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ABSTRACT
Synthetic cannabinoids (SCs) represent an emerging class of
abused drugs associated with psychiatric complications and
other substantial health risks. These ligands are largely sold
over the internet for human consumption, presumably be-
cause of their high cannabinoid 1 receptor (CB1R) affinity and
their potency in eliciting pharmacological effects similar to D9-
tetrahydrocannabinol (THC), as well as circumventing laws
illegalizing this plant. Factors potentially contributing to the
increased prevalence of SC abuse and related hospitaliza-
tions, such as increased CB1R efficacy and non-CB1R targets,
highlight the need for quantitative pharmacological analyses to
determine receptor mediation of the pharmacological effects of
cannabinoids. Accordingly, the present study used pA2 and pKB

analyses for quantitative determination of CB1R mediation in
which we utilized the CB1R-selective inverse agonist/antagonist
rimonabant to elicit rightward shifts in the dose-response curves
of five SCs (i.e., A-834,735D; WIN55,212-2; CP55,950; JWH-073;
and CP47,497) and THC in producing common cannabimimetic
effects (i.e., catalepsy, antinociception, and hypothermia). The
results revealed overall similarity of pA2 and pKB values for
these compounds and suggest that CB1Rs, and not other
pharmacological targets, largely mediated the central pharma-
cological effects of SCs.More generally, affinity estimation offers
a powerful pharmacological approach to assess potential re-
ceptor heterogeneity subserving in vivo pharmacological effects
of SCs.

Introduction
D9-Tetrahydrocannabinol (THC), the primary psychoactive

constituent of marijuana, exerts the bulk of its pharmacolog-
ical effects, including the subjective high in humans (Huestis
et al., 2001), discriminative stimulus effects (Järbe et al., 2001,
2014), and other common pharmacological effects (e.g., hypo-
motility, antinociception, catalepsy, and hypothermia) in
rodents (Compton and Martin, 1996; Ledent et al., 1999),
through the activation of cannabinoid receptor 1 (CB1R).
Originally developed as research tools and potential medica-
tions, synthetic cannabinoids (SCs) bind and activate CB1Rs
to produce similar pharmacological effects as THC in pre-
clinical assays (Devane et al., 1988; Compton et al., 1992;
Järbe et al., 2011). Since the emergence of SCs as drugs of
abuse (Presley et al., 2013), their consumption has been

associated with untoward effects more severe than cannabis,
including reports of life-threatening medical complications
and death (Thornton et al., 2013; Gerostamoulos et al., 2015;
Trecki et al., 2015). Although CB1

(2/2) mice represent useful
tools to determine CB1R mediation of cannabinoids (Ledent
et al., 1999; Zimmer et al., 1999; Grim et al., 2016), limita-
tions of this approach include compensatory changes across
ontogeny, hitchhiking genes, epistasis effects, and other poten-
tial confounds related to constitutive knockout mouse models
(Lariviere et al., 2001). Conversely, rigorous pharmacological
approaches utilizing CB1R-selective antagonists lack these
confounds and enable crossspecies comparisons to provide
complementary and converging evidence to determine CB1R
mediation.
Approaches employing pA2 and pKB analyses with compet-

itive, reversible pharmacological antagonists provide the
quantitative basis for assessing receptor heterogeneity in
modulating the in vivo effects of drug classes (Tallarida
et al., 1979). In pA2 analysis, agonist dose-effect curves are
determined after pretreatment with a range of doses of a
competitive, reversible antagonist, thus relating antagonist
dose to the magnitude of the rightward shift in the agonist
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dose-effect curve. This antagonist dose-effect curve is typically
expressed as a Schild plot (seeDataAnalysis), and if the Schild
plot yields a slope of –1 (predicted for an antagonist competing
with an agonist at a single population of receptors), then the
antagonist dose sufficient to produce a 2-fold rightward shift
in the agonist dose-effect curve is interpreted as an estimate of
antagonist affinity for the receptor that mediates agonist
effects. This antagonist dose is commonly expressed as a “pA2”

value (i.e., the –log antagonist dose in units ofmol/kg sufficient
to produce a 2-fold rightward shift in the agonist dose-effect
curve). Similar pA2 values for an antagonist to block effects
of two different agonists, or to block two different effects of
a given agonist, provide evidence of a common receptor
type with a common affinity for the antagonist. Conversely,
different pA2 values for an antagonist to block effects of two
different agonists, or to block two different effects of a given
agonist, implicate the involvement of different receptor pop-
ulations. This approach may be applied to in vitro- or in vivo-
dependent measures, and has been employed to compare
receptor types that mediate subjective effects of THC and
SCs (i.e., CP55,940; WIN55,212-2; and JWH-018) in non-
human primates trained to discriminate THC or the ananda-
mide analog arachidonylcycloproplamide (McMahon, 2006;
Rodriguez and McMahon, 2014; Ginsburg et al., 2012). This
analysis has also been used in the mouse radiant-heat tail-
flick assay (Reche et al., 1996).
A primary goal of the present study was to provide a

