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Abstract

Rationale—Previous reports shows rimonabant's inverse properties may be a limiting factor for
treating cannabinoid dependence. To overcome this limitation neutral antagonists were developed,
to address mechanisms by which an inverse agonist and neutral antagonist elicit withdrawal.

Objective—Introduces an animal model to study cannabinoid dependence by incorporating
traditional methodologies and profiling novel cannabinoid ligands with distinct pharmacological
properties/modes of action by evaluating their pharmacological effects on CB1-receptor (CB1R)
related physiological/behavioral endpoints.

Methods—The cannabinergic AM2389 was acutely characterized in the tetrad (locomotor
activity, analgesia, inverted screen/catalepsy bar test and temperature); with some comparisons
made to A%-tetrahydrocannabinol (THC). Tolerance was measured in mice repeatedly
administered AM2389. Antagonist-precipitated withdrawal was characterized in cannabinoid-
adapted mice induced by either centrally acting antagonists, rimonabant and AM4113, or an
antagonist with limited brain penetration, AM6545.

Results—In the tetrad, AM2389 was more potent and longer acting than THC, suggesting a
novel approach for inducing dependence. Repeated administration of AM2389 led to tolerance by
attenuating hypothermia that was induced by acute AM2389 administration. Antagonist-
precipitated withdrawal signs were induced by rimonabant or AM4113, but not by AM6545.
Antagonist-precipitated withdrawal was reversed by reinstating AM2389 or THC.

Conclusions—These findings suggest cannabinoid-precipitated withdrawal may not be ascribed
to the inverse properties of rimonabant, but rather to rapid competition with the agonist at the
CB;R. This withdrawal syndrome is likely centrally-mediated, since only the centrally acting
CB;R antagonists elicited withdrawal, i.e., such responses were absent after the purported
peripherally selective CB4R antagonist AM6545.
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Introduction

Cannabinoid receptor 1 (CB1R) activation by the phytocannabinoid A%tetrahydrocannabinol
(THC), the major psychoactive constituent in marijuana, and other synthetic CB4R agonists
produces acute effects such as antinociception, hypo-locomotion, hypothermia, and
catalepsy, all of which have been observed and quantified in rodent models, as previously
reviewed (Maldonado and Rodriguez de Fonseca 2002). THC produces measureable
pharmacological signs of tolerance upon repeated administrations in both humans and
experimental animals (Carlini 1968; Hart et al. 2002; Jones et al. 1976; Jones et al. 1981).
For instance, humans treated with oral THC (70-210 mg/day) for 30 days developed a
lessening of the subjective high compared to the initial drug treatment (Jones et al. 1976;
Jones et al. 1981).

Abrupt discontinuation of chronic THC treatment does not typically induce spontaneous
signs of withdrawal (Jones and Benowitz 1976). Nevertheless, some human subjects have
complained of inner unrest, irritability, insomnia, and hot flashes as symptoms of cannabis
withdrawal (Budney et al. 1999). Instances where spontaneous THC withdrawal has been
detected indicate that the withdrawal symptoms are mild in comparison to antagonist-
precipitated withdrawal, making precipitated withdrawal a feasible experimental paradigm
for studying robust signs of cannabinoid withdrawal (Lichtman and Martin 2005).

The partial efficacy THC has been the standard cannabinoid agonist for inducing
dependence in animal models (prior to precipitated withdrawal); however, commercial
preparations of synthetic cannabinoids, such as K2/Spice, mostly contain higher efficacy
cannabinergics. Synthetic cannabinoids are currently the second highest abused illicit drug,
with cannabis abuse ranked as the highest (Tai and Fantegrossi 2014). The rapid popularity
of full efficacy cannabinoids pushes the urgency to develop an animal model for studying
cannabinoid dependence. Thus, a CB41R agonist that is capable of producing sustained CB1R
activation at full efficacy, such as AM2389, may be more efficient in this regard than THC
(Jarbe et al. 2012; Nikas et al. 2010). Using drug discrimination with rats suggested a slow
onset of effect for AM2389 and a long in vivo functional half-life estimate of around 15 hrs
(Jarbe et al. 2012). Time course tests with THC in rats suggested a return to vehicle-like
responding at about 4.5 hrs post-administration (Jarbe et al. 1986; Jarbe et al. 1981). At peak
effect, there was approximately a 100-fold difference in potency between AM2389 and THC
(Jérbe et al. 2012).

