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Abstract

Background: A subset of cannabis users develop some degree of Cannabis Use Disorder (CUD).
Although behavioral therapy has some success in treating CUD, many users relapse, often citing
altered sleep, mood, and irritability. Preclinical animal models of cannabinoid withdrawal focus
primarily on somatic-related behaviors precipitated by a cannabinoid receptor antagonist. The goal
of the present study was to develop novel cannabinoid withdrawal models that are either
antagonist-precipitated or spontaneously induced by abstinence.
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Methods: C57BL/6J mice were repeatedly administered the phytocannabinoid A°-
tetrahydrocannabinol (THC; 1, 10 or 50 mg/kg, s.c.), the synthetic cannabinoid receptor agonist
JWH-018 (1 mg/kg, s.c.), or vehicle (1:1:18 parts ethanol:Kolliphor EL:saline, s.c.) for 6 days.
Withdrawal was precipitated with the cannabinoid receptor inverse agonist rimonabant (3 mg/kg,
i.p.) or elicited via abstinence (i.e., spontaneous withdrawal), and behavior was scored. Classic
somatic signs of cannabinoid withdrawal were also quantified.

Results: Precipitated THC withdrawal significantly increased plasma corticosterone. Precipitated
withdrawal from either THC or JWH-018 suppressed marble burying, increased struggling in the
tail suspension test, and elicited somatic withdrawal behaviors. The monoacylglycerol lipase
inhibitor JZL.184 attenuated somatic precipitated withdrawal, but had no effect on marble burying
or struggling. Spontaneous THC or JWH-018 withdrawal induced paw tremors, head twitches, and
struggling in the tail suspension test after 24—-48 h abstinence. JZL184 or THC attenuated these
spontaneous withdrawal-induced behaviors.

Conclusion: Outcomes from tail suspension and marble burying tests reveal that THC
withdrawal is multifaceted, eliciting and suppressing these behaviors in addition to well-
documented somatic signs of withdrawal.
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1. Introduction

Cannabis accounts for over 75% of all illicit drug use in the United States alone (Ramesh
and Haney, 2015). As legal restrictions ease and access to cannabis increases, many view
cannabis as a low-risk alternative to other drugs (Hall and Kozlowski, 2017). Regardless, 2—
6% of cannabis users in the United States will develop some level of dependence (Hasin et
al., 2016), as defined in the Diagnostic and Statistical Manual of Mental Disorders (DSM-5)
as Cannabis Use Disorder (CUD). Individuals experiencing withdrawal from cannabis often
report a constellation of negative symptoms including sleep disturbances, changes in
appetite, depression, anxiety, nausea, and increased irritability (American Psychiatric
Association 2013). The negative side effects of withdrawal after attempted cessation
increase the likelihood of relapse (Budney et al., 2008; Haney et al., 2013a).

There are currently no suitable pharmacological treatments specifically for cannabis
dependence (Allsop et al., 2015; Mason et al., 2016). Several psychosocial treatment models
are in use, including cognitive-behavioral therapy, motivational-enhancement therapy,
contingency management, and family-based therapies, all of which yield modest success
rates (Brezing and Levin, 2017; Sherman and McRae-Clark, 2016). Approximately 70% of
individuals treated with psychosocial therapies relapse into cannabis use (Ramesh and
Haney, 2015). With the recent policy changes surrounding cannabis and its social
acceptability, misuse and dependence will likely increase. The endocannabinoid system
offers multiple potential targets for developing pharmaceutical therapies for cannabis
dependence (Haney et al., 2013b; Schlosburg et al., 2009).
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Cannabinoid dependence and withdrawal has been modeled in non-human animals
(Lichtman et al., 2001; Lichtman et al., 1998). For example, somatic signs of cannabinoid
withdrawal typically include paw tremors (i.e., a clapping motion of the forepaws) and head
shakes (i.e., quick rotation of the head from side to side) and are commonly reported in
rodents. Although these are reliable measures, somatic withdrawal signs do not model the
primary symptoms of cannabinoid withdrawal in humans, such as altered stress, emation,
and cognition. Moreover, their reliance on antagonist administration limits the external
validity of precipitated THC withdrawal models.

Several studies have reported conflicting findings on the effects of THC and synthetic
cannabinoid withdrawal on behavioral tasks evaluating aspects of attentional filtering,
sensorimotor-gating, and preattentional processes (Bortolato et al., 2005; Marusich et al.,
2014; Schneider and Koch, 2005). Conversely, preclinical studies on emationality-related
changes during THC withdrawal are scant, with a few notable exceptions. For instance, in
male adolescent rats, spontaneous THC withdrawal increased open arm time in the elevated
plus maze, but decreased open arm time for female rats (Harte-Hargrove and Dow-Edwards,
2012). In adult male mice, rimonabant-precipitated THC withdrawal reduced open arm time
(Huang et al., 2010). The disparate findings of these studies may be due to age, sex or
species differences as well as myriad methodological differences that affect performance in
the plus maze (Hogg, 1996). Regardless, these data indicate that, in addition to the well
characterized somatic withdrawal, emotional circuits are activated during THC withdrawal.

In chronic cannabis users, withdrawal induces stress and anxiety (Haney et al., 1999).
Similarly, withdrawal from synthetic cannabinoids increases plasma concentrations of the
glucocorticoid stress hormone corticosterone in rats (Rodriguez De Fonseca et al., 1997) and
mice (Oliva et al., 2003). Withdrawal from the synthetic cannabinoid agonist CP55,940
suppresses time in the lit portion of the light/dark box test and time in the open arms of the
elevated plus maze (Oliva et al., 2003). Repeated administration of THC desensitizes CB4
receptors (Sim-Selley, 2003), and genetic deletion of CrrZ (which encodes the CB; receptor)
decreases struggling in the tail suspension test (Aso et al., 2008). In addition to their utility
as drug screens, these behavioral models of emotionality are also stressors because each
induces corticosterone release (Aso et al., 2008; Chotiwat and Harris, 2006).

