, 3 hours after administra-
tion of AM2389. One lever was designated as the rimonabant lever and
the other lever was designated as the saline lever. Assignment of
rimonabant and saline lever was counterbalanced across subjects. On
training days, immediately prior to the session, i.v. rimonabant or
saline was administered to the chaired subject. The session began with
a 10 minute timeout period during which there were no programmed
consequences. Following the timeout period, the first trial began with
the illumination of two red stimulus lights above each lever. Subjects
were trained to complete 10 consecutive responses (fixed-ratio [FR] 10)
on the injection-appropriate (correct) lever to turn off the red stimulus
lights associated with delivery of current. Responses on the other
(incorrect) lever reset the FR requirement on the correct lever. Current
delivery was scheduled in the presence of the red stimulus lights every
10 second until either the FR10 was completed on the correct lever or
40 second elapsed, whichever came first. When the red stimulus lights
turned off, a timeout period of 50 seconds began before the start of the
next trial. Training sessions consisted of 20 trials. A double-alternation
injection schedule of drug-drug-saline-saline across training sessions
was employed throughout training, with a third drug or vehicle session
programmed intermittently to avoid associations based on the regular-
ity of the double alternation schedule.

Drug Testing

In test sessions involving i.v. drug administration, the vascular
access port was accessed by syringe from inside the experimental
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chamber via a catheter tubing/Huber needle assembly. Tests for
generalization to the training stimulus (0.3 mg/kg rimonabant) were
conducted only when, in the immediately preceding session and for
four of the last five training sessions, the first FR10 was completed
on the injection-appropriate lever and overall discriminative perfor-
mance was at least 90% accurate. Test sessions occurred no more
frequently than twice weekly, with training sessions scheduled on
the remaining days of the week. Procedurally, test sessions differed
from training sessions in two ways. First, 10 consecutive responses
on either lever turned off the stimulus lights previously associated
with current delivery and initiated the 50 second timeout. Second,
no current deliveries were scheduled during test sessions so as to
preclude their possible influence on performance.

Dose- and Time-Related Effects of AM2389. Experiments
were conducted to determine if rimonabant-lever responding could
be produced by either reducing the daily dose of AM2389 or
lengthening the interval between administration of the chronic dose
of AM2389 and the test session. The dose-related effects of daily
AM2389 were determined by replacing the chronic dose (0.01 mg/kg)
with smaller doses (0.001-0.003 mg/kg) 3 hour before test sessions. In
other test sessions, an in vivo time course was established for AM2389
by administering the chronic dose of 0.01 mg/kg AM2389 at different
intervals preceding the experimental session (6-48 hour). Saline was
administered immediately prior to each of these test sessions. In
addition, when assessing the effects of withholding the AM2389 dose
for 24 and 48 hour, saline was administered 3 hour prior to the test
sessions in lieu of AM2389.

Discriminative-Stimulus Effects of Rimonabant and CB,
Neutral Antagonists. Cumulative dosing procedures were used to
establish dose-effect functions for the discriminative-stimulus effects
of the CB; inverse agonist/antagonist rimonabant (Landsman et al.,
1997; Mato et al., 2002) and the CB; neutral antagonists AM4113,
AM6527, and AM6545 (Sink et al., 2008, 2009; Cluny et al., 2010; Tam
et al., 2010). As with training sessions, AM2389 was given 3 hours
prior to test sessions. A test session consisted of up to four components
of 10 trials, each component beginning with a 10-minute timeout
period. This procedure permitted the study of up to four incremen-
tal doses of a drug delivered i.v. at the onset of sequential timeout
periods of a single test session (e.g., Spealman, 1985; Lamb et al., 2000;
Kangas et al., 2013).

Substitution for AM2389 by CB; Agonists and Enzyme
Inhibitors. To examine the ability of other drugs to substitute for
the chronic dose of AM2389, dose-response functions were determined
for the cannabinoid agonists A>-THC, nabilone, JWH-018, AM4054,
the FAAH inhibitors AM3506 and URB597, and the nonselective
FAAH/MGL inhibitor AM4302. AM2389 was not given prior to these
test sessions. Instead, single dosing procedures were used in which
a dose of a test drug was administered i.m. 60 minute prior to the
session and evaluated during one component consisting of 20 trials.
The pretreatment time and session duration were based on findings
from preliminary time course experiments and previously published
work in squirrel monkeys (Kangas et al., 2013, 2016; Leonard et al.,
2017). The order of drug testing varied among subjects. Doses of
each drug were tested in a quasi-random order and experiments
with one drug were completed before beginning experiments with
the next drug.