The CB1R selective antagonist/inverse agonist rimonabant has been a useful experimental
tool for inducing signs of withdrawal in cannabinoid-dependent subjects (Hutcheson et al.
1998). Withdrawal in rodents include wet dog shakes, head shakes, facial rubbing, and front
paw tremor (Hutcheson et al. 1998; Maldonado and Rodriguez de Fonseca 2002). These
behaviors are likely CB1R mediated (Maldonado and Rodriguez de Fonseca 2002). Since
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THC and rimonabant bind with reasonably high affinity to CB1Rs located both in the CNS
and peripheral organs, systemic exposure to these agents in vivo cannot provide insight as to
the contribution of central vs. peripheral compartment(s) to the withdrawal effects observed.
A CB1R antagonist with limited brain penetration, such as AM6545, could help address this
issue. AM6545 has been shown to cause a change in neuronal activity at CB{Rs located in
the periphery with no effect on CB1Rs in the brain (Tam et al. 2010). In behavioral tests,
AMG6545 (10 mg/kg) did not attenuate centrally mediated cannabinergic behaviors, e.g.,
hypothermia, catalepsy and immobility (Tam et al. 2010). Additionally, in a discriminated
drinking aversion procedure using rimonabant as the discriminative stimulus, AM6545 (10
mg/kg) did not suppress drinking whereas the centrally acting neutral antagonist AM4113
did, in a manner similar to but with less potency than rimonabant (Jarbe et al. 2011).

By virtue of its inverse agonist property, rimonabant engagement of the CB4R can not only
prevent the receptor from binding an agonist, but it can also alter constitutive CB1R-
dependent cellular signaling/activity in vitro. For instance, rimonabant increased CAMP
levels in the forskolin stimulated cAMP assay (Mato et al. 2002; Sink et al. 2008). To
address the above mentioned adverse effects induced by rimonabant, it was suggested that a
neutral antagonist would be an alternative approach for treating obesity and related
metabolic risk factors (Chambers et al. 2007). A neutral antagonist, such as AM4113, would
be devoid of negative efficacy by not affecting constitutive CB4R activity. For instance,
AMA4113 had no effect on forskolin stimulated cAMP production (Sink et al. 2008).
Preclinical studies revealed behavioral differences between an inverse agonist and a neutral
antagonist. Briefly, AM4113 did not induce nausea (i.e., conditioned gaping) in rats and
vomiting (i.e., emesis) in ferrets as reported with inverse agonists, such as rimonabant and
AM251 (Chambers et al. 2007; Salamone et al. 2007); see also (Meye et al. 2013). Our
hypothesis is that in vivo signs of cannabinoid withdrawal induced by rimonabant may
potentially result not only from CB4R blockade, but also as a negative efficacy effect of
rimonabant.

Material and Methods

Animals

Drugs

Male CD-1 mice (Charles River Breeding Laboratories, Wilmington, MA, USA) weighing
30-35 g (6 weeks old + 1 SD) were group housed, 5 to a cage, in a temperature controlled
(~20°C), animal facility. Mice were habituated to the vivarium for at least 1 week prior to
experiments with a light/dark cycle of 12:12 h (lights on at 7 a.m.). Mice were given food
and water ad libitum. Experimentally naive mice were used for all procedures and tested
during the light phase. The Animal Care and Use Committee of Northeastern University,
Boston, MA, USA approved all procedures. The “Principles of Animal Laboratory Care”
(National Institute of Health 1996) was followed.

(-)-THC [(-)-delta-9-tetrahydrocannabinol] (Table 1) was delivered as an ethanol (200
mg/ml) solution and stored at —20°C until used. Upon use, appropriate amounts were
withdrawn followed by the evaporation of ethanol under a stream of nitrogen. The residue
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was dissolved (w/v) in an aqueous solution of dimethyl sulfoxide (DMSO, 2%), propylene
glycol (PG, 4%) and Tween-80 (T-80, 4%) prior to a final suspension with saline slowly
added before animal dosing, the exception being 100 mg/kg THC where the vehicle used
was DMSO 2%, PG 10% and T-80 8%. Suspensions were prepared daily shortly before
injection. AM2389 [9-Nor-9B-hydroxy-3-(1-hexyl-cyclobut-1-yl)-hexahydrocannabinol]
was stored and prepared in the same manner as THC. The ligands AM2389 and AM4113 [5-
(4-alkylphenyl)-1-(2,4-dichlorophenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-
carboxamide] and AM6545 [5-(4-[4-cyanobut-1-ynyl]phenyl)]-1-(2,4-dichlorophenyl)- 4-
methyl-N- (1,1-dioxo-thiomorpholino)-1 H-pyrazole-3-carboxamide] were synthesized at
the Center for Drug Discovery (CDD), Northeastern University, Boston, MA. THC and
rimonabant were provided by The Research Technology Branch, National Institute of Drug
Abuse, Rockville, MD. Doses were administered intraperitoneally (i.p.) in a volume of 10
ml/kg, except for 100 mg/kg THC where the volume was 15 ml/kg. Drugs were
administered 20 min (THC) or 90 min (AM2389) prior to testing, unless otherwise
indicated.

