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ABSTRACT
Synthetic cannabinoids have been prohibited due to abuse
liability and toxicity. Four such synthetic cannabinoids, AM-2201
([1-(5-fluoropentyl)indol-3-yl]-naphthalen-1-ylmethanone), CP-47,497
(2-[(1R,3S)-3-hydroxycyclohexyl]-5-(2-methyloctan-2-yl)phenol),
JWH-122 [(4-methylnaphthalen-1-yl)-(1-pentylindol-3-yl)methanone],
and JWH-250 [2-(2-methoxyphenyl)-1-(1-pentylindol-3-yl)ethanone],
were tested for their capacity to produce CB1 receptor–mediated
discriminative stimulus effects in two groups of rhesus monkeys.
One group (n5 4) discriminatedD9-tetrahydrocannabinol (Δ9-THC;
0.1 mg/kg i.v.), and a second group (n 5 4) discriminated the
cannabinoid antagonist rimonabant (1 mg/kg i.v.) while receiving
1 mg/kg/12 hours of Δ9-THC. AM-2201, JWH-122, CP-47,497,
JWH-250, and Δ9-THC increased Δ9-THC lever responding. Dura-
tion of action was 1–2 hours for AM-2201, JWH-122, and JWH-250
and 4–5 hours for CP-47,497 and Δ9-THC. Rimonabant (1 mg/kg)
surmountably antagonized the discriminative stimulus effects
of all cannabinoid agonists; the magnitude of rightward shift

was 10.6-fold for AM-2201, 10.7-fold for JWH-122, 11.0-fold
for CP-47,497, and 15.7-fold for JWH-250. The respective pKB
values were not significantly different: 6.61, 6.65, 6.66, and
6.83. In Δ9-THC–treated monkeys discriminating rimonabant,
AM-2201 (0.1 and 0.32 mg/kg), JWH-122 (0.32 and 1 mg/kg),
JWH-250 (1and3.2mg/kg), andCP-47,497 (0.32, 1, and3.2mg/kg)
produced not only rate-decreasing effects that were reversed by
rimonabant, but also dose-dependent, rightward shifts in the
rimonabant discrimination dose-effect function. These results
show striking similarity in the CB1 receptor mechanism mediat-
ing the subjective effects of AM-2201, JWH-122, JWH-250, and
CP-47,497. For products containing AM-2201 and JWH-122, a
short duration of action could lead to more frequent use; more-
over, inattention to differences in potency among synthetic can-
nabinoids could underlie unexpected toxicity. Rapid reversal of
effects by intravenous rimonabant has potential value in emer-
gency situations.

Introduction
Synthetic cannabinoid CB1 and CB2 receptor agonists

marketed under various brand names (e.g., Spice or K2) have
been sold and abused worldwide since 2008 (Auwärter et al.,
2009; Vardakou et al., 2010). These products typically contain
at least one synthetic cannabinoid and do not contain canna-
bis or its primary psychoactive drug Δ9-tetrahydrocannabinol
(Δ9-THC). The rise in abuse was due in part to synthetic
cannabinoids being legal prior to being placed under Schedule
1 of the Controlled Substances Act of the United States (Drug
Enforcement Administration, 2011). Several countries have
since prohibited synthetic cannabinoids originally detected
in Spice/K2 and related products, including JWH-018
[naphthalen-1-yl-(1-pentylindol-3-yl) methanone], JWH-073
[(1-butylindol-3-yl)-naphthalen-1-ylmethanone], CP-47,497

[2-[(1R,3S)-3-hydroxycyclohexyl]-5-(2-methyloctan-2-yl)phenol],
and HU-210 [(6aR,10aR)-9-(hydroxymethyl)-6,6-dimethyl-3-
(2-methyloctan-2-yl)-6a,7,10,10a-tetrahydrobenzo[c]chromen-
1-ol], as well as chemical analogs to JWH-018, such as AM-2201
([1-(5-fluoropentyl)indol-3-yl]-naphthalen-1-ylmethanone), JWH-
122 [(4-methylnaphthalen-1-yl)-(1-pentylindol-3-yl)methanone],
and JWH-250 [2-(2-methoxyphenyl)-1-(1-pentylindol-3-yl)ethanone]
(Makriyannis and Deng, 2001; Huffman et al., 2005; Lapoint
et al., 2011; Nakajima et al., 2011; Simmons et al., 2011;
Rosenbaum et al., 2012). CP-47,497, AM-2201, JWH-122,
and JWH-250 were chosen for the current study because
they, in addition to JWH-018, JWH-073, and HU-210, were
among the first synthetic cannabinoids to be identified in
abused products (Auwärter et al., 2009; Vardakou et al.,
2010; Seely et al., 2013). The current studies were con-
ducted to extend previous results with JWH-018, JWH-073,
and HU-210 obtained under conditions identical to those
used here (Ginsburg et al., 2012; Hruba and McMahon,
2014).

This work was supported by the National Institutes of Health National
Institute on Drug Abuse [Grant DA19222].

https://doi.org/10.1124/jpet.117.240572.