Data Analysis

The two primary dependent measures in these experiments were
the distribution of responding across levers, expressed as percent
rimonabant-lever responding, and overall response rate. Percent
rimonabant-lever responding was calculated by dividing the number
of responses on the lever associated with the injection of rimonabant
by the total number of responses on both levers (excluding any
responses during timeout periods). Response rate was calculated
by dividing the total number of responses on both levers by the
total session time (excluding all timeout periods). Doses of drugs or
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treatment conditions, e.g., changes in AM2389 daily dose or pre-
treatment time, were considered to substitute fully for rimonabant
when rimonabant-lever responding was >90% of all responses and
response rates were >0.2 responses/s Doses of drugs or treatment
conditions were considered to substitute fully for AM2389 when
vehicle-lever responding was >90% of all responses and response
rates were >0.2 responses/s.

Drugs

AM2389, AM3506, AM4054, AM4113, AM4302, AM6527, AM6545,
JWH-018, nabilone, and URB597 were synthesized for these studies
by the present authors (KV, SOA, SJ, SPN, AM) in the Center for Drug
Discovery at Northeastern University (Boston, MA). Rimonabant and
A®-THC were provided by the National Institute on Drug Abuse Drug
Supply Program (Rockville, MD). All drugs were tested in all four
subjects whenever possible. AM2389, AM3506, AM4054, JWH-018,
nabilone, rimonabant, and A>-THC were prepared in a 20:20:60
mixture of 95% ethanol, Tween-80, and saline. AM4113, AM6527,
and AM6545 were prepared in a 30:30:40 vehicle of 95% ethanol,
Tween-80, and saline. AM4302 and URB597 were dissolved in
100% dimethyl sulfoxide (DMSO). All drug solutions were refrigerated
and protected from light. Injections of drug or saline were prepared
in volumes of 0.3 ml/kg body weight or less and administered i.m. in
calf or thigh muscle and i.v. through the venous access ports as
described above.

Results

Rimonabant Discrimination. All subjects acquired the
rimonabant discrimination in approximately 30-60 sessions.
Following acquisition, i.v. injections of the training dose of
rimonabant produced an average of >98% responding on the
rimonabant lever, whereas saline produced an average of
<1% responding on the rimonabant lever. Control response
rates remained constant throughout the study. Subjects
responded an average of 3.4 = 0.3 responses/s following the
training doses of rimonabant and an average of 2.9 * 0.4
responses/s following saline.

Dose- and Time-Related Effects of AM2389. As shown
in the top panel of Fig. 1A, reducing the daily treatment dose of
AM2389 produced dose-dependent increases in mean levels of
rimonabant-lever responding. Three of the four subjects tested
with 0.001 mg/kg AM2389 responded >95% on the rimona-
bant lever whereas the fourth subject responded exclusively
on the saline lever. When tested with 0.0018 mg/kg AM2389,
two subjects responded exclusively on the rimonabant lever,
a third subject responded approximately 40% on the rimona-
bant lever, and the fourth subject again responded exclusively
on the saline lever. After 0.003 mg/kg AM2389, three subjects
responded exclusively on the saline lever whereas the fourth
subject responded 30% on the rimonabant lever. Response
rates approximated control values in all AM2389 tests (see
Fig. 1A, lower panel). The top panel of Fig. 1B shows the time
course of rimonabant-like discriminative-stimulus effects of
withholding the chronic dose of 0.01 mgkg AM2389 for
differing lengths of time. The full time course was captured
within 24-hours, with 0% responding on the rimonabant-
associated lever after 6 hours in all subjects, a group average
of 58% responding on the rimonabant-associated lever after
12 hours (derived from a mixed allocation of rimonabant and
saline lever responding in all subjects tested), and approxi-
mately 99% and 100% responding on the rimonabant-
associated lever after, respectively, 24 and 48 hours following
the last chronic treatment with AM2389. Both average and
individual response rates were largely unaffected by treat-
ment condition, remaining generally within control levels
throughout these time course determinations (see Fig. 1B,
lower panel).