Locomotor activity (horizontal exploration) used an open-field photobeam activity
monitoring system (San Diego Instruments, San Diego, CA, USA). Activity was recorded
by infrared photo-beam sensors in a 16 x 16 in acrylic chamber, which was placed inside a
sound attenuating ventilated box to produce a controlled environment. The photo-beam
sensors consisted of 4 infrared beam bars placed at 90° angles enclosing the bottom of the
chamber, lined with a second row (only for 2 of the bars located parallel to each other) that
recorded rearing (vertical exploration). All chambers were wiped with a soap/water solution
between tests.

Paw Withdrawal

Paw withdrawal was tested using a method previously described (Hargreaves et al. 1988)
and later modified for mice. Mice were placed inside a Plexiglas chamber above a glass
plate heated to 30°C. Animals acclimated for ~1 hr prior to testing. The thermal nociceptive
stimulus, a focused projection bulb located underneath the glass plate, was aimed at the
plantar surface of the hind limb. The heat current was set to 6.0 amperes. Measurements
were carried out by an automated motion sensor, which terminated the heat stimulus and
recorded the latency to withdrawal. The maximum heat exposure time was 40 sec to prevent
tissue damage. The glass plate was cleaned of animal waste prior to taking measurements.

Inverted Screen

The inverted screen was used to measure muscle strength and motor coordination
(Coughenour et al. 1977; Lichtman et al. 2004). The inverted screen assay consisted of
placing mice in the center of the wire mesh grid (14 x 14 cm?) that was inverted 180° so that
the mice were oriented upside down on the bottom of the screen. The latency (sec) to climb
onto the reverse (top) side was recorded.
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Catalepsy was assessed with a bar test, i.e., both forelimbs were positioned on a stainless
steel rod (0.40 cm in diameter) that was elevated 4.5 cm above the surface (Lichtman et al.
2002). Catalepsy was measured as the length of time each mouse maintained both forelimbs
in an elevated position on the bar. Mice that remained immobile were considered cataleptic.

Rectal Temperature

Rectal temperature was measured in mice using a rectal probe of a digital laboratory
thermometer, RET-3-1SO, type T thermocouple (Physitemp Instruments Inc, Clifton, NJ).
The lubricated probe was inserted ~2.0 cm into the rectum for ~30 sec prior to each
recording.

Observation Chambers

Observation chambers were used to score (count/duration) individual mouse behaviors.
Chambers consisted of a circular clear glass jar (radius 4.25 cm, height 16 cm) sealed with a
ventilated cover, providing clear visibility of movement and ample air circulation. The
behaviors scored were tremors, face rubbing and rearing. The behaviors were scored by
trained observers blinded to the treatment groups. Definitions for each behavior were:
tremors, rapid shaking of the front paw(s); face rubbing, using the front paw(s) to brush their
head; rearing, upward movements of the mouse with their entire weight being supported by
the hind paw(s). These behaviors were chosen based on previous findings that reported a
change in activity levels of tremors, face rubbing and rearing during spontaneous or CB1R
antagonist precipitated withdrawal in mice tolerant to CB1R agonists (Aceto et al. 2001;
Oliva et al. 2003).

Mice repeatedly treated with AM2389 were given a dose of 0.1 mg/kg on day 1 and 0.3
mg/kg on days 2-5. This dosing regimen was based on preliminary data that determined an
appropriate regimen that did not compromise the mice health. Acutely administered 0.3
mg/kg AM2389 produced marked effects such that mice did not eat or drink for at least 24
hrs. Therefore, 0.1 mg/kg AM2389 was used for the initial, day 1 tolerance induction.