In our present studies, separate groups of mice were exposed repeatedly to THC or the
synthetic cannabinoid JWH-018, a prototypical component of first generation synthetics,
colloquially known as “Spice,”sold in the US and Europe (Atwood et al., 2011). Withdrawal
was precipitated with the CB4 receptor selective inverse agonist rimonabant, and behaviors
were measured in marble burying test, novel object test, light-dark box, tail suspension test,
prepulse inhibition, or social interaction test, in addition to somatic signs of withdrawal.
THC withdrawal behaviors were challenged with a MAGL or FAAH inhibitor, or THC.
Finally, mice were exposed to THC for 6 days, and behavior was quantified at multiple time
points during abstinence to establish spontaneous THC withdrawal models.
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2.1 Methods

2.2 Animals

2.3 Drugs

Adult male and female C57BL/6J mice (Jackson Laboratory; Bar Harbor, ME) were housed
in the same room in Polysulfone plastic cages (4-5 per cage) with food and water available
ad libitum. All mice were 8-14 weeks old at time of testing. The mean body mass of males
was 27 g and the mean body mass of females was 19 g. Mice were housed in a single,
temperature (20-22 °C) and humidity (50 + 5%) controlled room. Mice were kept on a
12:12 h light/dark cycle, with lights on at 5:00 AM, and were randomly assigned to each
treatment group such that each cage contained mice from at least two different treatment
groups (e.g., no cage contained only THC-treated mice). All experiments were carried out
by trained technicians who were blinded to treatment conditions. The Animal Care and Use
Committee at West Virginia University approved all experimental protocols.

A-tetrahydrocannabinol (THC), JWH-018 (also known as AM-678), and rimonabant
(SR141716A) were generously provided by the National Institute on Drug Abuse Drug
Supply Program (Bethesda, MD). In a pilot experiment, 5-6 days of twice-daily injections
of JWH-018 (10 mg/kg, s.c.) (Brents et al., 2013) induced convulsions resulting in death of
11 of 16 mice, either during dosing (3) or after rimonabant administration (8). Thus, 1
mg/kg JWH-018 was used in the present study. JZL 184, PF-3845, and mifepristone
(RU-486) were purchased from Cayman Chemical (Ann Arbor, MI). Propranolol was
purchased from Sigma-Aldrich (St. Louis, MO). All drugs were dissolved in a vehicle
composed of 5% ethanol, 5% Kolliphor EL (Sigma-Aldrich, St. Louis, MO), and 90% saline
(Kinsey and Cole, 2013), with the exception of mifepristone, which was dissolved in a
vehicle of 10% DMSO (Sigma-Aldrich), 10% TWEEN 80, and 80% saline. Doses and
pretreatment times were chosen based on previous experience and literature (Al-tubuly et al.,
2008; Chester et al., 2014; Kinsey et al., 2011; Lichtman et al., 2001). JZL 184 (8 mg/kg,
i.p.), PF-3845 (10 mg/kg, i.p.), and mifepristone (25 mg/kg, i.p.) were administered 150
minutes before the final THC injection (Padgett et al., 1998; Ahn et al., 2009; Long et al.,
2009). Propranolol (1 or 10 mg/kg, i.p.) was administered 50 min (Lin et al., 2014) before
the final THC injection. All solutions were warmed to room temperature before injection at
a volume of 10 pl/g body mass.

2.3a Precipitated withdrawal paradigm: Mice were weighed daily and injected
subcutaneously (s.c.) with THC (10 or 50 mg/kg) (Falenski et al., 2010; Lichtman et al.,
2001), JWH-018 (1 mg/kg) (Wiley et al., 2012), or vehicle every 12 h for 6 days (Falenski et
al., 2010; Schlosburg et al., 2009). Injections occurred between 9:00 and 10:00 each
morning and 21:00 and 22:00 each night. On the sixth day, all mice received a final injection
of THC, JWH-018, or vehicle. After 30 min, mice received an intraperitoneal (i.p.) injection
of rimonabant (3 mg/kg) (Lichtman et al., 2001) to precipitate withdrawal. Control mice
received a vehicle injection. Mice were assessed in one or (maximally) two behavioral tests,
as detailed below, by an experimenter who was blinded to drug treatment conditions.

Drug Alcohol Depend. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trexler et al.

Page 5

2.3b Spontaneous withdrawal paradigm: Mice were weighed daily and injected
with either THC (10 or 50 mg/kg, s.c.), IWH-018 (1 mg/kg, s.c.) or vehicle every 12 h for 6
days (Falenski et al., 2010; Schlosburg et al., 2009; Wiley et al., 2012). Injections occurred
between 9:00 and 10:00 each morning and 21:00 and 22:00 each night. Behavioral
assessments were conducted repeatedly following the final THC or vehicle injection. For the
somatic and tail suspension tests, mice were tested at 0, 6, 12, 24, 36, and 48 h after the final
THC injection. For the marble burying test, mice were tested at 0, 2, 4, 8, 12, 24, 36, and 48
h after the final THC injection. Mice tested at 12 and 36 h post-injection had injection
schedules offset by 12 h to allow for testing during the light phase.