ABBREVIATIONS: AM-2201, [1-(5-fluoropentyl)indol-3-yl]-naphthalen-1-ylmethanone; ANOVA, analysis of variance; CP-47,497, 2-[(1R,3S)-3-
hydroxycyclohexyl]-5-(2-methyloctan-2-yl)phenol; FR, fixed ratio; HU-210, (6aR,10aR)-9-(hydroxymethyl)-6,6-dimethyl-3-(2-methyloctan-2-yl)-6a,7,10,10a-
tetrahydrobenzo[c]chromen-1-ol; JWH-018, naphthalen-1-yl-(1-pentylindol-3-yl) methanone; JWH-073, (1-butylindol-3-yl)-naphthalen-1-ylmethanone;
JWH-122, (4-methylnaphthalen-1-yl)-(1-pentylindol-3-yl)methanone; JWH-250, 2-(2-methoxyphenyl)-1-(1-pentylindol-3-yl)ethanone; D9-THC,
D9-tetrahydrocannabinol; WIN-55,212-2, ((R)-(1)-[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone mesylate.
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Figure 1 shows the structures of AM-2201, JWH-122, JWH-
250, and CP-47,497, along with Δ9-THC and JWH-018. The
synthetic cannabinoids (i.e., all but Δ9-THC) are divided into
three distinct chemical groups. AM-2201, JWH-122, and
JWH-018 are naphthoylindoles (Makriyannis and Deng, 2001,
2007; Huffman et al., 2003). JWH-250 does not have the
naphthalene ring present in JWH-122 and AM-2201, but
instead has a 2’-methoxy-phenylacetyl group in that position,
i.e., it is a phenylacetylindole (Huffman et al., 2005). CP-47,497
is a cyclohexylphenol, which lacks the pyran ring ofΔ9-THCand
other tricyclic terpenoid derivatives (Palmer et al., 2002).
CP-47,497 is a cannabinoid CB1 and CB2 receptor agonist that
produces effects typical of cannabinoid agonists, such as hypo-
locomotion, analgesia, hypothermia, catalepsy, and cannabinoid-
like discriminative stimulus effects in rodents (Weissman et al.,
1982). AM-2201, JWH-122, and JWH-250 were demonstrated to
produce Δ9-THC–like discriminative stimulus effects in rodents
(Gatch and Forster, 2014, 2016), suggesting that they produce
cannabis-like subjective effects in humans.
Drug discrimination assays in nonhuman primates

were used to test the hypothesis that the in vivo effects of
CP-47,497, AM-2201, JWH-122, and JWH-250 are mediated
by the same receptor type (i.e., CB1) but differ in potency and
time course. One group of rhesus monkeys (n 5 4) discrimi-
nated D9-THC (0.1 mg/kg i.v.), and a second group of rhesus
monkeys (n5 4) discriminated rimonabant (1mg/kg i.v.) while
receiving chronicD9-THC (1mg/kg/12 hours s.c.). Quantitative
analysis of antagonism by rimonabant was conducted. Pre-
viously, Schild analysis and single-dose apparent affinity
estimates with rimonabant suggested that Δ9-THC, JWH-
018, and JWH-073 produced subjective effects through a
common receptor site (Ginsburg et al., 2012; Rodriguez and
McMahon, 2014). HU-210, on the other hand, required signif-
icantly larger doses of rimonabant to both prevent and reverse
its effects (Hruba and McMahon, 2014). These results, in con-
junction with the exceedingly long duration of action of
HU-210 (i.e., 24–48hours), were attributed to pseudoirreversible
cannabinoid receptor binding. In the current study, rimonabant

was administered prior to synthetic cannabinoids, and pKB

values were calculated in monkeys discriminating D9-THC.
Attenuation of the effects of rimonabant by synthetic
cannabinoids was examined in monkeys discriminating
rimonabant while receiving D9-THC daily. The rimonabant
discrimination assay in D9-THC–treated monkeys appears
to reflect the discrimination of D9-THC (i.e., vehicle train-
ing) versus the absence of D9-THC or a smaller dose of
D9-THC (i.e., rimonabant training) (McMahon, 2006b), and
there is further evidence that the discrimination is related
to rimonabant-induced D9-THC withdrawal (Stewart and
McMahon, 2010).

Materials and Methods
Subjects

Two female and two male adult rhesus monkeys (Macaca mulatta)
discriminated D9-THC from vehicle. One female and three male adult
rhesus monkeys discriminated rimonabant while receiving chronic
D9-THC (1 mg/kg/12 hours s.c.). The monkeys were housed individu-
ally in stainless-steel cages on a 14-hour light/10-hour dark schedule
(lights on at 6:00 a.m.). They were maintained at 95% free-feeding
weight (range 6.0–11.8 kg). The diet consisted of primate chow (High
Protein Monkey Diet; Harlan Teklad, Madison, WI), fresh fruit, and
peanuts; water was provided in the home cage. Monkeys received
cannabinoids in previous studies (Ginsburg et al., 2012; Hruba and
McMahon, 2014). Experimental protocols were approved by the
Institutional Animal Care and Use Committee, University of Texas
Health San Antonio, and adhered to the Guide for the Care and Use of
Laboratory Animals (2011).