Precipitated Withdrawal

For precipitated withdrawal studies, data are presented in 2 phases. Phase I (i.e., pre-
antagonist) represents Day 5 data collected from mice that received 5 days of vehicle or
AM2389 prior to receiving an antagonist. Phase 11 (i.e., post-antagonist) represents the same
mice that had received an antagonist, to precipitate withdrawal, or vehicle immediately after
Phase | data was collected.

In Phase | open-field studies, locomotor and rearing activity were measured as the total
number of beam breaks or rearing bouts, respectively, within a 60 min period following 90
min post last vehicle or AM2389 administration in mice pretreated for 5 days with vehicle or
AM2389. In Phase Il open-field studies, the total number of beam breaks or rearing bouts
were recorded for a 75 min period immediately following a single administration of vehicle,
rimonabant, AM4113 or AM6545 in mice that were previously exposed to the open-field
arena for 60 min (i.e., Phase ).
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In Phase | observation studies, tremors, face rubbing and rearing behaviors were scored
during a 60 min observation period following 90 min post last vehicle or AM2389
administration in mice pretreated for 5 days with vehicle or AM2389. In Phase Il
observation studies, behaviors were scored during a 120 min observation period
immediately following a single administration of vehicle, rimonabant, AM4113 or AM6545
in mice that were previously exposed to the observation chambers for 60 min (i.e., Phase I).

Data Analysis

Results

Results are presented as means = SEM. Significant differences (a = 0.05) between group
means were calculated with ANOVA [based on the Fisher (F) distribution], followed by
Holm-Sidak multiple comparison post-hoc statistical test procedure, except where otherwise
indicated.

Acute AM2389 dosing

AM2389-treated mice had a significant dose-dependent decrease in locomotion greater than
vehicle-treated mice [F(3,32) = 9.87, P < 0.001] (Table 2). AM2389 at 0.1 and 0.3 mg/kg
produced a significant greater paw withdrawal latency than the vehicle group [F(6,65) =
12.00, P < 0.001]. AM2389 at 0.03 mg/kg and THC did not induce any significant change in
latency compared to the vehicle group. In the inverted screen test, AM2389 at 0.03, 0.1 and
0.3 mg/kg produced no significant difference [F(3,32) = 2.61; P > 0.05] from vehicle-treated
mice, since there was only a trend towards vehicle-treated mice reaching the reverse side of
the inverted screen more quickly in comparison to the highest doses of AM2389 (0.1 and 0.3
mg/kg). In the catalepsy bar test, 0.1 mg/kg AM2389 resulted in immobility significantly
greater than vehicle-treated mice [F(3,32) = 4.06; P < 0.02]. The dose of 0.3 mg/kg AM2389
yielded a large variation in response; hence, no significant difference in comparison to
vehicle. All doses of AM2389 (0.03, 0.1 and 0.3 mg/kg) induced a dose-dependent decrease
in temperature in comparison to vehicle [F(6,65) = 60.95; P < 0.001]. In addition, the
highest doses of THC (10 and 30 mg/kg) induced a greater decrease in temperature than
vehicle.

Repeated AM2389 dosing

On day 1 of repeated dosing, mice (n = 4) administered AM2389 (0.1 mg/kg) had maximum
hypothermia, a 5.7°C decrease in temperature from baseline (data not shown). This
hypothermic effect was significantly attenuated to —=3.9, —1.1, 0.9 and —1.4 with repeated
AM2389 (0.3 mg/kg) administration at days 2, 3, 4 and 5, respectively [F(4,12) = 36.04; P <
0.001]. Thus, hypothermia was attenuated after repeated dosing, resulting in temperatures
approaching the day 1 non-drug baseline temperature (rectal temperatures immediately prior
to the first dosing averaged (x SEM) 38.9°C + 0.1.).

Phase | pre-antagonist open-field

AM2389-pretreated mice had a significant decrease (50%) in locomotion greater than
vehicle-pretreated mice [F(1,124) = 100.92, P < 0.001] (data not shown). Similarly, rearing
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was suppressed in AM2389-pretreated mice by 38% in comparison to vehicle-pretreated
mice [F(1,124) = 34.35, P < 0.001].