2.4 Corticosterone Quantification

Corticosterone was measured in the plasma of mice treated for 6 days with either vehicle or
THC (10 mg/kg). Blood was drawn on day 6 of treatment, via cardiac puncture, into
syringes coated with 100 pL of 20 mM EDTA in distilled water (Zhang et al., 2015) 30 min
after rimonabant or vehicle injection. Samples were placed on ice, then centrifuged at 2000
x g and 4°C for 20 min within 30 min of collection. Plasma was aspirated and frozen at
-80°C until assay. Samples were diluted 10-fold and assayed in duplicate by sandwich
ELISA (R&D Systems, Inc, Minneapolis, MN) according to manufacturer’s instruction. The
plates were read on a VMax Kinetic ELISA Microplate Reader (Molecular Devices) at 450
nm with a 560 nm correction and fitted to a standard curve to determine concentrations as
ng/mL.

2.5 Behavioral Assessments

In order to reduce animal numbers, mice were individually tested in one or two of the
following assays. Tests were run simultaneously in groups of four mice, with the exception
of prepulse inhibition, in which two mice were run simultaneously. If multiple tests were
run, the test batteries were arranged in ascending order of presumed aversion (i.e., ranked in
order of increased probability of activating the stress response), as follows: (1) marble
burying or somatic signs, then tail suspension; or (2) novel object, then light/dark box. In
precipitated withdrawal experiments, somatic signs, social interaction, and prepulse
inhibition assays were the only tests conducted on test day. In instances where mice were
tested in two assays, testing occurred consecutively, with approximately 10 min between
tests.

2.5a Somatic signs of withdrawal: Somatic signs of withdrawal were measured by
placing each mouse into an empty, plastic test chamber (20 cm W x 20 cm L x 15 cm H)
inside a sound-attenuating chamber outfitted with a fan and white LED lighting. The box
had three clear sides and one mirrored side that faced a camera to allow for observation of
behavior when the mouse faced away from the camera.

Mice were habituated to the test apparatus following final THC or vehicle injection for 30
min and were then removed and injected with rimonabant or vehicle, as previously reported
(Schlosburg et al., 2009). The boxes were cleaned using a paper towel moistened with
distilled water. The mice were then placed back into the boxes and video recorded for 60
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min. Mice used to evaluate spontaneous withdrawal were tested repeatedly, and testing
began immediately following the final THC injection.

Each video was renamed to remove any identifying information and scored by a trained
observer. A subset of nineteen videos was scored by a second observer and these scores were
compared by correlation (r = 0.92) and paired t-test (p = 0.701) to ensure inter-rater
reliability. The dependent variables were incidences of paw tremors (clapping of the
forepaws), and head twitches (twisting of the head). These dependent variables were chosen
because they have been identified consistently in mice undergoing THC withdrawal
(Falenski et al., 2010; Lichtman et al., 2001; Marusich et al., 2014; Schlosburg et al., 2014).
An incidence was scored for ‘paw tremor’ when the behavior was observed, not for each
individual motion. Incidences were considered separate when either (1) another behavior
occurred between the incidences, or (2) there was a time span of at least 1 s between
incidences (Schlosburg et al., 2009).

2.5b Tail Suspension Test: The tail suspension test was run as previously described
(Kinsey et al., 2007; Steru et al., 1985). Mice were suspended by their tails with adhesive
tape from a horizontal bar placed approximately 40 cm above the counter and video
recorded for 6 min. The amount of time the mice actively struggled was scored using
ODLog software (Macropod Software, Yarraville, VIC, Australia). Active struggling was
defined as one or more legs kicking repeatedly within one second or arching of spine, but
not head movement. A subset of five videos was scored by a second, trained observer to
ensure inter-rater reliability (r = 0.98).

2.5¢c Marble Burying Test: Marble burying was measured as previously described
(Broekkamp et al., 1986; Kinsey et al., 2011), with minor changes. Plastic test chambers (30
cm W x 40 cm L x 16 cm H) filled with Teklad Aspen Sani-Chip (7090A; Envigo,
Indianapolis, IN) wood bedding (5 cm deep) were placed inside a sound-attenuating
chamber outfitted with a fan and LED lighting. A 5 x 5 array of 25 clear glass marbles was
laid gently across the top of the leveled bedding. Each mouse was placed individually into
the chamber and allowed to freely explore for 20 min. At the end of the test, each mouse was
quickly and carefully removed and the number of unburied marbles (=1/3 of the surface
showing) was recorded then subtracted from the 25 total marbles. Marbles were counted by
one or more trained individuals (inter-rater reliability r = 0.99). Locomotor activity was
simultaneously recorded for the duration of the test by a camera mounted on the top of the
test chamber. The video data were analyzed in real time using ANY-maze (Stoetling, Wool
Dale, IL) video tracking software. Dependent variables included: total time immobile and
number of marbles buried. A subset of marble burying videos was hand scored for somatic
and other behaviors including digging, grooming, scratching, rearing and retropulsion.

2.5d Light/Dark Box: The light/dark box test was conducted as described previously
(Crawley and Goodwin, 1980). The apparatus consisted of two connected Plexiglas
chambers, with a small passage hole at floor level. The larger chamber (30 cm W x 40 cm L
x 30 cm H) was open and brightly lit by an overhead lamp, and the smaller chamber (30 cm
W x 20 cm L x 30 cm H) was covered and constructed using dark red Plexiglas. An infrared
LED array (IR3, C&M Vision Technologies Inc, Houston, TX), along with a video camera
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(Logitech HD Pro Webcam C920) with the infrared filer removed, was used to visualize the
mice while they were in the dark chamber. Each mouse was placed in the brightly lit area of
the apparatus and allowed to freely explore for 5 min. Locomotor activity was analyzed in
real time using ANY-maze software (Stoetling, Wool Dale, IL) for total time spent in the
dark area and time spent immobile.