straightforward pharmacological approach using pA2 analysis
to determine the extent to which CB1Rs mediate common
in vivo pharmacological effects of SCs. Specifically, we admin-
istered to mice vehicle or various doses of the CB1R-selective
antagonist rimonabant and then evaluated the cataleptic,
antinociceptive, and hypothermic effects produced by THC
and five SCs (i.e., CP47,497; JWH-073; CP55,940; WIN55,212-2;
and A-834,735D), which varied in CB1R affinity, selectiv-
ity, and efficacy. Of note, A-834,735D was recently detected in
an herbal sample containing synthetic cannabinoids (Byrska
et al., 2016) but remains largely uncharacterized. We de-
termined pKB values for compounds whose solubility limita-
tions constrained testing a full dose range in the presence of
more than two rimonabant doses. A previous study employing
CB1 (1/1), (1/2), and (2/2) mice revealed that CB1Rs play
a necessary role in the antinociceptive, hypothermic, and
cataleptic effects of all six agonists (Grim et al., 2016).
Curiously, THC retained weak, but significant, hypothermic
and antinociceptive effects in CB1

(2/2) mice, suggesting contribu-
tion of a non-CB1R site of action. In view of these findings, we
predicted that rimonabant would dose-dependently antagonize
all three effects of each SC with Schild-plot slopes of –1 and
similar pA2 and pKB values, whereas THC-induced antinocicep-
tion and hypothermia would display different sensitivity to
rimonabant antagonism owing to non-CB1R contribution.

Methods
Animal Subjects. A total of 72 male and female CB1

(1/1) mice
backcrossed for at least 15 generations on a C57BL/6J background
were used for these studies. Mice were kept on a 12-hour light/dark
cycle with ad libitum access to food and water and were at least
10 weeks of age at the beginning of testing. All procedures and
protocols were approved by the Virginia Commonwealth University
Institutional Animal Care and Use Committee.

Drugs. THC,CP55,940, and rimonabantwere generously provided
by the National Institute on Drug Abuse Drug Supply Program
(Rockville, MD). JWH-073; CP47,497; and WIN55,212-2 were pur-
chased fromCaymanChemicals (AnnArbor,MI), andA-834,735Dwas
a gift from the same company. All drugs, except for WIN55,212-2 and
rimonabant, were initially dissolved in ethanol or methanol at
concentrations insufficient for testing; thus, the solvent was evapo-
rated under a stream of nitrogen, and drugs were redissolved in
ethanol at the appropriate stock concentrations. WIN55,212-2 was
delivered in powder crystal form and dissolved in ethanol at the
appropriate stock concentrations. Rimonabant was supplied in pow-
der form and was prepared at the start of each experiment. Concen-
trated drug stockswere then dilutedwith emulphor and 0.9% saline to
yield a final vehicle containing 1 part ethanol, 1 part emulphor, and
18 parts saline.

Behavioral Testing. Six groups of mice, consisting of six males
and six females per group, were used to determine dose-response
relationships of the six selected agonists, both alone and in the
presence of varying doses of rimonabant (0.3–10mg/kg). As previously
described (Grim et al., 2016; Falenski et al., 2010), the bar test was
used to assess catalepsy, the warm-water tail-withdrawal test was
employed to assess antinociception, and rectal temperature was taken
to evaluate hypothermia. Prior to each dose-response determination,
baseline measurements of all dependent measures were recorded.
Catalepsy was defined as a rigid, immobile posture, except for
involuntary movements such as breathing, and was measured by
placing themouse’s forepaws on a bar elevated 4.5 cm above the bench
top. If the mouse removed its paws, it was replaced up to four times,
or until 60 seconds was reached, whichever occurred first. For
antinociception, the distal 1 cm of the tail was inserted in 52°C water,
and latency to remove the tail from the water was recorded, with a
10-second cut-off to prevent tissue damage. Hypothermia was mea-
sured by inserting a thermocouple probe 2 cm into the rectum. Mice
received an intraperitoneal injection of vehicle or the indicated
rimonabant dose 30 minutes before administration of the first dose
of the cannabinoid receptor agonist. Each subject was assessed for
catalepsy, antinociception, and hypothermia 30 minutes after each
subsequent injection of agonist. Assessment of these three measures
for each cohort of six mice required 10 minutes, after which mice were
injected with the next dose, so that 40 minutes elapsed between
injections throughout testing. Cumulative doses were administered
until maximum effects were observed for catalepsy (60 seconds),
antinociception (10 seconds), and hypothermia (–8°C from baseline).
The solubility of each drug limited the number of possible determi-
nations of dose-response curves in the presence of rimonabant,
so that only one was determined for THC and JWH-073, and two
were determined for WIN55,212-2 and CP47,497. A-834,735D and
CP55,940 afforded three or more redeterminations necessary for pA2

analysis utilizing linear regression. Most injections were adminis-
tered in a volume of 10 ml/g, though to achievemaximal doses for some
dose-effect curves, the injection volumes for the final doses were:
14.4 ml/g for CP55,940, 23.3 ml/g for JWH-073, 18.5 ml/g for CP47,497,
and 30 ml/g for THC. At least 1 week separated determination of
agonist dose-response curves, and each group ofmice only received one
agonist (i.e., one group of 12 mice for A-834,735D; WIN55,212-2;
CP55,940; JWH-073; CP47,497; and THC) and rimonabant.