Phase Il post-antagonist open-field

Locomotion and rearing activity measured in vehicle-pretreated mice administered
rimonabant, AM4113 or AM6545 were similar to animals treated with vehicle, except for an
increase in locomotion at 10 mg/kg rimonabant [F(7,55) = 3.63, P = 0.003] (Figure 1a, c).
AM2389-pretreated mice that were administered either rimonabant or AM4113 at 3 and 10
mg/kg had a significant increase in locomotion in comparison to mice that were
administered vehicle [F(7,55) = 11.14, P < 0.001] (Figure 1b). AM4113 and AM6545 at 1
and 10 mg/kg, respectively, did not induce a change in locomotion that differed significantly
from vehicle. AM2389-pretreated mice administered rimonabant exhibited a significant
increase in rearing, which was also observed with 10 mg/kg AM4113 in comparison to
vehicle [F(7,55) = 5.39, P < 0.001] (Figure 1d).

Phase | pre-antagonist observation

AM2389-pretreatment produced no change in tremors or face rubbing in comparison to
vehicle-pretreated mice (data not shown). However, there was a significant suppression in
rearing by 33% in AM2389-pretreated as compared to control mice [F(1,125) = 65.04, P <
0.001].

Phase Il post-antagonist observation

Tremors recorded in vehicle-pretreated mice administered 3 and 10 mg/kg rimonabant
occurred frequently in comparison to mice treated with vehicle, which did not exhibit tremor
[F(7,56) = 28.39, P < 0.001] (Figure 2a). AM2389-pretreated mice administered rimonabant
and 1 mg/kg AM4113 showed an increase in tremors greater than vehicle [F(7,55) = 8.43, P
< 0.001] (Figure 2b). Face rubbing in vehicle-pretreated mice was significantly increased
after administration of 3 and 10 mg/kg rimonabant and 10 mg/kg AM4113 versus vehicle
[F(7,56) = 8.39, P < 0.001] (Figure 2c). AM2389-pretreated mice administered rimonabant
at 1 and 3 mg/kg and AM4113 at 1 and 10 mg/kg had a greater duration of face rubbing in
comparison to vehicle [F(7,55) = 5.24, P < 0.001] (Figure 2d).

Rearing measured post-administration of all antagonists produced no significant change in
comparison to vehicle (data not shown), and an increase in rearing in AM2389-pretreated
mice [F(7,55) = 7.88, P < 0.001] at 1 and 10 mg/kg rimonabant (11% and 5%, respectively)
and 1 and 3 mg/kg AM4113 (7% and 8%, respectively). AM6545 (10 mg/kg) did not
produce a significant change in rearing for either vehicle- or AM2389-pretreated mice.

Cannabinoid reinstatement in the open-field

AM2389-pretreated mice administered 0.56 mg/kg had a significant increase in locomotion
in comparison to the 0.30 mg/kg AM2389 group F(5,38) = 10.61, P < 0.001], whereas 100

mg/kg THC displayed a decline in locomotion (Figure 3a). These findings corresponded to
rearing activity F(5,38) = 11.87, P < 0.001] (Figure 3c).
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After administration of 10 mg/kg rimonabant, in Phase 11, there was a trend towards
decreased hyperactivity with increasing doses of AM2389 with 3 mg/kg AM2389 producing
the greatest suppression in hyperactivity [F(5,38) = 3.56, P = 0.01] (Figure 3b). This
suppression in hyperactivity was also displayed by the 100 mg/kg THC group. These finding
were similarly reported for rearing activity [F(5,38) = 5.65, P < 0.001], in addition to a
suppression in hyperactivity with the 1 mg/kg AM2389 group (Figure 3d).

Discussion

In this study, we characterized physiological and behavioral responses in mice administered
AM2389, a high-efficacy and potent agonist with ~26-fold selectivity for the CB-over the
CB,-R (Jarbe et al. 2012; Nikas et al. 2010). The psychomotor and temperature alterations
observed in the current study support previous findings that suggest these responses were
likely due to activation of CB4Rs in the brain (Kishimoto and Kano 2006; Rawls et al.
2002). Furthermore, the behavioral effects of AM2389 measured here share similarities with
other CB4R agonists, including THC and WIN55,212-2 (Fan et al. 1994; Lichtman et al.
2001). AM2389 dose-dependently suppressed locomotor activity to a greater degree than
vehicle. Furthermore, the results from the inverted screen and catalepsy bar test showed a
trend towards increased immobility time in a dose-dependent manner. The inverted screen
test outcome may imply that AM2389 induces biphasic effects, i.e., a decrease in latency at
low doses and an increase in latency at higher doses. This would follow suit with previous
work suggesting that CB1R agonists may induce biphasic effects (Chaperon and Thiebot
1999). However, this finding was not supported by other measures in this study. For
instance, in the catalepsy bar test, mice given 0.3 mg/kg AM2389 appeared unable to
maintain their posture on the bar and they fell off; this explains the large error bars and thus
the lack of significance with respect to the controls.