Discriminative-Stimulus Effects of Rimonabant and
CB,; Neutral Antagonists. Figure 2 presents the mean
percent rimonabant-lever responding (upper panels) and re-
sponse rate (lower panels) following cumulative i.v. doses of
rimonabant and CB; neutral antagonists AM4113, AM6527,
and AM6545. All antagonists produced cumulative dose-related
increases in rimonabant-lever responding. The cumulative

Time course

Fig. 1. (A) Dose-effect function for AM2389
administered i.m. (n = 4). Abscissae, dose, log
scale; ordinate, percent of responses on the
rimonabant lever (top panel (A)), response rate
(bottom panel (A)). (B) Time course for 0.01 mg/kg
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panels). Symbols left of abscissae break indicate performance during saline (S) and rimonabant (R) control sessions. Points represent averages (=S.E.M.)

for the group of subjects.

dose of 0.3 mg/kg rimonabant fully substituted for the single
0.3 mg/kg training dose of rimonabant (Fig. 2A). In addition,
all CB; neutral antagonists fully substituted for the training
dose of rimonabant following cumulative doses of 0.3 mg/kg
AM4113 (Fig. 2B), 1.0 mg/kg AM6527 (Fig. 2C), and 1.0 mg/kg
AMG6545 (Fig. 2D). Group average dose-response functions
generally reflect data among individual subjects and show
that rimonabant and AM4113 produced their effects with
similar potency. However, some differences in sensitivity to
the effects of AM6527 and AM6545 were observed among
subjects. For example, the cumulative dose of 0.3 mg/kg
AMG6527 produced =20% responding on the rimonabant lever
in two subjects but =84% responding on the rimonabant lever
in the other two subjects. Likewise, two subjects responded
exclusively on the saline lever following the cumulative dose
of 0.56 mg/kg AM6545, whereas the other two subjects
responded exclusively on the rimonabant lever at that dose.
As shown in the bottom panels of Fig. 2, mean response rates
were largely unaffected during these test sessions and
remained generally within control levels across the range of
all antagonist doses tested.

Substitution for AM2389 by CB; Agonists and En-
zyme Inhibitors. Figure 3 shows the effects of a full range of
doses of CB; receptor agonists and enzyme inhibitors tested
for their ability to substitute for the chronic dose of AM2389
prior to test sessions. All CB; receptor agonists produced
dose-related decreases in responding on the rimonabant lever,
with >90% saline-lever responding following administration
of 1.0 mg/kg A°-THC (Fig. 3A), 0.1 mg/kg nabilone (Fig. 3B),
and 0.03 mg/kg AM4054 (Fig. 3C). Administration of 0.3 mg/kg
JWH-018 produced exclusive saline lever responding in two
of the three subjects tested, but exclusive rimonabant lever
responding in the third subject (Fig. 3D). The FAAH-selective
inhibitor AM3506 produced dose-dependent decreases in
responding on the rimonabant lever, with exclusive saline
lever responding in two out of the three subjects following
administration of 3 mg/kg and 90% saline lever responding
in the third subject following administration of 5.6 mg/kg

(Fig. 3E). In contrast, doses of the FAAH-selective inhibitor
URB597 up to 5.6 mg/kg or of the nonselective FAAH/MGL
inhibitor AM4302 up to 10 mg/kg failed to reduce responding
on the rimonabant lever (Fig. 3, F and G). Response rates
following administration of all agonist and enzyme inhibitor
doses presented in Fig. 3 were largely unaffected by drug
treatments and remained within the range of control values
(data not shown).

Discussion

Findings from the present studies indicate that squirrel
monkeys treated daily with the long-acting CB; agonist
AM2389 effectively discriminated the CB; inverse agonist/
antagonist rimonabant from saline. Discriminative-stimulus
effects of rimonabant were stable throughout the present
studies and were both dose- and time-dependent. Thus,
exclusive rimonabant-lever responding in all subjects could
be engendered either by the training dose of rimonabant or by
withholding the daily AM2389 treatment for 24 hour, consis-
tent with the long duration of AM2389s CB; receptor-
mediated action observed in other studies (cf. Jiarbe et al.,
2012). These data provide important corroborative evidence
that, in subjects chronically treated with a CB; agonist, its
displacement from CB; receptors by a CB; inverse agonist/
antagonist induces interoceptive effects similar to those pro-
voked by the time-dependent reduction in agonist activity
following agonist discontinuation.