Surgery

Monkeys were anesthetized with ketamine (10 mg/kg i.m.) followed
by isoflurane (1.5–3.0% inhaled via facemask). A catheter (heparin-
coated polyurethane; o.d. 5 1.68 mm, i.d. 5 1.02 mm; Instech
Laboratories, Plymouth Meeting, PA) was inserted into a subclavian
or femoral vein and secured to the vessel with suture silk (coated
vicryl; Ethicon Inc., Somerville, NJ). The catheter extended from the

Fig. 1. Chemical structures of D9-THC
and the five synthetic cannabinoids stud-
ied here; these synthetic cannabinoids
were among the first to be identified in
products sold and abused for psychoactive
effects.
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vessel to the midscapular region of the back and was attached to a
vascular access port located s.c. (Mida-cbas-c50; InstechLaboratories).

Apparatus

Monkeys were seated in chairs (model R001; Primate Products,
Miami, FL) and placed in ventilated, sound-attenuating chambers
equipped with two levers and two lights, one positioned above each
lever. Feet were fastened onto brass plates that could receive a brief
electric stimulus (3 mA, 250 ms) delivered from an a.c. generator
(Coulbourn Instruments, Allentown, PA). Experimental events were
controlled and recorded with Med-PC software (MED Associates, St.
Albans, VT) loaded onto a computer that was connected to the operant
conditioning chambers via an interface (MED Associates).

Drug Discrimination Training

Monkeys discriminated D9-THC (0.1 mg/kg i.v.) from vehicle (1 part
absolute ethanol, 1 part emulphor-620, and 18 parts saline) while
responding under a fixed ratio 5 (FR5) schedule of stimulus-shock
termination. Four othermonkeys received 1mg/kg s.c. D9-THC at 6:15
a.m. and again at 6:15 p.m. and discriminated rimonabant (1 mg/kg
i.v.) from vehicle at 12:15 p.m. under an FR5 schedule of stimulus-
shock termination.

The experimental sessions were subdivided into consecutive
10-minute, multiple cycles; each cycle began with a 5-minute time-
out. There was no programmed consequence for responding during
time-outs. After the time-out, there was a 5-minute schedule of
stimulus-shock termination signaled by illumination of red lights.
Five consecutive responses on the correct lever turned off the red
lights, temporarily prevented the electric stimulus, and led to a
30-second time-out. Otherwise, an electric stimulus was scheduled
for delivery every 40 seconds in monkeys discriminating D9-THC and
10 seconds in monkeys discriminating rimonabant. If monkeys re-
sponded on the incorrect lever, the response requirement was reset.
The correct levers were nonsystematically assigned among monkeys
(e.g., left lever was associated with the training dose of the training
drug; right lever was associated with vehicle), but once assigned, they
were permanent for each monkey.

Training sessions consisted of three to six cycles. Drug training
entailed infusion of D9-THC (0.1 mg/kg i.v.) or rimonabant (1 mg/kg
i.v.) in the first minute of the first of three cycles; sham (dull pressure
applied to the skin overlying the vascular access port) was adminis-
tered in the first minute of the subsequent cycles. Vehicle training
entailed infusion of vehicle in the firstminute of the first cycle followed
by vehicle or sham in subsequent cycles for a maximum of six cycles.
Zero to three D9-THC or rimonabant training cycles were preceded by
zero to three vehicle-training cycles. Five consecutive responses on the
correct lever were required for reinforcement during each training
cycle. Monkeys previously satisfied the following testing criteria: 1)
greater than 80% of the total responses occurred on the correct lever,
2) fewer than five responses occurred on the incorrect lever before
completion of the first FR on the correct lever, and 3) both occurred for
all cycles during five consecutive or six of seven training sessions.
Subsequent tests were conducted after performance satisfied the test
criteria for two consecutive training sessions, including both vehicle
and drug training sessions. The order of training with drug or vehicle
was nonsystematic.

Drug Discrimination Testing

D9-THC Discrimination. During test sessions, five consecutive
responses on either lever postponed the shock schedule. The dose-
response function for D9-THC was determined by administering
vehicle in the first cycle followed by doses of D9-THC increasing by
0.5 log units in subsequent cycles. Substitution tests were conducted
by administering vehicle in the first cycle followed by doses of a test
drug increasing by 0.5 log units in subsequent cycles. The test drugs
were CP-47,497, JWH-122, JWH-250, and AM-2201. The dose-effect

function included an ineffective dose (i.e., dose resulting in less than
20% of responses on the training drug-appropriate lever) up to a dose
producing greater than 80% of responses on the D9-THC lever. To
establish a time course for D9-THC and the test drugs, the smallest
dose of each producing greater than 80% D9-THC appropriate re-
sponding was administered at the beginning of a cycle. Subsequent
5-minute test sessions were conducted on the same day at 30 minute,
60 minute, and thereafter in 1-hour increments post-injection. Each
5-minute test was preceded by a 5-minute timeout during which
monkeys received either vehicle or sham non-systematically. Tests
were conducted at 1-hour intervals untilD9-THC appropriate respond-
ing was less than 20%. To examine antagonism of D9-THC or a test
drug, rimonabant (1 mg/kg i.v.) was administered in the first cycle
followed by cumulative doses of a cannabinoid agonist in subsequent
cycles.