Data Analysis. To facilitate calculation of ED50 values, all data
were transformed to percent maximum possible effect (%MPE)
utilizing the following formula:

%MPE5
test2baseline

maximum2baseline
� 100 (1)

After transformation, ED50 values and 95% confidence limits were
estimated via linear regression of log dose versus %MPE, and ED50

values were considered to differ significantly if the 95% confidence
limits did not overlap. For hypothermia, a loss of 8°C was used as the
maximum. Dose ratios (DR) were calculated by dividing the ED50
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value of the agonist with rimonabant pretreatment by the ED50 of the
agonist with vehicle pretreatment.

Two methods were used to calculate the potency of rimonabant to
antagonize each agonist under these conditions: pA2 (Tallarida et al.,
1979) and pKB (Negus et al., 1993). For pA2 analysis, antagonist
effects quantified as dose ratios were determined for at least three
antagonist doses, and these data were plotted on a Schild plot, which
shows antagonist dose expressed as –log antagonist dose in units of
mol/kg on the x-axis, and dose ratio expressed as log (dose ratio –1) on
the y-axis. In all cases reported here, Schild-plot slopes did not differ
from the value of –1 theoretically expected when an antagonist
competes with an agonist for a single population of receptors.
Accordingly, linear regression with slope constrained to –1 was used
to determine the pA2 value (i.e., the antagonist dose required to
produce a dose ratio of 2, indicating a 2-fold rightward shift in the
agonist dose-effect curve). Also determinedwere 95% confidence limits
of the pA2 value, and pA2 values were considered to be different if 95%
confidence limits did not overlap. Full pA2 analysis requires evalua-
tion of antagonist effects produced by at least three antagonist doses,
and the highest of these doses can produce large rightward shifts in
agonist dose-effect curves. In the present study, only A-834,735D and
CP55,940, the two most potent agonists tested, permitted assessment
of these large rightward shifts and the use of full pA2 analysis. For the
remaining compounds, solubility limitations constrained the range of
doses that could be tested, and antagonism could only be assessed
using one or two rimonabant doses. In these cases, a value related to
the pA2, known as the pKB value, was determined for each antagonist
dose using the equation pKB 5 –log [B/(DR-1)], where B equals the
antagonist dose in mol/kg, and DR equals the dose ratio produced by
that antagonist dose. pKB analysis essentially plots the effect of a

single antagonist dose on a Schild plot and infers the antagonist dose
required to produce a dose ratio of 2 by assuming a Schild-plot slope of
–1 through the empirically determined point. Accordingly, in cases
where the Schild-plot slope equals –1, pA2 and pKB values should be
identical. pKB values were also determined for each antagonist dose in
combination with A-834,735D and CP55,940 to permit direct compar-
ison of pA2 and pKB values. Unlike pA2 analysis, pKB estimations are
single points and do not afford calculation of error. However, where
possible,mean pKB values and 95% confidence limitswere determined
across rimonabant doses for antagonism of effects produced by a given
agonist on a given endpoint. Additionally, if pKB estimations for
rimonabant antagonism of a test drug fell outside the confidence limits
generated via pA2 analysis for rimonabant antagonism of A-834,735D
and CP55,940, they were considered significantly different.

Results
Rimonabant produced dose-dependent rightward shifts in

the catalepsy, antinociception, and hypothermia dose-effect
curves for A-834,735D; CP55,940; WIN55,212-2; CP47,497;
JWH-073; and THC (Figs. 1–6, respectively). The ED50 (95%
confidence limits) values of all cannabinoids for each of the
three dependent measures in the absence and presence of
rimonabant are shown in Table 1. Dose ratios for antagonism
of each cannabinoid on each dependent measure by each
rimonabant dose are shown in Table 2. Because the highest
THC dose (900 mg/kg) produced a maximal antinociceptive
effect of less than 50% MPE (46.8 6 8.4% MPE) in mice

Fig. 1. Rimonabant (0.3-10 mg/kg) dose-dependently elicits rightward shifts in the dose-response relationships of A-834,735D (0.03–170 mg/kg) in
producing catalepsy (A), antinociception (B), and hypothermia (C) in CB1

(+/+) mice. ED50 values (Table 1) and dose ratios (Table 2) were determined by
linear regression. Four redeterminations of the dose-effect relationship in the presence of rimonabant enabled calculation of pA2 values (Table 3, Figs. 7
and 8).