2.5e Novel Object Test: The novel object test was conducted as described previously
(Bailey et al., 2009; van Gaalen and Steckler, 2000). Clean, plastic test chambers (30 cm W
x 40 cm L x 16 cm H) were placed in individual sound attenuating test chambers, as
described above. A novel plastic object (LEGO Group, Billund, Denmark) was positioned in
the center of one side of the cage. Each mouse was placed in the opposite side of the test
chamber and recorded for 10 min. The distance from the new object to the mouse’s head
was measured in real time using ANY-maze software (Stoelting, Wool Dale, IL).

2.5f Social Interaction: The social interaction test assesses sociability by measuring the
amount of time an experimental mouse spends near a novel, caged “target” mouse, as
compared with an empty chamber and a chamber with a cage but no “target” mouse, and
was conducted based on published methods (Crawley, 2007). The apparatus consisted of
three clear Plexiglas chambers (30 cm W x 13 cm L x 16 cm H), each connected by passage
holes that were covered by a clear Plexiglas door. A wire mesh cage (8 cm diameter x 11 cm
H) was placed in each of the side chambers. The apparatus was placed inside a sound-
attenuating chamber, equipped with a fan, LED lighting, and an overhead camera. Each
experimental mouse was habituated in the empty middle chamber for 10 min, followed by
habituation to the entire chamber for 10 min (Vargish et al., 2017). After the habituation, a
novel same-sex “target” mouse was placed in one of the cages in the side chamber
(counterbalanced between subjects), while the other wire cage was left empty. The Plexiglas
doors were remotely opened for the 10 min test. The total time spent in each chamber (target
mouse, middle, or empty chamber) and time spent immobile were each quantified using
ANY-maze software (Stoetling, Wool Dale, IL).

2.5g Prepulse Inhibition: Prepulse inhibition was adapted from previously described
methods (Geyer and Dulawa, 2003). Mice were habituated to restrainer and chamber (SR-
Lab, San Diego Instruments, San Diego, CA) with background noise for 2 days prior to
testing. Mice acclimated to the startle response chambers for one day in two five-min
sessions. Once acclimated, mice were placed in a small cylinder mounted to a piezoelectric
accelerometer that transduces motoric force output (i.e., startle) from the animal to a voltage;
these voltages thus correspond to startle response magnitude. Startle pulse stimuli consisted
of broad-spectrum white noise bursts at an intensity of 120 dB and a duration of 40 ms.
Background noise intensity was set at 65 dB. During the PPI testing session, startle stimuli
were preceded by a 20-ms prepulse 100 ms prior to the onset of the startle pulse, constituting
one trial. Prepulse intensities were 4, 8, 12, 16, and 20 dB above background. Inter-trial
intervals (ITI) were randomized between 8 and 23 seconds, such that the average ITI was
~15 seconds in order to minimize habituation to stimuli.
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2.6 Statistical analyses

Data from all studies were analyzed using ANOVA, followed by Bonferroni or Dunnett’s
post hoc tests, as appropriate, with the exception of Experiment 2.1, in which a Student’s t-
test was used to compare the two groups (THC vs. vehicle) and the correlation between
marble burying and digging. Prepulse inhibition and social interaction data were analyzed
via 2x2 repeated-measures ANOVA. For Experiment 3, a 2x2 between-subjects ANOVA
was used (THC vs. vehicle, and JZL 184 vs. vehicle). For Experiments 4.1 and 4.2, a mixed
design ANOVA was used (THC vs. vehicle as between subjects, ‘time’ as within-subjects
independent variable). All data are presented as mean + S.E.M. Differences were considered
statistically significant if p < 0.05.

3.1 Results

3.2 Experiment 1: Precipitated THC withdrawal increased plasma corticosterone

Dependence was established using the precipitated withdrawal protocol detailed above. On
day 6 of repeated THC (10 mg/kg, s.c.) or vehicle administration, male mice were
administered the CB receptor selective antagonist rimonabant (3 mg/kg, i.p.) to precipitate
withdrawal. Blood was drawn via cardiac puncture 30 min after rimonabant administration.
Precipitated THC withdrawal significantly increased plasma corticosterone levels [F(1,25)=
4.1; p = 0.05; Fig 1]. Post hoc analyses revealed that this effect was driven by the repeated
THC/rimonabant treated group.

3.3 Experiment 2.1: Precipitated THC withdrawal induces somatic signs, alters marble
burying and struggling behaviors

Male mice were subjected to rimonabant-precipitated THC (1, 10, or 50 mg/kg) or JWH-018
(1 ma/kg) withdrawal. In order to determine whether these behavioral effects of THC
withdrawal were specific to the high dose of THC chosen, multiple tests were repeated using
relatively lower THC doses. As reported previously, rimonabant-precipitated THC (10 or 50
mg/kg) withdrawal significantly increased paw tremors [F(3,28)=23.7, p<0.05; Fig 2A].
THC (50 mg/kg) significantly increased head twitches [F(3,28)= 8.0, p<0.05]. THC
withdrawal did not affect hind leg scratching [p =0.12] and THC (1 mg/kg) withdrawal did
not increase somatic signs of withdrawal.