AM2389 increased the paw withdrawal latency in the presence of a thermal noxious
stimulus at lower doses than THC. It is unclear why there was no significant increase in the
paw withdrawal latency after THC treatment, even at the highest dose of 30 mg/kg. It is
likely that the heat stimulus intensity used to induce a response for low doses of AM2389
surpassed the heat sensitivity threshold for inducing a dose-dependent latency in THC-
treated mice. Also, it is possible that other analgesia instruments (e.g., hot-plate and tail-
flick) may be more sensitive at detecting THC hypoalgesia than the thermal stimulator used
here. However, the sensitivity of this paw stimulator to cannabinoids might be increased
during hyperalgesia (e.g., carrageenan induced inflammation), as shown previously
(Richardson et al. 1998).

Core body temperature is reduced after administration of AM2389 or THC. The highest
dose of AM2389 (0.3 mg/kg) acutely induced a decrease in temperature (-6.63 = 0.55°C),
which was approximately 2-fold greater than the hypothermia elicited by a 100-fold higher
dose (30 mg/kg) of THC (-3.36 £ 0.56°C). The rectal temperature changes observed in our
CD-1 mice generalizes across mice strains and species, including C57BL/6J mice (Jarbe et
al. 2012) and Sprague-Dawley rats (Jarbe 1978). Furthermore, it was shown that the
AM2389 induced hypothermia was attenuated by AM251, a CB1R selective antagonist,
suggesting that this physiological change was CB1R mediated (Jarbe et al. 2012). It could be
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argued that the THC doses examined here were not sufficient to induce a greater degree of
hypothermia. However, maximal effects on hypothermia with doses 32 and 100 mg/kg THC
have been reported in mice (McMahon and Koek 2007). Overall, our data indicate that acute
dosing with AM2389 exerts pronounced central effects that were measured in classical
behavioral assays associated with CB1R agonist activity, and does so with greater potency
than THC. Mice repeatedly administered AM2389 displayed an attenuation of hypothermia
by days 3-5, suggesting that tolerance developed to this effect. Collectively, the functional
activity of AM2389 administered acutely/chronically is consistent with previously
characterized CB1R cannabinergic ligands.

Cannabinoid dependence was studied employing a dose regimen involving mice that were
administered AM2389 once daily for 5 days prior to precipitating withdrawal. 1t was found
that during precipitated withdrawal, rimonabant induced profound hyperactivity as well as
increased paw tremors in AM2389-tolerant mice. Likewise, AM4113 administered to
AM2389-tolerant mice produced increased levels of hyperactivity at the higher doses (3 and
10 mg/kg AM4113) with a slight elevation in paw tremors. In cannabinoid-naive mice
challenged with rimonabant there was a trend towards hyperactivity; however, the level of
hyperactivity was not as pronounced as what was observed in AM2389-tolerant mice
administered rimonabant. Unlike rimonabant, hyperactivity was not evident in cannabinoid-
naive mice challenged with the neutral CB1R antagonist AM4113. Tremors observed in
cannabinoid-naive mice had a limited elevation after rimonabant treatment, which was even
less in AM4113 treated mice. This would indicate that hyperactivity and tremors are
plausible signs of cannabinoid dependence. The increase in these behaviors is consistent
with previous reports from other groups (Cook et al. 1998; Hutcheson et al. 1998; Lichtman
et al. 2001). Furthermore, it was reported that hyperlocomotion and paw tremors were signs
of cannabinoid withdrawal (Huang et al. 2009). Huang and colleagues reported a marked
elevation in locomotor activity as well as paw tremors post rimonabant (15 mg/kg)
administration in C57BL/6 mice tolerant to THC (25 mg/kg twice daily) versus
cannabinoid-naive mice. Similar findings were also reported in mice tolerant to inhaled
marijuana (Wilson et al. 2006).