Previous signal transduction studies showed that, in con-
trast to CB; agonists, rimonabant increased cAMP levels
in neuronal cell lines in rat and human brain membranes,
suggesting that rimonabant served as an inverse agonist/
antagonist ligand at the CB; receptor (e.g., Felder et al., 1998;
Meschler et al., 2000; Mato et al., 2002). However, rimonabant
also was reported to decrease basal levels of [3°S]GTPyS in
membranes from both CB; wild-type and CB; knockout mice,
suggesting that the effects of rimonabant that appear to be due
to inverse agonism may occur independently of CB; receptor
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Fig. 3. (A) Dose-effect function for A°>-THC administered i.m. (0.1-0.3 mg/kg n = 3, 1.0 mg/kg n = 2). (B) Dose-effect function for nabilone administered
im. (n = 3). (C) Dose-effect function for AM4054 administered i.m. (n = 4). (D) Dose-effect function for JWH-018 administered i.m. (n = 3). (E) Dose-effect
function for AM3506 administered i.m. (0.3-3.0 mg/kg n = 3, 5.6 mg/kg n = 1). (F) Dose-effect function for URB597 administered i.m. (n = 3). (G)
Dose-effect function for AM4302 administered i.m. (n = 4). Abscissae dose, log scale; ordinate, percent of responses on the rimonabant lever. Symbols
left of abscissae break indicate performance during saline (S) and rimonabant (R) control sessions. Points represent averages (=S.E.M.) for the group

of subjects.

occupation (Cinar and Sziics, 2009). This latter idea has been
supported by more recent studies showing that the inverse
agonist-based effects of rimonabant are not blocked by
a CB; agonist or by a CB; neutral antagonist (e.g., Erdozain
et al., 2012). Moreover, Porcu et al. (2018) have reported that
micromolar concentrations of rimonabant can inhibit CB;-
independent Gej,-type G proteins, resulting in a receptor-
independent block of G protein signaling. Findings such as
these raise the possibility that the discriminative-stimulus
effects of rimonabant in the present studies may have been
independent of its antagonist effects at CB; receptors. How-
ever, several aspects of the present results suggest that it is
more likely that the discriminative-stimulus effects of rimo-
nabant were the result of its ability to block the activation of
CB; receptors. First, the stimulus effects of an i.v. injection of
rimonabant were reproduced by the discontinuation of CB;

agonist treatment in a time-dependent manner, suggesting
the two manipulations acted via a common CB;-mediated
mechanism. Second, CB; receptor agonists were able to dose-
dependently substitute for AM2389 in reducing responding
that would otherwise occur on the rimonabant-associated
lever 24 hour after the last injection of AM2389. Third, the
discriminative-stimulus effects of rimonabant were fully
reproduced by CB; receptor blockers that, based on their
lack of effect on adenylate cyclase activity over a wide range of
concentrations and their behavioral profiles of action, are
considered to be neutral antagonists. For example, AM4113
and AMG6527, which produced dose-related increases in
rimonabant-lever responding in the present studies, previ-
ously have been shown to produce rimonabant-like antago-
nism of the behavioral effects of CB; agonists in rodents
and nonhuman primates but, unlike rimonabant, reduce both



feeding and food reinforced lever responding in rodents
without eliciting nausea- and malaise-related behavior
(Chambers et al., 2007; Sink et al., 2008, 2009; Kangas
et al., 2013). It is interesting that AM6545 also produced
rimonabant-like effects in the present study. This ligand
which, due to its rapid P-glycoprotein-mediated extrusion
from the central nervous system, does not accumulate in high
concentration in brain tissue after i.m. or i.p. administration,
has been characterized previously as a peripherally-restricted
CB; antagonist (Cluny et al., 2010; Tam et al., 2010). However,
the present results imply that brain levels of AM6545
following i.v. administration to nonhuman primates are suffi-
cient to produce rimonabant-like discriminative-stimulus
effects. Moreover, AM6545 has been characterized as a neutral
antagonist (Cluny et al., 2010; Tam et al., 2010), further
supporting the view that the discriminative-stimulus effects
of rimonabant in CB; agonist-treated subjects likely result from
its antagonist, rather than inverse agonist, properties.

All CB; agonists tested in the present studies attenuated
the rimonabant-like discriminative stimulus effects of discon-
tinuing AM2389 treatment. To better contextualize their
potency under these conditions, Fig. 4 presents the relation-
ship between the effects of the CB; agonists in the present
antagonist drug discrimination studies and their effects in
previous agonist drug discrimination studies. EDsq values for
attenuating the rimonabant-like effects of discontinuing CB;
agonist treatment were derived from the present data,
whereas EDj5( values from agonist drug discrimination were
derived from previous work in squirrel monkeys discriminat-
ing 0.1 mg/kg AM4054 from saline (see Kangas et al. (2013) for
AM2389, AM4054, and A®-THC; values for nabilone, JWH-
018, and AM3506 are from unpublished studies). As shown,
although the studies from which these values are taken
were designed and conducted independently, the relationship
between ED5( values across CB; agonists is highly correlated
(R? = 0.99, P = 0.0001). In addition, EDs, values were
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Fig. 4. Relationship between the EDj, values of CB; agonists during
agonist drug discrimination (abscissa) and antagonist drug discrimina-
tion (ordinate). ED5q values from antagonist drug discrimination were
derived from the present studies. EDj5o values from agonist drug
discrimination of AM2389, AM4054, and A°-THC were derived from
Kangas et al. (2013) and nabilone, JWH-018, and AM3506 were derived
from unpublished studies.
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consistently larger in antagonist drug discrimination, a re-
lationship that is confirmed by linear regression of the data in
Fig. 4 yielding a slope of 5.5. These potency differences in the
two types of discrimination studies likely reflect a variety of
influences that include the choice of training drug dose in CB;
agonist discrimination studies as well as the development of
tolerance during chronic treatment in the CB; antagonist
discrimination studies. Regardless, the present findings are
highly instructive, indicating that the effectiveness of agonist
treatment regimens for cannabis dependence may depend on
using sufficiently high doses of the pharmacotherapy.