In the tail suspension test, precipitated THC (10 or 50 mg/kg) or JWH-018 (1 mg/kg)
withdrawal significantly increased time struggling, as compared to control mice
[F(4,69)=12.5, p<0.05; Fig 2B]. Mice in THC (1, 10 or 50 mg/kg) or JWH-018 (1 mg/kg)
withdrawal buried significantly fewer marbles during precipitated withdrawal than control
mice [F(4,68)=6.8, p<0.05; Fig 2C]. Time spent immobile in marble burying was increased
by THC (1 mg/kg) withdrawal and decreased by THC (50 mg/kg) withdrawal
[F(4,67)=4.8,p<0.05; Fig 2D]. Rimonabant, per se, had no effect in somatic signs, tail
suspension, or marble burying. Similar effects of JWH-018 were seen in females. JWH-018
(Img/kg) increased struggling [F(2, 26)=8.0, p<0.05; Fig S1] and decreased marbles buried
in females [F(2,26)=8.3,p<0.05]. Unlike males, JWH0-018 withdrawal increased time
immobile in during marble burying [F(2,25)=4.8, p<0.05].
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Neither 10 mg/kg [p = 0.14] nor 50 mg/kg [p = 0.40] THC withdrawal affected time spent in
the dark. Precipitated THC (50 mg/kg) withdrawal had no effect in either the social
interaction test [p = 0.72; Fig S2] or novel object test [p = 0.22]. Precipitated THC (10
mg/kg) withdrawal did not affect startle response [p = 0.45] nor prepulse inhibition of
acoustic startle [p = 0.71]. To test the hypothesis that THC withdrawal-suppressed marble
burying may be caused by interference from somatic withdrawal behaviors, a separate group
of mice was subjected to precipitated THC withdrawal, and recorded in the marble burying
test. These videos were hand scored for digging, grooming, retropulsion, head twitches,
rearing, and hind leg scratching. Again, THC withdrawal suppressed marble burying [t(14) =
8.0; p< 0.05; Fig S3], which positively correlated (r = 0.97) with decreased digging time
[t(14) = 6.8; p< 0.05]. Head twitches (r = -0.52), grooming (r = 0.70), scratching (r = 0.50)
immobility (r = —0.25), and rearing (r = —0.29) did not have strong correlations with marble
burying. THC withdrawal significantly increased head twitches [t(14) = -2.2; p < 0.05],
decreased grooming time [t(14) = 3.7; p < 0.05] and scratching time [t(14)=3.8, p<.05], and
had no effect on immobility [p = 0.15] or rearing [p = 0.28]; no retropulsion was observed.

3.4 Experiment 3: MAGL inhibition attenuates somatic signs, but not marble burying nor
struggling, during THC withdrawal

Several different pathways were pharmacologically challenged in attempts to reverse altered
marble burying and struggling following repeated THC exposure. On day 6 of repeated THC
(50 mg/kg, s.c.) or vehicle, male mice were administered the MAGL inhibitor JZL184 (40
mg/Kkg, i.p.) 120 min prior to the final THC injection (Long et al., 2009). Rimonabant (3
mg/kg, i.p.) was administered to all mice 30 min later. As reported previously (Schlosburg et
al., 2009), THC withdrawal-induced paw tremors [F(1,24) =6.0, p<0.05; Fig 3A] and head
twitches [F(1,24) =5.9, p<0.05; Fig 3B] were both attenuated by JZL184. No withdrawal
effect was observed in hind leg scratching [p = 0.30], but a main effect of JZL 184 was
observed [F(1,20)=6.9, p<0.05; Fig 3C]. Conversely, there was no significant THC x
JZ1.184 interaction in tail suspension [p = 0.39; Fig 4D]. There was, however, a significant
main effect of THC [F(1,28)= 12.9; p<.05]. JZL 184 did not affect struggling in the tail
suspension test. Similarly, JZL184 did not normalize THC withdrawal-induced decreases in
marble burying [F(1,26) =19.6; p<0.05; Fig 3E]. Though the THC x JZL interaction is
significant, post hoc analyses revealed this effect was driven by JZL184-induced decrease in
marble burying in the JZL184/vehicle treated group, not the JZL184/THC group. As
reported previously, JZL184 increased time immaobile in marble burying [F(1,24)=8.4,
p<0.05; Fig 3F].

Acute THC (50 mg/kg) was administered to attenuate THC (10 mg/kg) withdrawal-induced
alterations in marble burying and struggling. In a separate experiment, on day 6, the
endocannabinoid system was targeted with the MAGL inhibitor JZL184 (8 mg/kg, i.p.) or
the FAAH inhibitor PF-3845 (10 mg/kg, i.p.). To test the hypothesis that withdrawal-induced
activation of the stress response suppresses marble burying and increases struggling, the p-
adrenergic receptor antagonist propranolol (1 or 10 mg/kg, i.p.) or the glucocorticoid
antagonist mifepristone (25 mg/kg, i.p.) was administered. Drugs were administered 180
min (JZL184, PF-3845 or mifepristone) (Ahn et al., 2009; Long et al., 2009; Padgett et al.,
1998) or 50 min (propranolol) (Lin et al., 2014) before testing. Rimonabant (3 mg/kg, i.p.)
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was administered to all mice. Acute administration of THC (50 mg/kg) following repeated
THC (10 mg/kg) administration normalized time struggling in the tail suspension test
[F(2,21)=10.2,p<0.05; Fig 4A] but did not affect marble burying [F(2,21)=13.8, p<0.05; Fig
4B]. Acute THC (50 mg/kg) increased time immobile in marble burying [F(2,20)=20.0,
p<0.05; Fig 4C]. Neither JZL.184, nor PF-3845 normalized withdrawal-induced struggling in
the tail suspension test [F(1,41)=218.8, p<0.05; Fig 4D] or marble burying [F(1,41)=75.9,
p<0.05; Fig 4E], but only PF-3845 increased time immobile in marble burying
[F(1,41)=15.7,p<0.05; Fig 4F]. Mifepristone also did not normalize struggling in the tail
suspension test [p = 0.24; Fig 4G] or marble burying [p = 0.55; Fig 4H], and additionally did
not increase time immobile in marble burying [p = 0.32; Fig 41]. Propranolol did not
normalize time struggling in the tail suspension test [F(2,62)=3.8; p<0.05; Fig 41] or marble
burying [p = 0.06; Fig 4J], and additionally did not increase time immaobile in marble
burying [p = 0.81; Fig 4L] .