Fig. 2. Rimonabant (0.3–1.0 mg/kg) elicits rightward shifts in the dose-response relationships of WIN55,212-2 (1.0–170 mg/kg) in producing catalepsy
(A), antinociception (B), and hypothermia (C) in CB1

(+/+) mice. ED50 values (Table 1) and dose ratios (Table 2) were determined by linear regression,
though solubility ofWIN55,212-2 limited the number of redeterminations possible with rimonabant to two. Thus, only pKB values were calculated (Table
3, Fig. 8).
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pretreated with 0.3 mg/kg rimonabant, its ED50 value for this
measure was calculated by extrapolation.
Table 3 shows pA2 and pKB values for the effects of

rimonabant antagonism of A-834,735D and CP55,940 on
catalepsy, antinociception, and hypothermia. Table 4 shows
that the 95% confidence limits of all Schild-plot slopes in-
cluded the value of –1 expected for competition between an
antagonist and agonist at a single population of receptors.
Accordingly, pA2 values were determined by linear regression
with slopes constrained to –1 (see Fig. 7). In most cases, the
95% confidence limits of these rimonabant pA2 values over-
lapped across drugs as well as endpoints. The exceptions were
as follows: The rimonabant pA2 value in antagonizing the
cataleptic effects of A-834,735D were lower than those for
antagonizing its antinociceptive effects, as well as those for
antagonizing CP55,940-induced antinociception and hypo-
thermia. In general, pKB values calculated for individual
rimonabant doses fell within the 95% confidence limits of
pA2 values for rimonabant antagonism of a given drug effect,
and confidence limits for mean pKB values overlapped with
confidence limits for pA2 values. However, a notable exception
was that the pKB value for 0.3 mg/kg rimonabant antagonism
of A-834,735D-induced catalepsy was below the 95% confi-
dence limits of the pA2 value.
Because solubility constraints of WIN55-212-2; JWH-073;

CP47,497; and THC precluded determination of their
complete dose-response curves in the presence of at least
three rimonabant doses, pKB values were determined for each

rimonabant dose tested. Table 3 shows pKB values for each
rimonabant dose, as well as average pKB values (with 95%
confidence limits) across rimonabant doses, for each agonist
and endpoint. In most cases, the pKB confidence limits
overlapped with each other as well as with the pA2 confi-
dence limits for rimonabant antagonism of A-834,735D and/
or CP55,940. The most reliable exception to this general
finding was 0.3 mg/kg rimonabant antagonism of THC,
which yielded relatively high pKB values. The pKB values
for individual rimonabant doses generally fell within
the pA2 confidence limits for rimonabant antagonism of
A-834,735D and/or CP55,940, though several exceptions of
lower or higher pKB values were observed. For catalepsy, the
exceptions included WIN55,212-2 at 1.0 mg/kg rimonabant,
CP47,497 at both 0.3 and 1.0 mg/kg rimonabant, and THC
at 0.3 mg/kg rimonabant. For antinociception, the excep-
tions included WIN55,212-2 at 0.3 mg/kg rimonabant and
CP47,497 at 0.3 and 1.0 mg/kg rimonabant. Because THC
(at doses up to 900 mg/kg) in the presence of 0.3 mg/kg
rimonabant elicited a maximum of 46.8 6 8.4% MPE for
antinociception, we extrapolated its ED50 value to calculate
its dose ratio and pKB value. For hypothermia, outlier pKB

values were observed for WIN55,212-2 at 1.0 mg/kg rimo-
nabant and THC at 0.3 mg/kg rimonabant. Figure 8 graph-
ically illustrates pKB values compared with pA2 values for
A-834,735D and/or CP55,940. In general, the variance in
pKB values was reduced for antinociception compared with
catalepsy or hypothermia.

Fig. 3. Rimonabant (0.3–3 mg/kg) dose dependently elicits rightward shifts in the dose-response relationships of CP55,940 (0.1–56 mg/kg) in producing
catalepsy (A), antinociception (B), and hypothermia (C) in CB1

(+/+) mice. ED50 values (Table 1) and dose ratios (Table 2) were determined by linear
regression. Three redeterminations of the dose-effect relationship in the presence of rimonabant enabled calculation of pA2 values (Table 3, Figs. 7
and 8).

Fig. 4. Rimonabant (0.3 mg/kg) elicits a rightward shift in the dose-response relationship of JWH-073 (1.0–170 mg/kg) in producing catalepsy (A),
antinociception (B), and hypothermia (C) in CB1

(+/+) mice. ED50 values (Table 1) and dose ratios (Table 2) were determined by linear regression, though
solubility of JWH-073 limited the number of redeterminations with rimonabant to one. Thus, only pKB values were calculated (Table 3, Fig. 8).
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Because both male and female mice were used in all experi-
ments, two-wayanalysis of variance followedbyHolm-Sidakpost
hoc analyses were performed for each agonist alone and in the
presence of all doses of rimonabant tested for each agonist.
Although sporadic significant sex differenceswere detected, none
of the dependent measures varied in a systematic manner (see
Supplemental Table 1).