Like CB; receptor agonists, the FAAH-selective enzyme
inhibitor AM3506 dose-dependently reduced the rimonabant-
like discriminative-stimulus effects of withholding daily
AM2389 treatment. However, AM3506 also binds CB; recep-
tors, albeit with low affinity (5.77 wmol/l; Godlewski et al.,
2010; Bashashati et al., 2012). Thus, it is difficult to determine
the extent to which the effects of AM3506 were mediated
by enzyme inhibition, direct CB; receptor activation, or
a combination of both. In this regard, neither the nonselective
FAAH/MGL inhibitor AM4302 nor the FAAH-selective in-
hibitor URB597 similarly substituted for AM2389 in pre-
cluding rimonabant-lever responding. Although previous
work in squirrel monkeys indicates that doses of URB597
and AM4302 studied here are pharmacologically active and
that URB597 alone does not produce CB1-like effects (Justi-
nova et al., 2008; Leonard et al., 2017), it remains possible that
rimonabant-lever responding might have been attenuated by
higher doses of AM4302. For example, Leonard et al. (2017)
showed that AM4302, like other nonselective FAAH/MGL
inhibitors, is fully capable of producing a CB; discriminative
stimulus in agonist-trained subjects. Based on the potency
relationship in the two types of discrimination studies dis-
cussed above, considerably higher doses of AM4302 than those
tested here may be necessary to reduce rimonabant-lever
responding. While this question remains to be answered,
the present results highlight the possibility of CB; recep-
tor agonists for reducing the adverse effects associated
with cannabinoid dependence and withdrawal—an agonist-
replacement approach used with other drugs of abuse such as
heroin or nicotine (reviewed in Sofuoglu and Kosten, 2004).

There are a few important caveats in the present studies
that warrant consideration. Although the present findings
generally are consistent with previous data from earlier
rimonabant discrimination studies (Stewart and McMahon,
2010), head shaking was not observed here, which may
represent a difference in phylogenic behavior across primate
species (i.e., rhesus vs. squirrel monkey). Moreover, although
cardinal features of cannabis dependence, including mood and
sleep disturbances following discontinuation, were not quan-
titatively evaluated in the present studies, there were no
obvious signs of withdrawal observed following antagonist
administration or agonist discontinuation in any subject. In
the absence of such data, any conclusions regarding the
presence or absence of dependence and a withdrawal syn-
drome remains highly speculative. For example, it is possible
that the discriminative-stimulus effects of rimonabant in the
present studies were not associated with withdrawal signs.
Instead, subjects may have been reporting the ongoing effects
of chronic CB; agonist exposure (on the saline-associated
lever) versus the absence of those effects (on the antagonist-
associated lever).
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In conclusion, notwithstanding the above caveats, the
cannabinoid antagonist drug discrimination paradigm pro-
vides a useful screening procedure for examining the ability
of candidate medications to attenuate or prevent the intero-
ceptive stimuli provoked by CB; agonist discontinuation.
Whether this procedure assays cannabinoid withdrawal is
presently less certain. The strength of antagonist discrimina-
tion studies of opioid or benzodiazepine dependence was
established by correlating findings with established physiologic
measures of withdrawal. Future antagonist-discrimination
studies of cannabinoid withdrawal similarly would benefit
by incorporating the quantitative measurement of physiologic
disturbances that are proposed as signs of cannabis depen-
dence in the DSM-5. These measures will likely be subtle and
may require specialized recording apparatus to measure
movement (actigraphy; see Wilkerson et al., 2019), sleep
(electroencephalography), or autonomic function (telemetry).
However, documenting the degree of concordance between
physiologic disturbances and discriminative behavior is es-
sential to validate the paradigm’s construct validity with
regard to cannabis withdrawal.
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