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Abstract

The availability of the cannabinoid antagonist, SR 141716A, to precipitate withdrawal following repeated cannabinoid administration
provides a model to investigate the mechanisms underlying cannabinoid dependence as well as potential treatments to alleviate withdrawal
symptoms. The goal of the present study was to determine whether SR 141716A-precipitated withdrawal symptoms in A’-
tetrahydrocannabinol (A°-THC)-tolerant mice could be alleviated by either readministration of A>-THC or clonidine, an o,-receptor
agonist. SR 141716A elicited paw tremors in A°-THC-tolerant mice, but produced a significant increase in head shakes independently of
repeated A°-THC treatment. Readministration of A’-THC, following SR 141716A-precipitated withdrawal, reversed paw tremors (EDso=9.9
mg/kg), but failed to reduce head shaking behavior. Clonidine reversed SR 141716A-precipitated paw tremors (EDso=0.18 mg/kg) and
blocked head shakes at all doses tested. The reversal effects did not appear to be the result of motor impairment because neither decreases in
spontaneous locomotor activity nor motor incoordination, as assessed in the inverted screen test, could account for the effects. These findings
suggest that SR 141716A precipitates paw tremors in mice by competing with A’-THC at the CB; receptor, though it also produced head
shaking in nondependent animals. Finally, the observation that clonidine alleviated SR 141716A-precipitated paw tremors suggests its

potential as a treatment for cannabinoid dependence. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Marijuana continues to be the most commonly used illicit
drug in the United States (Johnston et al., 1998). Further
increasing its potential for use is that public sentiment
appears to favor allowing marijuana consumption for medic-
inal uses, as reflected by its decriminalization for this
purpose in several states. The high prevalence of marijuana
use, with the positive relationship between marijuana use
and marijuana dependency (Chen et al., 1997), suggests that
the occurrence of physical withdrawal effects could become
an issue when a recreational user or patient discontinues the
drug. In fact, an abrupt cannabinoid withdrawal syndrome
has been described in humans following discontinuation
from chronic A°-tetrahydrocannabinol (A°-THC) (Jones and
Benowitz, 1976; Jones et al., 1976). Recent studies have

* Corresponding author.
E-mail address: alichtma@hsc.vcu.edu (A.H. Lichtman).

also demonstrated abstinence symptoms that included sub-
jective effects of anxiety, irritability, and stomach pain, as
well as decreases in food intake, following abrupt with-
drawal from continued administration of either oral A°~THC
(Haney et al., 1999a) or marijuana smoke inhalation (Haney
et al., 1999b). These findings taken together suggest that
daily marijuana use may be continued in part to alleviate
abstinence symptoms.

Initial research investigating cannabinoid dependence in
laboratory animals yielded conflicting findings. Evidence of
withdrawal was reported upon abrupt cessation of drug
treatment following repeated dosing in rats (Karler and
Turkanis, 1980) and monkeys (Beardsley et al., 1986;
Kaymakcalan, 1979). On the other hand, other studies failed
to observe abrupt withdrawal in pigeons (McMillan et al.,
1970), mice (Chesher and Jackson, 1974), rats (Leite and
Carlini, 1974), dogs (Dewey et al., 1972), and monkeys
(Harris et al., 1974). With the availability of SR 141716A,
however, reliable withdrawal effects have been precipitated
in mice (Cook et al., 1998; Hutcheson et al., 1998), rats
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(Aceto et al., 1995; Beardsley and Martin, 2000; Tsou et al.,
1995), and dogs (Lichtman et al., 1998) following repeated
administration of A’-THC. SR 141716A also precipitated
withdrawal in rats following repeated treatment of either
HU-210 (Rodriguez de Fonseca et al., 1997) or CP 55,940
(Rubino et al., 1998), two potent synthetic cannabinoids.
These models can now be used to investigate possible
neurochemical mechanisms underlying cannabinoid
dependence as well as to develop potential treatments that
would alleviate withdrawal symptoms.

The primary goal of the present study was to determine
whether SR 141716A-precipitated withdrawal effects in A°-
THC-dependent mice could be pharmacologically allevi-
ated. If SR 141716A was eliciting withdrawal effects by
displacing A’-THC from the receptors, then readministration
of A°-THC is predicted to reverse the precipitated cannabi-
noid withdrawal effects by competing for the CB, receptor.
It has been well established that clonidine, as well as other
ap-agonists, abrogates many of the withdrawal effects in
morphine-dependent animals (Fielding et al., 1978; Sparber
and Meyer, 1978; van der Laan, 1985). Therefore, we sought
to determine whether clonidine would also ameliorate SR
141716A-precipitated withdrawal in mice treated repeatedly
with A°-THC. Because any apparent reduction in with-
drawal-related behavior might result from nonspecific
effects such as sedation or motor impairment, additional
groups of mice were evaluated for gross locomotor activity
and assessed for incoordination in the inverted screen test.