Rimonabant Discrimination. During test sessions, five consec-
utive responses on either lever postponed the shock schedule. The
dose-response function for rimonabant was determined by adminis-
tering vehicle in the first cycle followed by doses of rimonabant
increasing by 0.5 log units in subsequent cycles. To examine attenu-
ation of the rimonabant discriminative stimulus, a dose of test drug
was administered in combination with rimonabant doses. CP-47,497
was studied by administering one of three doses (0.32, 1, and
3.2mg/kg) in the first cycle followed by doses of rimonabant increasing
by 0.5 log units in subsequent cycles. AM-2201, JWH-122, and JWH-
250 had a relatively short duration of action. Therefore, a dose of each
of these test drugs was administered in combination with vehicle or
rimonabant at the beginning of a single-cycle test. AM-2201 was
studied at 0.1 and 0.32mg/kg. JWH-122 and JWH-250were studied at
0.32 and 1mg/kg. Rimonabantwas studied from ineffective doses up to
doses that produced greater than 80% of responses on the rimonabant
lever or up to a dose of 5.6 mg/kg, whichever occurred first. Due to
limitations in the solubility of rimonabant in the vehicle and volume
used for i.v. administration, 5.6 mg/kg was the largest dose studied.
The order of testing with the various doses of cannabinoid agonists
and rimonabant, alone and in combination, was nonsystematic.

Drugs

D9-THC (100mg/ml in absolute ethanol) and rimonabant (Research
Technologies Branch, National Institute on Drug Abuse, Rockville,
MD), AM-2201 (Cayman Chemical Company, Ann Arbor, MI), JWH-
122 (Cayman Chemical Company), CP-47,497 (Cayman Chemical
Company), and JWH-250 (Arch Pharm, Inc., Libertyville, IL) were
dissolved in a mixture of 1 part absolute ethanol, 1 part emulphor-620
(Rhodia Inc., Cranbury, NJ), and 18 parts physiologic saline and
administered intravenously in a volume of 0.1 to 1 ml/kg. Doses were
expressed as the weight of the previously listed forms in milligrams
per kilogram of body weight.

Data Analyses

Discrimination data were expressed as a percentage of responses on
the drug lever out of the total number of responses on both the drug
and vehicle levers. Rate of responding on both levers (i.e., drug and
vehicle) was calculated as responses per second, excluding responses
during time-outs. Rate of responding during a test was expressed as
the percentage of the control response rate for individual animals. The
control was defined as the average response rate for all cycles during
the five previous vehicle training sessions, excluding sessions during
which the test criteriawere not satisfied. Discrimination and rate data
were averaged among subjects, separately per training drug, andwere
plotted as a function of dose and time.

To estimate the ED50 value, or dose producing 50% responding on
the drug lever, individual dose-response data were analyzed with
linear regression (Prism version 5.0 for Windows; GraphPad Software
Inc., San Diego, CA). The analyses included doses spanning the linear
portion of the dose-response function, and a common, best-fitting slope
was used for further analyses (Kenakin, 1997). Doses corresponding to
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the 50% level of effect (ED50 value), potency ratios, and their 95%
confidence limitswere calculated by parallel line analyses of data from
individual subjects (Tallarida, 2000). The ED50 values were compared
by calculating potency ratios for individual subjects. ED50 values were
considered significantly different when the 95% confidence limits of
the potency ratio did not include 1. For antagonism by rimonabant in
monkeys discriminating D9-THC, a single-dose apparent affinity
estimate was calculated for individual monkeys with the following
equation: pKB52log(B/dose ratio2 1), with B expressed inmoles per
kilogram of body weight. Significant differences among pKB values
were assessed with repeated-measures one-way analysis of variance
(ANOVA). Time course data were converted to area under the function
per animal, and differences among cannabinoid agonists were ana-
lyzed with repeated-measures one-way ANOVA followed by post-hoc
Tukey’s multiple comparison test (P , 0.05).

In D9-THC–treated monkeys discriminating rimonabant, the po-
tencies of AM-2201, JWH-122, JWH-250, and CP-47,497 were calcu-
lated by expressing the mean shift in the rimonabant dose-response
function (i.e., ED50 value of rimonabant determined in the presence of
agonist divided by the ED50 of rimonabant alone) as a function of dose
for individual monkeys. Linear regression of the individual data was
used to estimate the dose of agonist producing a 2-fold rightward shift
in the rimonabant dose-response function. Effects on response rate
were examined with a one-way ANOVA separately per drug followed
by post-hoc Tukey’s multiple comparison tests. Linear regression was
used to examine the relationship between the mean log-transformed
ED50 values of synthetic cannabinoids for producing D9-THC–like
discriminative stimulus effects and the mean log-transformed doses
producing a 2-fold rightward shift in the rimonabant dose-effect
function.