3.5 Experiment 4.1: Mice exhibit spontaneous cannabinoid withdrawal

In order to evaluate whether THC withdrawal can be observed spontaneously, (i.e., in the
absence of antagonist administration), male and female mice were injected with either THC
(10 or 50 mg/kg, s.c.), the synthetic cannabinoid agonist JWH-018 (1 mg/kg, s.c.) or vehicle
for 6 days. On day 6, mice were injected with THC, JWH-018, or vehicle and immediately
tested. Tests were repeated at 6, 12, 24, 36, and 48 h for observation of somatic signs.
Abstinence from 10 or 50 mg/kg THC or JWH-018 significantly increased paw tremors in
male [F (15,80)= 4.3; p<0.05; Fig. 5A] and female mice [F (15,110)= 3.4; p<0.05; Fig. 5D],
and head twitches in male [F(15,80)= 10.3; p<0.05; Fig. 5B] and female mice [F(3,15)=
2.193; p<0.05; Fig. 5E] at 36 h post-injection. There was a treatment x time interaction in
hind leg scratching in males [F(15,90)=3.3, p<0.05; Fig 5C] and a significant main effect of
treatment in hind leg scratching in females [F(3,110)=12.6,p<0.05; Fig 5F]. At 36 h post-
injection, there are significant main effects of sex [F(1,54)= 7.8; p<0.05] and treatment
[F(3,54)=9.9; p<0.05] in paw tremors, but no significant interaction [p = 0.31]. There is a
small but statistically significant treatment x sex interaction in head twitches at 36 h
[F(3,54)=4.7; p<0.05], indicating spontaneous cannabinoid withdrawal induces increased
head twitches in males compared to females.

3.6 Experiment 4.2: Spontaneous THC withdrawal attenuated by acute cannabinoid

intervention

To determine whether spontaneous withdrawal is reversible, cannabinoid interventions were
attempted at 36 h abstinence, based on the Exp 4.1 time course. After the final repeated
injection of THC (50 mg/kg, s.c.) or vehicle on day 6, male mice were injected with vehicle,
JZ1.184 (40 mg/kg, i.p.) or THC (50 mg/kg) at 34 h abstinence (i.e., 2 h prior to testing).
JZ1.184 or THC significantly attenuated paw tremors [F(3,25) 15.4; p<0.05; Fig. 6A].
Similarly, head twitches were significantly increased after 36 h THC abstinence [F(3,25)=
11.5; p<0.05; Fig 6B]. There was no effect of withdrawal or drug treatment on hind leg
scratching [p = 0.66; Fig 6C]. JZL184 or THC pretreatment blocked the THC withdrawal-
induced head twitches.
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Mice were observed in the tail suspension test at 37 h post-THC abstinence. Withdrawal-
induced increases in struggling were attenuated by either JZL184 or acute THC
administration [F(3,37)= 8.6, p<0.05; Fig.6D].

Marble burying was assessed at 0, 2, 4, 8, 12, 24, 36 h THC (50 mg/kg) abstinence. In
contrast to precipitated THC withdrawal, THC abstinence did not affect marble burying [p=.
14; Fig. 6E]. Immobility during marble burying increased at 2, 4, 8, and 12 h post-injection
[F(7,112)= 2.3, p<0.05; Fig 6F].

4. Discussion

The current study aimed to develop novel models of cannabinoid withdrawal, including a
spontaneous model of THC withdrawal. Mice were repeatedly exposed to THC or JWH-018
for 6 days and withdrawal precipitated using the CB; selective antagonist rimonabant. In
addition to behaviors associated with somatic aspects of cannabinoid withdrawal, i.e., paw
tremors and head twitches, precipitated cannabinoid withdrawal also decreased marble
burying and increased struggling in the tail suspension test. The decrease in marble burying
was not due to decreased locomotor activity nor the presence of somatic signs of withdrawal,
suggesting that the difference observed was related to a change in behavior and not sedation/
ataxia, per se. Similarly, withdrawal was precipitated in mice exposed to the prototypical
synthetic cannabinoid agonist JWH-018.

We noted that mice subjected to THC or JWH-018 withdrawal were hyperreflexive and
susceptible to convulsions. Somatic withdrawal signs and increased struggling in the tail
suspension test were evident at 210 mg/kg THC, whereas JWH-018 withdrawal was evident
at =1 mg/kg. Although full potency curves were not attempted here, the relatively higher
potency of JWH-018 reflects that JWH-018 is a full agonist at CB1, whereas THC is a
partial CB; agonist (Atwood et al., 2010; Wiley et al., 2012). No sex differences were
observed.

Corticosterone was increased in mice subjected to precipitated THC withdrawal, suggesting
that the observed changes in marble burying and tail suspension may be related to an
increased stress response. However, neither mifepristone nor propranolol reversed THC
withdrawal-induced decreases in marble burying or increases in struggling in the tail
suspension test. A plausible explanation for why non-cannabinoid drugs (i.e., mifepristone
and propranolol) were ineffective is that the doses tested were simply insufficient to
significantly affect withdrawal-induced behavior. However, dosing was based on published
studies that demonstrated that these doses are sufficient to block the neuroendocrine stress
response in mice (Al-tubuly et al., 2008; Chester et al., 2014; Kinsey et al., 2011; Lichtman
etal., 2001). Thus, we speculate that THC withdrawal is a stressor that modulates the THC
withdrawal-induced behaviors reported here, albeit not via catecholamine nor glucocorticoid
receptors. Ongoing studies are investigating the possible contribution of corticotrophin-
releasing factor in the expression of THC withdrawal.