Discussion
The primary contribution of the present study was the use

of pA2/pKB analyses to determine CB1R heterogeneity of
THC, the well characterized SCs CP55,940 and WIN55,212-2,
the well characterized abused SCs JWH-073 and CP47,497,
and the emerging novel abused SC A834,735D (Frost et al.,
2008; Grim et al., 2016b; Marshell et al., 2014; Pertwee,
2006) in producing common in vivo cannabimimetic phar-
macological effects (i.e., catalepsy, antinociception, and
hypothermia) in male and female mice. These findings build
on our recent study demonstrating that these drugs do not
elicit relevant antinociceptive, cataleptic, and hypothermic
effects in CB1

(2/2) mice (Grim et al., 2016a). Moreover, the
present study offers a quantitative approach to unmask
potential subtle dissimilarities of emerging SCs across the
endpoints.
The full dose-effect curves established for A-834,735D and

CP55,940 in the presence of at least three doses of rimonabant
permitted the generation of Schild plots and determination of

pA2 values. The overall findings that Schild-plot slopes did
not differ from the expected value of –1 and that the 95%
confidence limits of the pA2 values overlapped for each
endpoint suggest that a common receptor with a shared
affinity for rimonabant mediated the effects of both drugs.
An exception to this general finding was that the rimona-
bant pA2 value against A-834,735D-induced catalepsy was
lower than those for A-834,735D-induced antinociception
and CP55,940-induced antinociception and hypothermia.
Although this exception raises the possibility that addi-
tional receptors with reduced rimonabant affinity may
contribute to cataleptic effects of this largely uncharacter-
ized SC, the fact that the pA2 confidence limits differed by
only 0.1 log units provide, at best, weak support for a
contribution of non-CB1Rs. The present finding are consis-
tent with the resistance of CB1

(2/2) mice to the cataleptic and
hypothermic effects of both agonists as well as A-834,735D-
induced antinociception (Grim et al., 2016). Although
CP55,940 retained weak but significant antinociceptive
effects in CB1

(2/2) mice, suggesting the possibility of another
target, the present results with rimonabant suggest CB1Rs
were the sole target. Collectively, these studies suggest a
major and nearly exclusive role for CB1Rs in mediating the
cataleptic, antinociceptive, and hypothermic effects of
A-834,735D and CP55,940 in mice.
Although constraints in THC; WIN55,212-2; JWH-073; and

CP47,497 solubility precluded pA2 analysis, their dose-
response curves were amenable to pKB analysis. A limitation

Fig. 5. Rimonabant (0.3–1.0 mg/kg) elicits rightward shifts in the dose-response relationships of CP47,497 (0.1–300 mg/kg) in producing
catalepsy (A), antinociception (B), and hypothermia (C) in CB1

(+/+) mice. ED50 values (Table 1) and dose ratios (Table 2) were determined by linear
regression, though solubility of CP47,497 limited the number of redeterminations with rimonabant to two. Thus, only pKB values were calculated
(Table 3, Fig. 8).

Fig. 6. Rimonabant (0.3 mg/kg) produced a rightward shift in the dose-response relationship of THC (3–900 mg/kg) in producing catalepsy (A),
antinociception (B), and hypothermia (C) in CB1

(+/+) mice. ED50 values (Table 1) and dose ratios (Table 2) were determined by linear regression, though
solubility of THC limited the number of redeterminations with rimonabant to one. Thus, only pKB values were calculated (Table 3, Fig. 8).
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of pKB analysis is the assumption of a Schild-plot slope of –1,
rather than generating an empirically determined slope.
However, this approach may be applied to studies with single
antagonist doses, which allows antagonist affinity estimates
that can be compared with more rigorously determined pA2

values. From this perspective, pKB values for rimonabant
antagonism of WIN55,212-2; JWH-073; and CP47,497 were
generally consistent with pA2 values for rimonabant antago-
nism of A-834,735D and CP55,940, suggesting that their
effects were mediated by a common population of CB1Rs. This
conclusion is again consistent with the previous finding that
pharmacological effects of WIN55,212-2; JWH-073; and
CP47,497 were absent in CB(2/2) mice. An exception to this
general conclusion is that the pKB values for rimonabant
antagonism of CP47,497-induced catalepsy fell below the
A-834,735D and CP55,940 pA2 confidence limits, suggesting
a population of receptors with relatively low affinity for
rimonabant may have contributed to the cataleptic effects of
CP47,497. As with A-834,735D-induced catalepsy, this differ-
ence was small and CB1

(2/2) mice did not display CP47,497-
induced antinociception (Grim et al., 2016). Thus, the overall
results are consistent with a major role of CB1Rs, and a
minimal role, if any, for other targets in mediating effects of
these SCs.
As solubility constraints precluded pA2 value determina-

tion for rimonabant antagonism of THC, the interpretation
of results again relied on less definitive pKB analysis. In
contrast to results with the SCs, these pKB values for THC
were higher across all three endpoints than the upper pA2

confidence limits for rimonabant antagonism of the phar-
macological effects of A-834,735D and CP55,940. A conven-
tional interpretation of these results would suggest that the
pharmacological effects of THC are mediated by a distinct
population of receptors with higher affinity for rimonabant
than those mediating the effects of the actions of SCs. This

conclusion is also consistent with the previous finding that
THC retained weak but significant antinociceptive and
hypothermic effects in CB1

(2/2) mice, and suggest that these
effects of THC might be mediated by non-CB1Rs with high
affinity for rimonabant. However, this conclusion should be
considered with caution, especially because a non-CB1R
with exceptionally high affinity for rimonabant has not
been elucidated. Moreover, CB1R deletion eliminated THC-
induced catalepsy, but similar pKB values for rimonabant

TABLE 1
ED50 values (95% CL, expressed in mg/kg) for all treatments
Male and female (CB1 (+/+) mice (n = 10–12) were cumulatively dosed with increasing doses of the indicated agonist in absence or presence of rimonabant. For the
antinociception measure, the ED50 for THC preceded by treatment with 0.3 mg/kg rimonabant was calculated by extrapolation, as the maximum effect determined was below
50%.