According to the DSM-IV criteria for substance depend-
ence, physiological dependence is specified if either toler-
ance or withdrawal is found (American Psychiatric
Association, 1994). Therefore, we evaluated whether our
A°-THC dosing regimen would also lead to tolerance in the
spontaneous locomotor activity, tail-flick test, and rectal
temperature assays.

2. Materials and methods
2.1. Subjects

ICR male mice (Harlan Laboratories, Indianapolis, IN)
weighing between 22 and 29 g served as subjects. The
subjects were housed in the animal care quarters maintained
at 22+2°C on a 12-h light/dark cycle, and food and water
were available ad lib. The mice were brought to the test
environment (22°C to 24°C, 12-h light—dark cycle) and
allowed 24 h to recover from movement and handling.
Naive subjects (n =6 per group) were used each experiment.

2.2. Drugs

A°-THC and SR 141716A were provided by the National
Institute on Drug Abuse (Rockville, MD). A’-THC and SR
141716A were dissolved in a 1:1 mixture of absolute
ethanol and Emulphor-620 (Rhone-Poulenc, Princeton,

NJ) and diluted with saline to form a final vehicle mixture
of ethanol/Emulphor/saline (1:1:18). Clonidine was mixed
in physiological saline.

2.3. Evaluation for tolerance

Mice were administered two daily subcutaneous injec-
tions of either A’-THC (10 mg/kg) or vehicle once between
0900 and 1000 h and again between 1600 and 1700 h on
two consecutive days. On the third day, each subject was
given a baseline tail-flick test, assessed for rectal temper-
ature, and given an intravenous injection of either vehicle or
A°-THC (1, 3, 10, or 30 mg/kg). Subjects were assessed for
spontaneous activity from 5 to 15 min, nociception at 20
min, and for body temperature at 60 min. Body temperature
was determined by inserting a thermocouple probe 2.5 cm
into the rectum and temperature was obtained from a tele-
thermometer (Yellow Springs Instrument, Yellow Springs,
OH). Nociception was assessed using a standard tail-flick
apparatus with a 10-s cut-off (D’Amour and Smith, 1941;
Dewey et al., 1970). The heat emitted from the apparatus
was adjusted to maintain a noxious stimulus sufficient to
elicit tail-flick latencies of approximately 2—2.5 s.

2.4. Evaluation for precipitated withdrawal

Using a similar regimen as the A’-THC tolerance proto-
col described above, mice were given two daily subcuta-
neous injections of either A>-THC (10 mg/kg) or vehicle
(i.e., ethanol/Emulphor/saline, 1:1:18) once between 0900
and 1000 h and again between 1600 and 1700 h for 2 days.
On the third day, each subject was given its respective
subcutaneous injection between 0900 and 1000 h, and 4 h
later challenged with an intraperitoneal injection of SR
141716A (10 mg/kg) or vehicle. The mice were then placed
in clear cages and the number of paw tremor (i.e., a lateral
clapping behavior of the front paws) and head shake (i.e.,
turning or twisting of the head from side to side) incidents
were scored (Cook et al., 1998). The mice were also
observed for other signs including writhing, ptosis, piloer-
ection, scratching, and mastication. The observation period
began 15 min following the intraperitoneal injection and
continued for 30 min.

In the reversal experiments, A’-THC-tolerant mice
received either an intravenous injection of ethanol/Emul-
phor/saline vehicle or A’-THC (1, 3, 10, 30 mg/kg) or an
intraperitoneal injection of saline or clonidine (0.125, 0.25,
0.5, 1 mg/kg) 5 min after the challenge with SR 141716A.
Observations of withdrawal signs began 35 min after the
initial challenge and continued for 30 min. The experi-
menter was blind to the drug conditions in all experiments.

2.5. Evaluation of motor impairment

Spontaneous locomotor activity was assessed by plac-
ing mice in individual photocell activity cages (6.5 x 11
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in.) consisting of 16 photocell beams per chamber.
Individual mice were placed into one of six chambers
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activity chambers, and interruptions of the photocell
beams were recorded for 30 min using a Digiscan Animal
Activity Monitor (Omnitech Electronics, Columbus, OH).
Activity in the chamber was expressed as the total
number of beam interruptions.