Results
Effects of AM-2201, JWH-122, JWH-250, and CP-47,497

in Rhesus Monkeys Discriminating D9-THC. AM-2201,
JWH-122, CP-47,497, and JWH-250 dose-dependently increased
meanD9-THC lever responding (Fig. 2, top left).AM-2201andJWH-
122 produced 100%drug lever responding at a dose of 0.0032mg/kg;
a larger dose (0.1 mg/kg) was required for Δ9-THC, JWH-250, and
CP-47,497 to produce 100% responding on the drug lever. After
vehicle, mean responding on the D9-THC lever was 0% (Fig. 2, top
left, leftmost symbols above vehicle). The slopes of the five dose-
response functions were not significantly different from each other
(F4,395 0.56; P5 0.75). The ED50 values and 95% confidence limits
calculated from the common slope are shown in Table 1. AM-2201
and JWH-122 were 10- and 3.3-fold more potent than Δ9-THC,
respectively, whereas CP-47,497 and JWH-250 were equipotent
with Δ9-THC. Up to the largest doses tested, Δ9-THC, AM-2201,
JWH-122, JWH-250, and CP-47,497 did not significantly modify
response rate (Fig. 2, bottom left).
The duration of action of JWH-250, JWH-122, and AM-2201

to produce Δ9-THC lever responding was shorter than that of
Δ9-THC and CP-47,497 (F4,15 5 47.53; P , 0.0001) (Fig. 2, top
right). Monkeys switched from responding predominantly on
the drug lever to the vehicle lever 1–2 hours after adminis-
tration of AM-2201, JWH-122, and JWH-250 and 4–5 hours
after CP-47,497 and Δ9-THC. The cannabinoid agonists did
not significantly modify response rate as a function of time
(Fig. 2, bottom right).

Fig. 2. Effects of AM-2201, JWH-122, CP-47,497, JWH-250, and D9-THC as a function of dose (left) and time (right) in rhesus monkeys discriminating
D9-THC. Abscissae: vehicle (VEH) or dose in milligrams per kilogram of body weight (left) and time (right). Ordinates: mean (6 S.E.M.) percentage of
responding on the D9-THC lever (top) and mean (6 S.E.M.) response rate expressed as a percentage of the control rate (bottom).
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Rimonabant (1mg/kg) alone produced 0% responding on the
D9-THC lever and antagonized the discriminative stimulus
effects of each cannabinoid agonist (Fig. 3, left panels), as
evidenced by significant increases in the ED50 value of each
synthetic cannabinoid agonist. Table 1 shows the ED50 values
of each synthetic cannabinoid agonist alone and in combina-
tion with rimonabant (1 mg/kg) and corresponding potency
ratios. The single-dose apparent affinity estimates calculated
for rimonabant were 6.61 in the presence of AM-2201, 6.65 in
the presence of JWH-122, 6.66 in the presence of CP-47,497,
and 6.83 in the presence of JWH-250. The pKB values
calculated for each cannabinoid agonist were not significantly
different from each other (F3,9 5 0.34; P 5 0.79). Rate of
responding was not significantly altered after rimonabant
(1 mg/kg) alone or in combination with AM-2201, JWH-122,
CP-47,497, or JWH-250 (Fig. 3, right panels).
Effects of AM-2201, JWH-122, CP-47,497, and JWH-250

in D9-THC–Treated Monkeys Discriminating Rimonabant.
Rimonabant dose-dependently increased drug lever responding,
with 0.1 mg/kg producing 0% responding on the drug lever and
1 mg/kg producing 100% responding on the drug lever (Fig. 4, left
panels, circles). The ED50 value was 0.25mg/kg when rimonabant
was administered in cumulative doses (i.e., the control function for
experiments with CP-47,497) and 0.21 mg/kg when rimonabant
was administered in a single dose per test session (Table 2).
Rimonabant alone did not significantly modify rate of responding
(Fig. 4, right panels, circles). Vehicle resulted in 0% responding on
the rimonabant lever. Administration of AM-2201 (0.1 mg/kg),
JWH-122 (0.32 mg/kg), CP-47,497 (0.32 and 1 mg/kg), and
JWH-250 (1 mg/kg) 6 hours after 1 mg/kg D9-THC produced
0% responding on the rimonabant lever. The largest doses of
AM-2201 (0.32 mg/kg) and JWH-122 (1 mg/kg) produced eme-
sis and ataxia.When synthetic cannabinoidswere administered
in the absence of rimonabant, response rate was significantly
decreased to 14% of the vehicle control by 0.32 mg/kg AM-2201,
16% of the vehicle control by 1mg/kg JWH-122, 16% of the vehicle
control by 3.2 mg/kg CP-47,497, and 15% of the vehicle control
by 3.2 mg/kg JWH-250 (P , 0.05) (Fig. 4, right panels, symbols
above vehicle).
AM-2201, JWH-122, CP-47,497, and JWH-250 dose-

dependently attenuated the discriminative stimulus effects
of rimonabant inmonkeys receiving 1mg/kg/12 hours Δ9-THC,
as evidenced by significant increases in the ED50 value of
rimonabant. Table 2 shows the ED50 values of rimonabant