Drug Vehicle (mg/kg)
Rimonabant (mg/kg)

0.3 1 3 10

Catalepsy
A-834,735D 0.50 (0.39–0.64) 0.71 (0.47–1.08) 2.21 (1.77–2.76)* 5.01 (3.96–6.34)* 14.04 (11.46–17.19)*
WIN55,212-2 5.43 (4.11–7.17) 14.12 (10.31–19.37)* 17.44 (10.21–29.78)*
CP55,940 0.65 (0.52–0.82) 1.46 (1.08–1.99)* 4.80 (3.51–6.56)* 10.89 (8.87–13.39)*
JWH-073 8.87 (7.58–10.41) 18.86 (14.66–24.25)*
CP47,497 6.20 (4.77–8.07) 9.41 (7.13–12.41) 17.52 (13.52–22.69)*
THC 46.47 (35.86–60.16) 237.38 (150.20–375.15)*

Antinociception
A-834,735D 0.61 (0.47–0.77) 1.60 (1.34–1.91)* 4.34 (3.70–5.10)* 14.62 (12.31–17.36)* 40.93 (11.32–147.18)*
WIN55,212-2 7.42 (5.83–9.00) 16.14 (13.36–19.51)* 51.88 (41.28–65.21)*
CP55,940 0.47 (0.40–0.57) 1.46 (1.15–1.83)* 4.34 (3.51–5.39)* 10.00 (7.77–12.86)*
JWH-073 9.49 (7.77–11.60) 28.37 (22.74–35.41)*
CP47,497 9.03 (7.92–10.29) 22.34 (19.76–25.26)* 53.41 (41.21–69.22)*
THC 71.69 (51.32–130.04) 1523 (891–2606)*

Hypothermia
A-834,735D 0.63 (0.52–0.78) 0.63 (0.51–0.78) 3.08 (2.69–3.53)* 9.63 (8.79–10.54)* 27.75 (23.69–32.51)*
WIN55,212-2 7.65 (6.43–9.09) 16.09 (14.32–18.08)* 31.46 (27.90–35.48)*
CP55,940 0.59 (0.49–0.71) 2.05 (1.76–2.38)* 4.47 (3.79–5.26)* 16.45 (14.16–19.1)*
JWH-073 11.25 (9.62–13.16) 30.33 (25.88–35.54)*
CP47,497 7.21 (5.69–9.14) 23.54 (18.91–29.31)* 34.09 (29.90–38.58)*
THC 55.38 (47.33–64.81) 581.01 (474.77–711.04)*

*Confidence limits for a given drug in the presence of the dose of rimonabant in the header did not overlap with the confidence limits of the respective agonist tested in the
absence of rimonabant.

TABLE 2
Dose ratios of rimonabant (ED50 value in the presence of the indicated
dose of rimonabant/ED50 value in the absence of the antagonist) for all
treatments used for pA2 and pKB calculations

Drug
Dose Ratio

0.3 1 3 10

Catalepsy
A-834,735D 1.42 4.41 9.99 27.99
WIN55,212-2 2.60 3.21
CP55,940 2.23 7.29 16.55
JWH-073 2.12
CP47,497 1.47 2.83
THC 5.11

Antinociception
A-834,735D 2.64 7.16 24.10 67.47
WIN55,212-2 2.23 7.16
CP55,940 3.06 9.13 21.02
JWH-073 2.99
CP47,497 2.47 5.91
THC 21.2

Hypothermia
A-834,735D 0 3.08 9.63 27.75
WIN55,212-2 2.10 4.11
CP55,940 3.47 7.57 27.85
JWH-073 2.70
CP47,497 3.26 4.73
THC 10.49
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antagonism of THC-induced catalepsy, antinociception,
and hypothermia suggest that a factor other than CB1R
mediation influenced rimonabant pKB values. A plausible
contributing factor could be the poor solubility of THC at the
very high concentrations needed to probe right-shifted
dose-effect curves in this study, and the resulting potential for
incomplete or altered dose delivery and absorption. Specif-
ically, evaluation of right-shifted THC dose-effect curves in
this study required delivery of cumulative THC doses up to
900 mg/kg in double-the-normal injection volumes of THC
suspended in a high concentration of 30 mg/ml. It is possible
that the apparently large rightward shifts in THC dose-effect
curves after rimonabant pretreatment resulted at least in
part from incomplete delivery/absorption of these large doses
rather than from rimonabant antagonism. Finally, Reche
et al. (1996) conducted a radiant heat tail-flick mouse study
yielding a pA2 value 6.7 (6.2–7.2) for rimonabant antagonism
of the antinociceptive effects of intravenously administered
THC inmice (recalculated pA2 estimate in Supplemental Fig.
1). Notably, THC was more than 20-fold more potent by
intravenous route of administration (Reche et al., 1996) than
by the intraperitoneal route used here. This increased
potency of THC following intravenous injection permitted
determination of right-shifted dose-effect curves in the pres-
ence of multiple rimonabant doses. The reduced drug con-
centrations via the intravenous route of administration may