Motor incoordination was evaluated in the inverted
screen test (Coughenour et al, 1977). The mice were
placed on a wire screen that was immediately inverted
and the percentage of animals that climbed onto the top
within 60 s was recorded. Subjects were given three
baseline trials prior to SR 141716A challenge, which all
mice successfully completed. Subjects were then given
seven tests at 5-min intervals beginning 15 min after
receiving SR 141716A. The means of these latencies were
then calculated.

2.6. Statistical analyses

Rectal temperature was expressed as the difference
between pre- and postinjection values obtained from each
mouse. Antinociception was calculated by transforming the
tail-flick data to percent maximum possible effect (%aMPE),
where %MPE =100 X (postinjection latency — preinjection
latency)/(cut-off time — preinjection latency). ANOVA was
conducted on the data from each experiment and Dunnett’s
test was used for post hoc comparison when appropriate. In
addition, the Bonferroni ¢ test was used for planned
comparisons. Differences were considered significant at
the P<.05 level. A temperature of —4.3°C was selected
as the FE,.. value for hypothermia. EDs, values were
determined by least squares linear regression analysis
followed by calculation of 95% confidence limits (CL)
(Bliss, 1967). Potency ratios were determined as previously
described (Colquhoun, 1971).

3. Results

As shown in Fig. 1, tolerance occurred to the antinoci-
ceptive and locomotor depressant effects of A’-THC follow-
ing two daily drug injections for 2 days. Significant main
effects of repeated drug administration occurred for sponta-
neous activity, F(1,4)=11, P<.05, and antinociception,
F(1,4)=10.7, P<.05. The main effect of repeated drug
administration for change in body temperature did not
achieve statistical significance, F(1,4)=3.6, P=.06. The
main effect of acute dose was significant for each of the

Fig. 1. Mice were given two daily injections for 2 days of either vehicle (O)
or 10 mg/kg A°-THC (). On the morning of the third day, each mouse was
injected with either vehicle or A°-THC (1, 3, 10, or 30 mg/kg) and
evaluated for spontaneous activity (top panel), antinociception (middle
panel), and hypothermia (bottom panel). * Significant difference between
the groups that received repeated administration of A’-THC and vehicle
(Bonferroni ¢ test, P<.01).
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Table 1

Two daily injections of A°~THC for two consecutive days are sufficient to produce pharmacological tolerance

Repeated vehicle

Dependent measure EDsq (95% CL) (mg/kg)

Repeated A°-THC
EDsq (95% CL) (mg/kg)

Acute potency ratio of
A°-THC (95% CL) (vehicle: A°>-THC)

Locomotor activity 3.3 (1.5-6.8) 12 (5.9-23) 3.5(1.7-13)
Antinociception 1.2 (0.2-6.8) 59%=+15 MPE at 10 mg/kg >14

49%+ 13 MPE at 30 mg/kg
Hypothermia 7.3 (4.0-13) 18 (6.7-47) not different

three indices (P <.05), however, none of the interactions
between repeated drug administration and acute dose
reached significance. Following repeated A’-THC treat-
ment, the drug’s potency for inhibiting locomotor activity
and producing antinociception was decreased approximately
3-fold and greater than 14-fold, respectively (Table 1). In
addition, A°-THC was considerably less efficacious in
producing antinociception in the tolerant mice than in the
nontolerant mice.
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Fig. 2. Effects of SR 141716A in mice treated repeatedly with either (O0) 10
mg/kg of A°-THC or vehicle (e). Top panel: SR 141716A precipitated paw
tremors in A°~-THC-treated, but not vehicle-treated, mice. Bottom panel: SR
141716A elicited head shakes regardless of A’-THC treatment. * Sig-
nificant difference between the groups that received repeated administration
of A°-THC and vehicle (Bonferroni ¢ test, P<.01).