alone and in combination with a dose of synthetic cannabinoid
agonist and corresponding potency ratios. Rimonabant signif-
icantly antagonized the rate-decreasing effects of each canna-
binoid agonist. In the presence of rimonabant (1 mg/kg),
AM-2201 (0.32 mg/kg) and JWH-122 (1 mg/kg) no longer
produced emesis and ataxia.
The relationship between magnitude of shift in the rimona-

bant dose-response function and dose of cannabinoid agonist is
shown in Fig. 5 (left). The slopes of the lines were not significantly
different fromeach other (P50.20). Linear regressionwasused to
estimate the dose of each agonist producing a 2-fold rightward
shift in the rimonabant dose-response function; the doses were
0.06 mg/kg for AM-2201, 0.24 mg/kg for JWH-122, 0.44 mg/kg
for CP-47,497, and 0.64 mg/kg for JWH-250. The relative
potencies of AM-2201, JWH-122, CP-47,497, and JWH-250 to
attenuate the rimonabant discriminative stimulus and sub-
stitute for the D9-THC discriminative stimulus were similar.
Thiswas also the case for JWH-018 and JWH-073, as replotted
from Ginsburg et al. (2012). There was a significant positive
correlation between doses of synthetic cannabinoid agonist
producing a 2-fold rightward shift in the rimonabant dose-
response function and the ED50 values in substituting for the
discriminative stimulus effects of D9-THC (Fig. 5; r2 5 0.93;
P , 0.001).

Discussion
This study compared the pharmacology of the abused

synthetic cannabinoids CP-47,497, AM-2201, JWH-122, and
JWH-250. All four substituted for the discriminative stimulus
effects of D9-THC. AM-2201 and JWH-122 were 10- and 3.3-
fold more potent than D9-THC, respectively, whereas JWH-
250, CP-47,497, and D9-THC were equipotent. CP-47,497 and
D9-THC had a similar duration of action (4–5 hours), whereas
that of AM-2201, JWH-122, and JWH-250 (1–2 hours) was
shorter. Rimonabant (1 mg/kg) antagonized the discrimina-
tive stimulus and rate-decreasing effects of the agonists.
Quantitative analysis of the magnitude of antagonism of
discriminative stimulus effects by rimonabant was similar
for all cannabinoid agonists tested. AM-2201, JWH-122,
CP-47,497, and JWH-250 dose-dependently attenuated the
discriminative stimulus effects of rimonabant in monkeys
receiving 1 mg/kg/12 hours of D9-THC. These data show that
three synthetic cannabinoids placed under schedule 1 of the

TABLE 1
ED50 values, potency ratios, pKB values, and 95% confidence limits (CLs) for AM-2201, JWH-122, CP-47,497, and JWH-250 in
rhesus monkeys discriminating Δ9-THC (0.1 mg/kg i.v.)
Potency ratios are the ED50 values of the agonist versus Δ9-THC or the ED50 values of the agonist in combination with rimonabant (1 mg/kg)
divided by the ED50 value of the agonist alone.

Drug alone ED50 Value (95% CL) Potency Ratio (95% CL) pKB (95% CL)

Δ9-THC 0.050 (0.035––0.069)
AM-2201 0.005 (0.002–0.013) 10 (3.4–16) versus Δ9–THCa

JWH-122 0.015 (0.010–0.023) 3.3 (2.8–3.8) versus Δ9–THCa

CP-47,497 0.025 (0.012–0.054) 2.0 (0.7–3.5) versus Δ9–THC
JWH-250 0.033 (0.021–0.053) 1.5 (0.7–2.4) versus Δ9–THC

Drug in combination with rimonabant
AM-2201 0.053 (0.037–0.074)b 10.6 (3.2–18.5) 6.61 (6.20–7.02)
JWH-122 0.161 (0.108–0.239)b 10.7 (9.9–11.3) 6.65 (6.62–6.69)
CP-47,497 0.274 (0.119–0.631)b 11.0 (9.7–11.9) 6.66 (6.61–6.71)
JWH-250 0.517 (0.278–0.963)b 15.7 (4.9–28.7) 6.83 (6.50–7.17)

aSignificantly more potent than Δ9-THC.
bSignificantly different from the ED50 values of the drugs alone.
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United States Controlled Substances Act (AM-2201, JWH-
122, and JWH-250) are more potent and/or have a shorter
duration of action than D9-THC. However, all cannabinoids
tested here appear to produce subjective effects through a
common CB1 receptor mechanism, as evidenced by similar
apparent affinity estimates calculated for rimonabant in their
presence.
Before 2010, the synthetic cannabinoids JWH-018 and

JWH-073 were the primary ingredients in Spice/K2 and
related herbal blend products (Huffman et al., 1994; Huffman,
2009; Atwood et al., 2010). JWH-018 and JWH-073 were

demonstrated to share discriminative stimulus effects with
Δ9-THC in monkeys and mice (Ginsburg et al., 2012; Wiley
et al., 2012). JWH-018 and JWH-073 were banned and
replaced by various aminoalkylindole, phenacetylindole, and
naphthoylpyrolle cannabinoids appropriated from the chem-
ical libraries originally designed by J. W. Huffman and
benzoylindole cannabinoids designed by A. Makriyannis
(Hudson and Ramsey, 2011; Järbe et al., 2011; Carroll et al.,
2012). The emergence of AM-2201, JWH-122, and JWH-250 as
drugs of abuse occurred in the absence of extensive pharma-
cological and toxicological data. All three were eventually