The marble burying test is generally used to screen anxiolytic drugs. One interpretation of
the present data is that THC withdrawal is anxiolytic in the marble burying test. Long
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considered a test of generalized anxiety and even obsessive-compulsive disorder, the marble
burying test is a proxy of digging behavior that inconsistently correlates with other measures
of anxiety-like behavior (Thomas et al., 2009). In mice, marble burying is decreased by the
anxiolytic benzodiazepine diazepam (Jimenez-gomez et al., 2011; Kinsey et al., 2011). But,
marble burying is also decreased by the anxiogenic benzodiazepine inverse agonist -
carboline-3-carboxylate, as well as the dopamine agonist pramipexole or psychostimulant D-
amphetamine, regardless of changes in locomotor activity (Jimenez-gomez et al., 2011).
Similarly, struggling in the tail suspension test is decreased by antidepressants and increased
by D-amphetamine and atropine (Oliva et al., 2004; Steru et al., 1985). Given that THC
withdrawal increased both corticosterone level (Oliva et al., 2003) and struggling in the tail
suspension test, we propose that cannabinoid withdrawal-induced suppression of marble
burying indicates increased stress and/or agitation.

A common critique of animal models of drug dependence is that withdrawal is precipitated
with a receptor selective antagonist. In humans, drug withdrawal typically occurs in the
absence of a precipitating agent, somewhat limiting the external validity of precipitated
withdrawal models. Spontaneous withdrawal from potent synthetic cannabinoids has been
reported. For example the synthetic cannabinoid, WIN55,212-2 induced wet dog shakes and
facial rubs in male rats (Aceto et al., 2001). Similarly, repeated CP55,940 administration
induces somatic withdrawal signs and increases plasma corticosterone (Oliva et al., 2004,
2003), and also reduces time in the dark side of the light/dark box in male mice (Aracil-
Fernandez et al., 2011). In adolescent rats exposed to repeated THC, males spent more time
in the open arms of the elevated plus maze and females spent more time in the closed arms
during abstinence following repeated THC exposure (Harte-Hargrove and Dow-Edwards,
2012).

In the present study, we detected spontaneous THC withdrawal peaks at 24 to 36 h in both
male and female mice. These behaviors were generally of a lower magnitude than
rimonabant-precipitated withdrawal, suggesting that spontaneous withdrawal is less intense
than precipitated withdrawal. For example, head twitches and paw tremors are five-fold
higher in the precipitated withdrawal model, as compared with the spontaneous model. An
exception is struggling in the tail suspension test. Although struggling was similarly
increased in both precipitated and spontaneous withdrawal models, MAGL inhibition
reversed struggling only in the spontaneous model, again suggesting that spontaneous
withdrawal is of a relatively lower intensity than precipitated withdrawal.

There is mixed literature on sex differences in acute cannabinoid administration as well as
cannabinoid withdrawal. In rats, acute sex differences vary in magnitude and as a function of
which tests are used (Craft et al., 2017). Marked differences have been reported between
adolescent male and female rats during spontaneous withdrawal (Harte-Hargrove and Dow-
Edwards, 2012). Others report limited sex differences in rats during precipitated THC
withdrawal (Marusich et al., 2014). The present study found a statistically significant
increase in spontaneous JWH-018 withdrawal in male vs. female mice, but the small
magnitude of the signal precludes interpretation of biological relevance of this finding.
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Whereas either MAGL inhibition or additional THC dosing reversed THC withdrawal-
induced struggling and somatic signs, neither drug was effective at blocking withdrawal-
suppressed marble burying. It is plausible that withdrawal-suppressed behaviors, much like
pain-suppressed behaviors (Richardson et al., 2008), are more difficult to reverse than
withdrawal-induced behaviors. For example, the MAGL inhibitor JZL184 blocked somatic
signs and spontaneous (but not precipitated) withdrawal-induced struggling. These data
support the idea that JZL184-induced increases in brain 2-AG levels functionally ended
THC abstinence, but 2-AG displacement of rimonabant is insufficient to prevent precipitated
withdrawal across all models.

The present study has several limitations. The findings presented in this study are specific to
adult C57BL/6J mice. Although efforts were made to incorporate female mice into many of
the studies, withdrawal can vary across age and strain. (Damaj et al., 2003; Harte-Hargrove
and Dow-Edwards, 2012), and a more thorough examination of THC withdrawal using large
samples of both males and females may yield sex differences. Similarly, it is plausible that a
broader set of dependent variables, for example for somatic signs of withdrawal, would
capture additional effects. Whereas we chose to focus on head twitches and paw tremors as
common somatic signs of cannabinoid withdrawal (Falenski et al., 2010; Lichtman et al.,
2001; Marusich et al., 2014; Schlosburg et al., 2014), others quantify ptosis, piloerection,
grooming/face rubbing, rearing, scratching, retropulsion, and mastication, among others
(Maldonado, 2002). Future studies will also examine gastric effects of cannabinoid
withdrawal, as a possible somatic sign. Finally, as previously mentioned, the doses and
pretreatment times chosen for compounds challenging withdrawal may be inadequate in a
withdrawal state.

5. Conclusion

Cannabinoid withdrawal affects stress-related behaviors, in addition to well-characterized
somatic signs of withdrawal. In addition to altering behavior, THC withdrawal is a stressor
that activates the hypothalamic-pituitary-adrenal axis, resulting in increased corticosterone
release. Withdrawal was evident after exposure to the plant-derived phytocannabinoid A%-
THC, as well as the potent synthetic cannabinoid JWH-018. Further, we report novel
methods for detecting spontaneous cannabinoid withdrawal in mice. These models may be
useful in designing new pharmacological interventions for cannabinoid withdrawal, a central
component of Cannabis Use Disorder.
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JZ1.184 4-nitrophenyl-4-[bis(1,3-benzodioxol-5-yl)
(hydroxy)methyl]piperidine-1-carboxylate
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Highlights
. THC withdrawal increases plasma corticosterone levels.
. THC or JWH-018 withdrawal increases struggling in the tail suspension test.