Shown in Fig. 2 are the effects of SR 141716A in
eliciting paw tremors and head shakes in mice that
were treated repeatedly with either vehicle or A°~THC (10
mg/kg). SR 141716A dose-dependently increased paw
tremors in the A°’-THC-treated mice, but was completely
without effect in the control group as reflected by a
significant interaction between A’-THC and SR 141716A,
F(3,40)=12.2, P<.05. In the mice that received repeated
A°-THC administration, both 3 and 10 mg/kg SR 141716A
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Fig. 3. A>-THC reversal of SR 141716A precipitated withdrawal. A°-
THC-dependent mice were challenged with SR 141716A, and given an
intravenous injection of either vehicle or A>THC 5 min later. A°-THC
reversed SR-141716A-induced increases in forepaw tremors (top panel),
but failed to alter significantly the number of head shakes (bottom
panel). * Significantly different from the vehicle treatment (Dunnett’s
test, P<.05).
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Fig. 4. Top panel: A°-THC failed to produce any locomotor activity
depression in A’-THC-dependent mice challenged with SR 141716A.
Subjects were given repeated injections of vehicle (00) or 10 mg/kg of A®-
THC (e), challenged with SR 141716A (10 mg/kg), 5 min later given a
reversal dose of A°-THC, and then assessed for locomotor activity for 30
min. Bottom panel: Clonidine produced locomotor activity depression only
at intermediate doses. A°~THC-tolerant mice were challenged with SR
141716A (10 mg/kg), given a reversal dose of clonidine 5 min later, and
then assessed for locomotor activity for 30 min. * Significantly different
from the vehicle treatment (Dunnett’s test, P <.05).

significantly differed from the vehicle control group. In the
case of head shakes, however, SR 141716A elicited head
shakes regardless of the A’ THC treatment, as only the main
effect of SR 11716A achieved statistical significance,
F(3,40)=7.6, P<.05. There were no significant differences
of each respective dose of SR 141716A between the
vehicle- and A°-THC-treated groups. No other behavioral
signs indicative of precipitated cannabinoid withdrawal such
as ptosis, writhing, or piloerection were observed, though
SR 141716A increased scratching behavior regardless of
A°-THC treatment.

Fig. 3 depicts the effects of an intravenous injection of
vehicle or 3, 10, or 30 mg/kg A’-THC in reversing SR
141716A-induced paw tremors and head shakes. Readmi-
nistration of A’-THC significantly blocked SR 141716A-
induced paw tremors, F(3,26)=4.7, P<.05, with an EDs
(95% CL) of 9.9 (4.8 to 20) mg/kg. However, readminis-
tration of A’-THC failed to affect SR 141716A-induced
head shakes. Readministration of A°-THC also failed to
affect either locomotor activity (Fig. 4, top panel) or
motor incoordination as assessed in the inverted screen
test (data not shown) in mice treated repeatedly with
A°-THC. In fact, no significant effects were found for
either measure.

The effects of saline or clonidine in reversing SR
141716A-precipitated effects in A’-THC-tolerant mice are
illustrated in Fig. 5. Clonidine dose-dependently reversed
SR 141716A-induced paw tremors, F(4,37)=15.1, P<.05,
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Fig. 5. Clonidine reversal of SR 1431716A precipitated withdrawal. A°-
THC-dependent mice were challenged with SR 141716A, and given either
vehicle or clonidine 5 min later. Clonidine reversed SR-141716A-induced
increases in forepaw tremors in a dose-dependent fashion (top panel) and
completely blocked SR 141716A-induced head shakes at all doses tested
(bottom panel). * Significantly different from the vehicle treatment
(Dunnett’s test, P<.05).
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with an EDs( (95% CL) of 0.18 (0.14 to 0.23) mg/kg, and
completely blocked SR 141716A-induced head shakes at
each dose tested, F(4,37)=24.4, P<.05. Although a sig-
nificant effect was found for spontaneous activity,
F(4,37)=4.4, P<.05, the effect was not dose-related as
only the two intermediate doses significantly differed from
the vehicle treatment (Fig. 4, bottom panel). Once again,
no effect was found for motor incoordination as assessed in
the inverted screen test (data not shown, P<.50).

4. Discussion

The results of the present study indicate that both
cannabinoid tolerance and cannabinoid dependence can
be rapidly acquired. The development of tolerance found
here was even more rapid than a previous study from our
laboratory in which mice were treated with drug for 6{1/2}
days (Fan et al., 1994). Similarly, Cook et al. (1998) also
reported a rapid acquisition of cannabinoid dependence
and a comparable magnitude of paw tremors using a
similar dosing regimen as that used here (Cook et al.,
1998; Hutcheson et al., 1998). In the present study,
precipitated paw tremors in A°-THC-tolerant mice admin-
istration. Importantly, the A°-THC reversal treatment failed
to affect locomotor activity or performance in the inverted
screen test suggesting that the decrease in paw tremors was
not due to sedation or incoordination. Clonidine did not
produce any incoordination and though it did produce
some locomotor suppression, this effect only occurred at
the intermediate doses and was not dose-related. These
results indicate that SR 141716A-precipitated withdrawal
paw tremors can be reversed.