Unlike previous reports, the current study failed to show face rubbing as a marker for
cannabinoid withdrawal. However, other reports referred to face rubbing as a precipitated
withdrawal sign (Aceto et al. 1996). Aceto et al. (1996) showed that cannabinoid-tolerant
rats exhibited a dose-responsive increase in face rubbing during rimonabant induced
precipitated withdrawal. This discrepancy in somatic withdrawal behavior may suggest that
an increase in face rubbing during precipitated withdrawal is species specific. Conversely,
another group reported profound face rubbing in THC-tolerant mice challenged with
rimonabant (Hutcheson et al. 1998), though the same mouse strain was also used in the
current study. Such findings could cause one to speculate about the challenges in comparing
subjective measures across laboratories. For instance, was the absence of profound face
rubbing noted in the current work but not by Hutcheson et al. (1998) attributed to the
observers interpretation of what this behavior is or are there other variables to account for
these differences? One way to overcome different behavioral interpretations would be to
provide clear definitions for the behaviors being observed. Additionally, it has been
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suggested that the endocannabinoid tone during withdrawal may be a determinant and thus,
at least partly, explain different outcomes across studies (Huang et al. 2010).

Using the observation chambers test, our study further indicated that during precipitated
withdrawal rearing was elevated in AM2389-tolerant mice, whereas the open-field test
showed a strong trend towards increased rearing activity. A possible explanation is that the
surface area of the open-field arena is larger allowing for more exploratory behavior, while
the observation chambers are considerably smaller allowing for measurement of more subtle
behaviors. Therefore, it seems possible that having less space to explore increased the
habituation rate as reflected by a decrease in rearing. In addition, cannabinoid-naive mice all
had a further decrease in rearing post rimonabant or AM4113 administration in Phase Il
compared to Phase I, suggesting that centrally acting CB1R antagonists do not increase
rearing. Our findings also show that cannabinoid precipitated withdrawal is induced with no
measurable influence from a peripheral mechanism. Thus, i.p. administration of AM6545
did not result in hyperactivity when given to AM2389 adapted mice. AM6545 was
examined at 10 mg/kg as that has been a commonly used dose in previously published work
(Chopda et al. 2013; Tam et al. 2010). For instance, 10 mg/kg AM6545 was unable to
attenuate cannabinoid agonist-induced catalepsy, locomotor activity and hypothermia,
whereas centrally acting CB4R antagonist rimonabant did attenuate these effects (Tam et al.
2010). Furthermore, rimonabant and AM6545 were equally effective in attenuating obesity-
related glucose intolerance and insulin resistance and normalizing the elevated blood
glucose and insulin levels in diet-induced obesity mice.

Finally, we attempted to reverse the effects of rimonabant induced precipitated withdrawal
in the open-field test. The point of this portion of the study was to ascertain if the
rimonabant-precipitated withdrawal response in the open-field was surmountably
counteracted by increasing the dose of AM2389 and to determine if this would “generalize”
to THC as well. It was shown that increasing doses of AM2389 or THC were able to
attenuate the hyperactivity induced by rimonabant in our cannabinoid-tolerant mice. This
further supports a report that measured THC induced reversal of paw tremors that were
precipitated by rimonabant in THC-tolerant mice (Lichtman et al. 2001). In the latter study,
the THC doses used to attenuate paw tremors did not attenuate hyperactivity. An
explanation for this differential outcome could be that the THC dose that attenuated paw
tremors was not high enough to affect locomotor activity. Thus, it is possible that if a wider
dose range of THC had been examined, as in the current study, attenuation of hyperactivity
might have occurred. Similar to the drug discrimination results referred to earlier (Jarbe et
al. 2012), the potency ratio between AM2389 and THC in suppressing cannabinoid
antagonist withdrawal was approximately 100-fold.

It was our assumption that CB1R neutral antagonists might precipitate withdrawal to a lesser
degree in comparison to CB1R inverse agonists, thereby leading to the development of
improved pharmacotherapeutics for managing cannabinoid dependence/withdrawal. The
current study did not portray a clear-cut differentiation between a CB41R antagonist with
negative efficacy (inverse agonist) versus a CB{R antagonist that does not alter basal
signaling (neutral antagonist). Clearly, further investigations are required to develop
improved pharmacotherapeutics for cannabinoid dependence. These findings, along with
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previous studies, should benefit future work aimed at elucidating the underlying
mechanism(s) that separate neutral antagonism from inverse agonism.
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Figure 1.
Panels a and b: Phase Il locomotor activity was measured following a single administration

of vehicle (n = 8), rimonabant (rim; n = 7-8 per dose), AM4113 (n = 8 per dose) or AM6545
(n =7-8) . Panels ¢ and d: Rearing bouts. Each data plot represents the mean + SEM for total
beam breaks or rearing bouts during 75 min. *, indicates significant difference from the
vehicle group in vehicle- or AM2389-pretreated mice at P < 0.05; Holm-Sidak multiple
comparisons versus vehicle procedure following one-way ANOVA.
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Figure 2.
In Phase Il, behaviors were scored immediately following a single administration of vehicle

(n = 8), rimonabant (rim; n = 8 per dose), AM4113 (n = 8 per dose) or AM6545 (n = 8).
Panels a and b: Tremor counts; and Panels ¢ and d: Face rubbing duration. Each data point
represents the mean = SEM for total tremors or face rubbing sampled for 5 min every 5 min
during the 60 min observation session and again for 5 min towards the end of the 120 min
observation session.