Fig. 3. Effects of AM-2201, JWH-122, CP-47,497, and JWH-250 in rhesus monkeys discriminating D9-THC: antagonism by rimonabant. Abscissae: dose
in milligrams per kilogram of body weight or vehicle (VEH). Ordinates: mean (6S.E.M.) percentage of responding on the D9-THC lever (left) and mean
(6S.E.M.) response rate expressed as a percentage of the control rate (right). The control dose-response functions for AM-2201, JWH-122, CP-47,497,
and JWH-250 are replotted from Fig. 1.
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shown to share discriminative stimulus effects with Δ9-THC in
rats (Gatch and Forster 2014, 2016; Järbe et al., 2016). The
current study extended the generality of these findings to

nonhuman primates, and provided new information based on
quantitative analyses of antagonism by rimonabant, including
both prevention and reversal of discriminative stimulus effects.

Fig. 4. Effects of AM-2201, JWH-122, CP-47,497, and JWH-250 in D9-THC–treated rhesus monkeys discriminating rimonabant. Abscissae: dose of
rimonabant in milligrams per kilogram of body weight or vehicle (VEH). Ordinates: mean (6S.E.M.) percentage of responding on the rimonabant lever
(left) and mean (6S.E.M.) response rate expressed as a percentage of the control rate (right).

TABLE 2
ED50 values and 95% confidence limits (CLs) for rimonabant, alone and in combination with AM-2201,
JWH-122, CP-47,497, and JWH-250, in Δ9 -THC–treated (1 mg/kg/12 hours) rhesus monkeys
discriminating rimonabant (1 mg/kg i.v.)
Potency ratios and 95% CLs are the ED50 values of rimonabant in combination with the agonist divided by the ED50 value
of rimonabant alone.

Drug ED50 Value (95% CL) Potency Ratio (95% CL)

Rimonabant (cumulative dosing) 0.25 (0.16––0.39)
+ CP 47,497 (0.32 mg/kg) 0.51 (0.37–0.71)a 2.0 (1.2–3.6)
+ CP 47,497 (1.0 mg/kg) 1.02 (0.82–1.27)a 4.1 (2.0–8.5)
+ CP 47,497 (3.2 mg/kg) 2.66 (1.92–3.68)a 10.6 (2.9–39.3)

Rimonabant (single-bolus dosing) 0.21 (0.12–0.46)
+ AM-2201 (0.1 mg/kg) 0.77 (0.44–1.33)a 3.7 (1.6–8.3)
+ AM-2201 (0.32 mg/kg) 1.88 (1.67–2.11)a 9.0 (1.8–42.4)
+ JWH-122 (0.32 mg/kg) 0.49 (0.36–0.67)a 2.3 (1.3–4.1)
+ JWH-122 (1.0 mg/kg) 1.80 (1.78–1.82)a 8.6 (1.8–38.8)
+ JWH-250 (1.0 mg/kg) 0.56 (0.54–0.58)a 2.7 (1.3–5.2)
+ JWH-250 (3.2 mg/kg) 2.21 (1.74–2.82)a 10.5 (3.4–31.5)

aSignificantly different from rimonabant alone.
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The results of the current study demonstrated that
AM-2201, JWH-122, JWH-250, and CP-47,497 shared dis-
criminative stimulus effects with Δ9-THC; rank-order potency
was AM-2201 , JWH-122 , JWH-250 5 CP-47,497 5 D9-
THC. Weissman et al. (1982) showed that CP-47,497 was
7-foldmore potent than Δ9-THC in rats, which could reflect the
differences in route of administration (i.v. versus i.p.) and
species (monkeys versus rats). AM-2201, JWH-122, and JWH-
250 had a shorter duration of action (1–2 hours) than
CP-47,497 and D9-THC (4–5 hours). Under experimental
conditions identical to those of the current study, JWH-018
and JWH-073 had a duration of action of 1–2 hours (Ginsburg
et al., 2012). Many cannabinoids from the JWH series,
including JWH-122 and JWH-250, contain an indole ring,
and AM-2201 is a benzoylindole that differs from JWH-018
by the presence of a fluorine atom in the pentyl chain
(Nakajima et al., 2011). The bicyclic cannabinoid CP-47,497
has a longer duration of action (4–5 hours). An indole ring
appears to confer a relatively short in vivo half-life, which is
supported by previous results demonstrating that the
aminoalkylindole WIN-55,212-2 [((R)-(1)-[2,3-Dihydro-5-
methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-
6-yl]-1-naphthalenylmethanonemesylate] has a short duration
of action (i.e., 1–2 hours; Hruba and McMahon, 2014).
To identify the extent to which CB1 receptors mediate the