have improved reliability of dose delivery and absorption and
more accurate quantification of rimonabant antagonism.
In the present study, rimonabant pA2/pKB values were

most consistent across agonists in the warm water tail-
withdrawal assay and least consistent in the bar test (i.e.,
catalepsy), suggesting contribution of non-CB1Rs to the
latter measure. Indeed, many other drugs acting at non-
CB1R targets elicit catalepsy, including GABAergic alloste-
ric modulators (Mierzejewski et al., 2013), dopaminergic
antagonists (Langlois et al., 2012), and antipsychotic drugs
(Grim et al., 2016; Wiley and Martin, 2003). Interestingly, a
discrepancy in potency between rimonabant and another
structurally similar CB1R antagonist, AM251, to antagonize
cannabinoid-induced catalepsy, but not cannabinoid-induced
hypothermia, may reflect a difference in the underlying mecha-
nisms (McMahon and Koek, 2007).
In conclusion, pA2/pKB analyses with competitive reversible

CB1R antagonists provides a valuable complement to the
use of CB1R mutant mice to examine suspected non-CB1R
effects of novel SCs. CB1

(1/2) mice and CB1
(2/2) may be used,

respectively, to examine drug efficacy at the target receptor and
overall reliance of drug effects on the target receptor (Grim
et al., 2016). However, compensatory mechanisms and epi-
static effects associated with constitutive receptor mutations
may confound interpretation (Lariviere et al., 2001). Thus,
pharmacological approaches of receptor antagonism avoid

TABLE 3
Calculated estimations of rimonabant affinity to antagonize the cataleptic, antinociceptive, and hypothermic effects of each agonist via pA2 and pKB
analyses

Drug pA2 (95% CL)
Rimonabant (mg/kg), individual pKB values

Avg. pKB (95% CL)
0.3 1 3 10

Catalepsy
A-834,735D 6.2 (6.0–6.3) 5.8*^ 6.2 6.1 6.1 6.1 (6.0–6.2)
WIN55,212-2 6.4* 6.0^ 6.2 (5.8–6.6)
CP55,940 6.4 (6.1–6.6) 6.3 6.5* 6.4* 6.4 (6.3–6.5)
JWH-073 6.2 6.2
CP47,497 5.9*^ 5.9*^ 5.9 (5.8–6.0)^
THC 6.8*^ 6.8

Antinociception
A-834,735D 6.5 (6.4–6.6) 6.4 6.5 6.6 6.5 6.5 (6.4–6.6)
WIN55,212-2 6.3*^ 6.5 6.4 (6.3–6.5)
CP55,940 6.5 (6.4–6.6) 6.5 6.6* 6.5 6.5 (6.5–6.6)
JWH-073 6.5 6.5
CP47,497 6.4*^ 6.4*^ 6.4 (6.3–6.4)
THC 7.2*^ 7.2

Hypothermia
A-834,735D 6.3 (6.2–6.4) 6.3^ 6.3^ 6.3^ 6.3 (6.3–6.3)
WIN55,212-2 6.2^ 6.2*^ 6.2 (6.2–6.2)
CP55,940 6.6 (6.4–6.7) 6.6* 6.5* 6.6* 6.6 (6.5–6.6)
JWH-073 6.4 6.4
CP47,497 6.5* 6.2^ 6.4 (6.2–6.6)
THC 7.2*^ 7.2

*pKB value which fell outside the 95% confidence limits (CL) of the pA2 estimation of rimonabant affinity in the presence of A-834,735D.
^pKB value which fell outside of the confidence limits of the pA2 estimation of rimonabant affinity in the presence of CP55,940.

TABLE 4
Unconstrained Schild slopes (95% confidence limits) calculated for pA2 analysis of rimonabant versus
A-834,735D and CP55,940 did not statistically differ from unity for catalepsy, antinociception, and
hypothermia
For subsequent pA2 analyses, slopes were constrained to –1.

Unconstrained Slope Catalepsy Antinociception Hypothermia

A-834,735D 20.69 (–1.13 to –0.25) 21.07 (–1.21 to –0.86) 21.08 (–1.23 to –0.92)
CP55,940 21.11 (–3.0 to 0.85) 20.99 (–2.165 to 0.18) 21.03 (–2.75 to 0.68)
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these confounds, and studies with competitive, reversible
antagonists, such as rimonabant, are not influenced by agonist
efficacy (i.e., all other factors being equal, a given dose of a
competitive antagonist will produce similar antagonism of
high- and low-efficacy agonists). With the advent of CB1R-
selective irreversible antagonists (Hua et al., 2016), quantita-
tive determination of in vivo efficacy may now be possible and
offer an opportunity to expand our previous and present
findings. These approaches quantitatively establish the rela-
tive efficacy and receptor mediation of cannabinoids, and by
extension the degree to which activation of CB1R differs