In contrast to its effects on paw tremors, SR 141716A
increased head shaking regardless of A’-THC treatment.
Moreover, intravenously administered A’-THC failed to
reverse SR 141716A-induced head shakes in either A°-
THC-dependent or nondependent mice, though clonidine
did reverse this effect. Thus, head shakes was not an SR
141716A-precipitated withdrawal sign in ICR mice using
our A°-THC dosing regimen. Cook et al. (1998) also
found that SR 141716A increased head shakes in ICR
mice injected repeatedly with vehicle as well as in naive
mice, however, that effect was augmented in A°-THC-
dependent mice. A similar pattern of results was described
in CD-1 mice (Hutcheson et al., 1998). Interestingly, it has
been recently demonstrated that SR 141716A-induced
head twitches were completely blocked by a serotonergic
2A/C receptor antagonist and were partially blocked by an
AMPA /kainate receptor antagonist as well as by a tachy-
kinin NK1 antagonist (Darmani and Pandya, 2000). SR
141716A has also been found to produce mild withdrawal-
like effects in naive (Rodriguez de Fonseca et al., 1997) or
vehicle-treated rats (Aceto et al.,, 1996, 1998). These
results taken together suggest that SR 141716A can elicit
head shakes by activating monoaminergic and other neuro-

chemical pathways through its own intrinsic activity either
at the CB, receptor or through a noncannabinoid site of
action. SR 141716A has also been found to increase
spontaneous locomotor activity in naive ICR mice (Comp-
ton et al., 1996). Indeed, several studies suggest that SR
141716A can act as an inverse agonist at the CB,
receptor. In contrast to cannabinoid agonists that stimulate
G-protein activity (Burkey et al., 1997), SR 141716A
inhibits G-protein activity (Bourboula et al., 1997; Lands-
man et al.,, 1997), and has also been found to alter the
mRNA levels of Gas and Gai subunits in nontolerant rats
(Rubino et al.,, 1998). The results of the present study
indicate that head shakes are due, at least in part, to SR
141716A itself in mice. However, it should be noted that
the A’-THC dosing regimen employed in the present study
(i.e., 10 mg/kg of A°-THC per injection for 2.5 days) was
considerably more mild than the regimens used in the
other studies.

A considerable amount of research has demonstrated
that clonidine alleviates many opioid withdrawal symp-
toms. In rats, this a-adrenergic agonist blocks naloxone
precipitated morphine withdrawal signs, including wet-dog
shakes, prevents weight loss, reduces escape attempts, and
reduces pressor effects (Buccafusco, 1983; Fielding et al.,
1978; Sparber and Meyer, 1978; Tseng et al., 1975; van
der Laan, 1985). While clonidine alleviated precipitated
withdrawal jumping in mice (Valeri et al., 1989), it failed
to block this effect in rats (Fielding et al., 1978). In
addition to reducing opioid withdrawal in laboratory ani-
mals, clonidine has long been known to alleviate with-
drawal signs in human opioid addicts (Gold et al., 1978).
Although clonidine has been demonstrated to produce a
marked reduction of withdrawal symptoms, it does not
completely eliminate all the effects, and there is some
concern about hypotensive side effects (Gossop, 1998). For
example, it significantly reduced the number of opioid
withdrawal signs, however, about 7% of the patients
developed severe hypotension in a single blind study
conducted in India (Gupta and Jha, 1988). Therefore, the
hypotensive action of clonidine must be considered before
developing it for alleviating cannabinoid withdrawal.

In summary, SR 141716A precipitated an increase in
forepaw tremors in A’-THC-tolerant mice. In contrast to
the results of previous studies (Cook et al., 1998; Hutch-
eson et al.,, 1998), SR 141716A failed to elicit a greater
increase in head shakes in A’-THC-tolerant mice than in
the nontolerant mice. The fact that we gave A’-THC
injections for only 2.5 days, while the other studies used
a dosing regimen of 5.5 (Hutcheson et al., 1998) or 6.5
days (Cook et al., 1998) may account for this difference.
In addition, readministration of A°~THC in the dependent
mice reversed SR 141716A-precipitated paw tremors, but
failed to affect SR 141716A-induced head shakes. This
pattern of results is consistent with the explanation that the
head shakes observed in the present study was an effect of
SR 141716A alone and not a precipitated withdrawal
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effect. Finally, clonidine reversed SR 141716A-precipi-
tated forepaw tremors as well as SR 141716A-induced
head shakes. These observations suggest that clonidine, or
other ay-agonists, may hold some promise as a potential
treatment for cannabinoid dependence.
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