. THC or JWH-018 withdrawal suppresses marble burying.
. Monoacylglycerol lipase (MAGL) inhibition attenuates THC withdrawal.

. THC withdrawal is induced spontaneously, during abstinence.
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Figure 1.
Precipitated THC withdrawal increases plasma corticosterone. Male mice were administered

THC (10 mg/kg) for 6 days and withdrawal was induced with the CB selective antagonist
rimonabant (3 mg/kg) 30 min prior to testing. THC treatment caused a significant increase in
plasma corticosterone. Data represent mean + SEM (n = 6-8/group). *p < 0.05 vs. vehicle
control.
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Precipitated THC withdrawal affects emotionality and induces somatic alterations. Male
mice were administered THC (1, 10 or 50 mg/kg) or JWH-018 (1 mg/kg) for 6 days and
withdrawal was induced with the CB1 selective antagonist rimonabant (3 mg/kg) 30 min
prior to testing. THC (10 or 50 mg/kg) withdrawal increased paw tremors and head twitches
(A), THC (10 or 50 mg/kg) or JWH-018 (1 mg/kg) increased struggling in the tail
suspension test (B), and THC (1, 10 or 50 mg/kg) or JWH-018 (1mg/kg) decreased marbles
buried (C). THC (1 mg/kg) increased time immobile in marble burying, while THC (50
mg/kg) withdrawal decreased time spent immobile (D). Data represent mean + SEM (n = 7—

12/group). *p < 0.05 vs. corresponding non-rimonabant control.
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Figure 3.

MAGL inhibition attenuates somatic signs of precipitated THC withdrawal. Male mice were
administered THC (50 mg/kg) for 6 days and withdrawal was induced with the CB;
selective antagonist rimonabant (3 mg/kg) 30 min prior to testing. JZL184 (40 mg/kg) was
administered 2 h prior to testing. JZL 184 reduced withdrawal-induced paw tremors (A) and
head twitches (B), and decreased hind leg scratching (C). JZL184 did not decrease time
struggling in the tail suspension test (D) or increase marbles buried (E), but did increase
time immobile in marble burying (F). Data represent mean £ SEM (n = 6-8/group). *p <
0.05 vs. vehicle/vehicle control; # p < 0.05 vs. vehicle/JZL184 control; T p < 0.05 vs. THC/

vehicle control.
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Figure 4.

Rimonabant-precipitated THC withdrawal effects on behavior persist despite cannabinoid
and p-adrenergic receptor manipulation. Male mice were administered THC (10 mg/kg) for
6 days and withdrawal was induced with the CB; selective antagonist rimonabant (3 mg/kg)
30 min prior to testing. Acute administration of THC (50 mg/kg) normalized struggling in
the tail suspension test (A), did not reverse withdrawal induced marble burying (B), and
increased time immobile in marble burying (C). The MAGL inhibitor JZL184 (8 mg/kg), or
the FAAH inhibitor PF-3845 (10 mg/kg), did not attenuate struggling (D), or marble burying
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(E), and PF-3845 increased time immobile in marble burying (F). The glucocorticoid
receptor antagonist mifepristone (25 mg/kg, G, H, 1) or the B-adrenergic receptor antagonist
propranolol (1, 10 mg/kg, J, K, L) did not attenuate increased struggling in the tail
suspension test or withdrawal-induced decreases in marble burying but did not affect time
immobile in marble burying. Data represent mean £ SEM (n = 7-8/group). *p < 0.05 vs.
vehicle control; # p < 0.05 vs. corresponding non-THC control.
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Figure 5.

Hours post-injection

Spontaneous THC withdrawal increases somatic signs of withdrawal. Male and female mice
were administered THC (10 or 50 mg/kg) or JWH-018 (1 mg/kg) for 6 days. Spontaneous
withdrawal was evaluated at various time points after the final THC injection. At 24 h post-
injection, males treated with THC (50 mg/kg) had increased paw tremors (A) and head
twitches (B). At 36 h post-injection, males treated with THC (10 mg/kg) or JWH-018
exhibited increased paw tremors and at 24 and 36 h post-injection head twitches increased.
No changes were observed in male hind leg scratching (C). Similarly, females treated with
THC (10 or 50 mg/kg) or JWH-018 displayed increased paw tremors (D) and head twitches
(E) at 36 h. Females treated with THC (50 mg/kg) showed increased hind leg scratching at 6
and 24h post-injection (F). Data represent mean = SEM (n = 7-8/group) *p < 0.05 vs.

vehicle control.
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Spontaneous THC withdrawal is attenuated by either acute THC or MAGL inhibition. Male
mice were administered THC (50 mg/kg) for 6 days. Spontaneous withdrawal was evaluated
at 36 h following a 2 h pretreatment with either JZL 184 (40 mg/kg) or acute THC (50 mg/
kg). Either acute JZL.184 or acute THC decreased paw tremors (A), head twitches (B), and
there was no change in hind leg scratching (C). Time spent struggling in the tail suspension
test was attenuated by JZL.184 or acute THC (D). Spontaneous withdrawal was not observed
in marble burying (E), but an increase in immobility was observed at 2, 4, 8, and 12 h post-
injection (F). Data represent mean + SEM (n = 7-12/group). *p < 0.05 vs. vehicle control. #

p < 0.05 vs. THC.
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