among novel SCs, as well THC and other naturally occurring
cannabinoids.
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Fig. 8. Apparent pA2 values of rimonabant for A-834,735D and CP55,940 along with average pKB (with 95% confidence limits) for all doses of
rimonabant tested against each agonist are depicted for catalepsy (A), antinociception (B), and hypothermia (C). Overlapping confidence limits of pA2
and pKB values were considered not to differ significantly. In cases in which only one re-determination of the dose-effect relationship in the presence of
rimonabant was possible, if the single pKB value fell within the confidence limits of either pA2 or other pKB they were considered to not differ
significantly. For each triad endpoint, the light gray background indicates the span of the 95% confidence limits of the pA2 for A-834,735D and CP55,940,
while the dark gray indicates the overlap between the two. For antinociception, the dotted lines indicate the 95% confidence limits for the recalculation of
the results from Reche et al., 1996, in which the pA2 of rimonabant versus THC was determined utilizing the radiant heat tail flick assay with
intravenous drug administration.

Fig. 7. Apparent pA2 estimates of rimonabant in mice treated with A-834,735D and CP55,940. For A-834,735D, there was a 1:1 relationship between
the log of the dose of rimonabant (mol/kg) treatment and the resulting log of the dose ratio –1 (log(DR-1)) for catalepsy (A), antinociception (B), and
hypothermia (C). This relationship between rimonabant (mol/kg) and the ensuing log(DR-1) also held for CP55,940-induced catalepsy (D),
antinociception (E), and hypothermia (F). In all cases, the 95% confidence limits of the unconstrained slope derived from linear regression included –1
(Table 4). Therefore, the slope was constrained to –1 in subsequent analyses to facilitate accurate estimations of the x-intercept (i.e., the dose of the
antagonist that elicits a twofold shift in the dose effect curve of the agonist).
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A-834,735D    

Rimonabant 

(mg/kg) Catalepsy Antinociception Hypothermia 

0 **1 mg/kg 0.9987 0.9821 

0.3 0.5362 0.9705 0.1587 

1 0.9299 0.8636 0.5422 

3 0.1336 0.9403 0.8783 

10 0.4621 0.9793 0.4782 

    

WIN55,212-2    

Rimonabant 

(mg/kg) Catalepsy Antinociception Hypothermia 

0 *3,10 mg/kg 0.5877 **30 mg/kg 

0.3 0.5976 **30 mg/kg 0.2857 

1 * 10 mg/kg 0.4962 0.0896 

    

CP55,940    

Rimonabant 

(mg/kg) Catalepsy Antinociception Hypothermia 

0 0.6799 0.9149 0.4570 

0.3 0.2870 0.8186 0.7772 

1 0.9426 0.4559 0.5915 

3 0.5331 0.1686 0.1476 

    

JWH-073    

Rimonabant 

(mg/kg) Catalepsy Antinociception Hypothermia 

0 0.7468 *10 mg/kg *0.0108 

0.3 0.0551 0.6284 *30,100,170 mg/kg 

    

CP47,497    

Rimonabant 

(mg/kg) Catalepsy Antinociception Hypothermia 

0 0.9524 0.8439 0.6946 

0.3 0.7237 0.3107 0.8887 

1 0.9927 0.8976 0.6371 

    

THC    

Rimonabant 

(mg/kg) Catalepsy Antinociception Hypothermia 

0 0.5362 0.3088 0.8008 

0.3 0.2725 0.3733 0.9040 



Supplemental Table 1. Both male and female CB1R (+/+) were used for pA2 and pKB studies, 

therefore two-way ANOVA followed by Holm-Sidak post hoc statistical tests were performed to 

assess potential sex differences. The values presented in this table represent p values from the 

two way ANOVA representing the interaction between sex and drug. A-834,735D, WIN55,212-

2, and JWH-073 each displayed statistically significant sex differences, though these agonists did 

not seem to do so in a systematic manner across doses of rimonabant and triad endpoints 

(catalepsy, antinociception, and hypothermia). CP55,940, CP47,497, and THC did not elicit 

significant differences between male and female mice. *p<0.05 and **p<0.01 for statistical 

interaction between drug and sex. 

  



 

Supplemental Figure 1. Re-analysis of a previous study (Reche et al, 1996) that reported a 

rimonabant pA2 value in the radiant tail flick assay of 9.59, which is considerably more potent 

than other reports (Ginsburg et al, 2012; McMahon, 2008; Rodriguez and McMahon, 2014). 

Utilizing dose ratios derived from ED50 values provided in Table 1 of Reche et al 1996, a re-

calculation of the pA2 of rimonabant resulted in values much closer to values reported 

elsewhere. When the dose of rimonabant versus the log of the dose ratio -1 was plotted (A), the 

pA2 value generated via linear regression was 6.8 with very wide confidence limits. Because the 

confidence limits of the slope generated included -1, the slope was constrained to -1 to generate a 

pA2 of 6.7 (6.2 to 7.2) (B). The confidence limits of this pA2 overlapped with those generated for 

A-834,735D and CP55,940. 



 