*, indicates significant difference from the vehicle group in vehicle- or AM2389- pretreated
mice at P < 0.05; Holm-Sidak multiple comparisons versus vehicle procedure following one-
way ANOVA. Panel a data were analyzed using the Kruskal-Wallis test followed by post-
hoc non-parametric method as tremor(s) after vehicle exhibited a mean of zero.
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Figure 3.
Panels a and c: Phase | locomotor and rearing activity was measured in mice pretreated for 5

days with AM2389 (n = 6-7 per dose). On day 5 mice were administered AM2389 at 0.3,
0.56, 1 or 3 mg/kg 90 min or THC at 30 or 100 mg/kg 20 min before being placed into the
open-field arena. Each data point represents the mean + SEM for total beam breaks or
rearing bouts during 60 min. Panels b and d: Phase 11 locomotor and rearing activity were
measured immediately following a single administration of 10 mg/kg rimonabant in mice
from Phase |. Each data point represents the mean + SEM for total beam breaks or rearing
bouts during 75 min.

*, indicates significant difference from the group administered 0.3 mg/kg AM2389 (Phase 1)
or 0.3 mg/kg AM2389 plus rimonabant (Phase I1) at P < 0.05; Holm-Sidak multiple
comparisons versus 0.3 mg/kg AM2389 (Phase I) or 0.3 mg/kg AM2389 plus rimonabant
(Phase I1) procedure following one-way ANOVA.
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Structure of cannabinoid ligands with binding affinities. K; values were provided by the CDD and published
data (Thakur et al. 2005).

Type Cannabinoid Ligand | Structure CB1 CB2
affinity affinity
(KijinnM) | (KjinnM)
Agonist (-)-0°%-THC 395 40
AM2389 0.16 4.21
Antagonist | Rimonabant 10 931
cl
cl
AMA4113 N-piperidin-1-yl-2,4-dichlorophenyl-1H-pyrazole-3-carboxamide analog | 0.89 92
AMB6545 1.73 523
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Table 2
Data values represent mean = SEM. 1).
Dose (mg/kg) 1) Ambulation (beam 2) Withdrawal 3) Inverted 4) Catalepsy (sec) 5) Temperature (°C)
breaks) Latency (sec) screen (sec)

Vehicle - 4301 + 446.7 144+16 26.7+5.4 19+04 03+0.1
AM2389 0.03 20505 + 633.5* 24935 135+4.2 24+0.8 13+ 03*
01 1373+421.9° 4+29 $.5£93 176454 -54£05
03 1088.7 + 166 410 46292 12.2£9.6 -66+06

THC 3 227451 0.4+0.24
10 155+1.8 2541
30 189465 34406

Ambulation was measured as the total number of beam breaks within a 60 min period following AM2389 (n = 6 per dose) or vehicle (n = 18). 2).
Paw withdrawal was measured as the amount of time utilized to remove the hind paw from a thermal stimulus after injection with AM2389 (n = 6
per dose), THC (n = 6 per dose), or vehicle (n = 36): Cut-off time was 40 sec. 3). Inverted screen test measured the amount of time needed to climb
to the reverse side of the screen post administration of AM2389 (n = 6 per dose) or vehicle (n = 18). Mice that failed to climb to the reverse side or
fell off were given a score of 60 sec. 4). Catalepsy measured the duration of immobility on the bar until the mouse removed both forepaws from the
bar or climbed onto the bar with one or both hind paws: Cut-off time was 60 sec. 5). Rectal temperatures were measured as changes in temperature
after treatment with vehicle and AM2389 or THC 90 min or 20 min post-injection, respectively. AM2389 (n = 6 per dose), THC (n = 6 per dose),
vehicle (n = 36).

*
indicates significant difference from the vehicle group at P < 0.05; Holm-Sidak multiple comparisons versus vehicle following one-way ANOVA.
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