effects of each agonist, they were studied in combination with
rimonabant (1 mg/kg). Rimonabant pretreatment resulted in
surmountable antagonism of the discriminative stimulus
effects of AM-2201, JWH-122, JWH-250, and CP-47,497.
Under experimental conditions identical to the current study,
rimonabant produced dose-dependent rightward shifts in
the dose-response functions of other cannabinoid agonists
(McMahon, 2009; Ginsburg et al., 2012). The results of Schild
analysis from these previous studies suggested that antago-
nism was simple (i.e., at a single binding site), competitive,
and reversible. The surmountable antagonism obtained at one
dose of rimonabant here and elsewhere (McMahon, 2009) has
been assumed to reflect a simple, competitive, and reversible
interaction, i.e., the slope of a Schild plot was assumed to be
not different from unity. Based on that assumption, a dose
ratio calculated from a rightward shift is sufficient to calculate
a single-dose apparent affinity estimate (i.e., pKB value). The

pKB values calculated for rimonabant in the presence of
AM-2201, JWH-122, JWH-250, and CP-47,497 did not signif-
icantly differ from each other, nor did they differ from pA2 and
pKB values determined previously in the presence of several
other cannabinoid agonists (McMahon, 2006a, 2009; Ginsburg
et al., 2012; Hruba and McMahon, 2014). Collectively, these
results strongly suggest that a common receptor mechanism
(i.e., CB1) mediates the capacity of drugs to substitute for the
discriminative stimulus effects of intravenously administered
D9-THC in rhesus monkeys.
A quantitative analysis of the capacity of an antagonist to

reverse the effects of synthetic cannabinoids not only provides
insight into receptor mechanisms of action, but also could
inform novel clinical applications. In Δ9-THC–treated mon-
keys, pretreatment with AM-2201, JWH-122, JWH-250, and
CP-47,497 resulted in a decrease in the potency of rimonabant
to produce discriminative stimulus effects. That is, rimonabant
reversed the effects of each synthetic cannabinoid. The capac-
ity of rimonabant to reverse the effects of each synthetic
cannabinoidwas decreased as a function of increasing the dose
of AM-2201, JWH-122, JWH-250, and CP-47,497. Figure 5
(left), which shows the magnitude of rightward shift in the
rimonabant dose-effect function as a function of synthetic
cannabinoid agonist dose, demonstrates that the relative
potencies of AM-2201, JWH-122, JWH-250, and CP-47,497
are strikingly similar to their relative potencies in substitut-
ing for the discriminative stimulus effects of Δ9-THC [compare
Fig. 5 (left) to Fig. 2 (top left)]. Collectively, these results
demonstrate that rimonabant is equally effective in either
preventing or reversing the effects of AM-2201, JWH-122,
JWH-250, and CP-47,497. These data suggest that rimonabant
could be an effective medication for reversing the CB1

receptor–mediated effects of synthetic cannabinoids. Al-
though the use of rimonabant (Acomplia) for treatment of
obesity-related illness was discontinued in 2009 due to con-
cerns over adverse effects, its limited (i.e., acute) use to reverse
synthetic cannabinoid overdose in emergency situations could
prove beneficial.
Synthetic cannabinoids were originally synthesized as po-

tential therapeutics (e.g., pain control); over time, they have
become valuable research tools.Most recently, several synthetic
cannabinoids have become drugs of abuse, and it is increasingly

Fig. 5. Magnitude of rightward shift in the
rimonabant dose-response function expressed
as a function of AM-2201, JWH-122, CP-47,497,
and JWH-250 dose (left) and correlation
between dose of synthetic cannabinoid ago-
nist producing a 2-fold rightward shift in the
rimonabant dose-effect function and ED50
value in substituting for the D9-THC discrim-
inative stimulus (right). Left abscissa: dose in
milligrams per kilogram of body weight. Left
ordinate: mean (6S.E.M.) rightward shift in
the rimonabant dose-response function, cal-
culated as the rimonabant ED50 value after
pretreatment with a cannabinoid agonist
divided by the control rimonabant ED50
value. Right abscissa and ordinate: dose in
milligrams per kilogram of body weight
expressed on a logarithmic scale. Data for
JWH-018 and JWH-073 are summarized
from data reported by Ginsburg et al. (2012).
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clear that many produce adverse effects that require emergency
intervention. Vomiting and ataxia after intravenous adminis-
tration of relatively large doses of AM-2201 and JWH-122 in the
current study are consistent with toxicity. These adverse effects
were not observed either when AM-2201 and JWH-122 were
combined with rimonabant or after intravenous administration
of JWH-250 and CP-47,497 alone. Toxicity could be especially
problematic for high-potency synthetic cannabinoids, such as
AM-2201 and JWH-122, insofar as the formulation of synthetic
cannabinoids for human consumption does not account for
differences in potency. Aside from differences in potency and
duration of action, AM-2201, CP-47,497, JWH-122, and JWH-
250 had a strikingly similar CB1 receptor–mediated pharma-
cology. Strikingly similar antagonism of the discriminative
stimulus effects and reversal of the disruptive effects of syn-
thetic cannabinoids by rimonabant provide evidence for a novel
clinical approach for treating the adverse effects of synthetic
cannabinoid overdose.
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