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Abstract

Rationale Cannabinoid CB; receptors are implicated in vari-
ous forms of learning and memory, including acquisition and
reinstatement of cocaine-associated memory. However, roles
of CB; receptors in consolidation and extinction processes of
cocaine-associated memory and the brain areas potentially
involved remain unknown.

Objective This study examined the effect of rimonabant, a
CB4 receptor antagonist, administered systemically or directly
into the medial prefrontal cortex (mPFC) on memory consol-
idation and extinction of cocaine-induced conditioned place
preference (CPP).

Materials and methods Male C57BL/6] mice were trained to
acquire cocaine-induced CPP. Rimonabant (0.1-3 mg/kg, i.p.
or 1.5 pg bilaterally in the mPFC) or vehicle was administered
either immediately after each CPP training (consolidation) or
forced extinction (extinction) trial. Cocaine-induced CPP was
tested after training, extinction, or cocaine priming.

Results Systemic or intra-mPFC administration of rimonabant
impaired consolidation of CPP induced by a high dose (20 or
40 mg/kg) of cocaine but facilitated that induced by a low
dose (2.5, 5, or 10 mg/kg). Moreover, systemic or intra-mPFC
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administration of rimonabant enhanced extinction of CPP
memory induced by a high-dose (20 mg/kg) cocaine.
Conclusion Our results suggest that antagonism of CB; re-
ceptors in the mPFC bidirectionally modulates consolidation
but facilitates extinction of cocaine-induced CPP memory.
Therefore, CB; receptor blockade with the concomitant ex-
tinction behavioral procedure may hint important therapeutic
intervention strategies for the heavy cocaine addicts in a
clinical setting.
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Introduction

Addiction to the psychostimulant cocaine remains a serious
public health problem and currently no effective pharmaco-
therapies are available. The greatest challenge for treating
cocaine addiction is the persistence of psychological craving
for cocaine even after prolonged abstinence. Drug-associated
cue/context memory may contribute to such motivational
changes. Indeed, research suggests that drug memory activat-
ed by drug-associated environmental cues or drug re-exposure
plays an important role in priming subsequent drug-seeking
behavior (Kuo et al. 2007). Therefore, drug-associated mem-
ory affects motivational behaviors in drug addiction, which
are apparent in two popular animal behavioral paradigms for
cocaine-associated memory: conditioned place preference
(CPP) and self-administration.

Altered motivation/emotion and learning/memory process-
es associated with addiction may involve long-lasting
neuroplasticity. The cannabinoid CB; receptors are widely
distributed in the brain areas implicated in motivation and
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memory, such as the medial prefrontal cortex (mPFC), nucleus
accumbens (NAc), amygdala and hippocampus (De Vries and
Schoffelmeer 2005; Katona et al. 2001; Wilson and Nicoll
2002). Although CB; receptors have been shown to modulate
the primary rewarding effects of several drugs of abuse in-
cluding cannabinoids, nicotine, alcohol, and opioids, howev-
er, they are not involved in that of cocaine (Maldonado et al.
20006). For instance, the CB; receptor antagonist rimonabant,
also known as SR141716A or SR1, does not affect cocaine
self-administration in rats (Caille et al. 2007; Caille and
Parsons 2006; Filip et al. 2006), mice (Fattore et al. 2007),
and squirrel monkeys (Tanda et al. 2000). Moreover, CB;
knockout mice express normal cocaine-induced CPP and
self-administration (Cossu et al. 2001; Houchi et al. 2005;
Lesscher et al. 2005; Martin et al. 2000). These findings
suggest that CB; receptors do not modulate the primary
motivational/rewarding effect of cocaine.

However, CB; receptors seem to play an important role in
cocaine-associated memory, thereby mediating persistence of
cocaine addiction. For example, CB, receptors are implicated
in the reinstatement of cocaine self-administration. The can-
nabinoid receptor agonist HU210 induces, while rimonabant
reduces, relapse elicited by cocaine-associated cues or cocaine
re-exposure (De Vries and Schoffelmeer 2005; De Vries et al.
2001). Systemic or intra-accumbens (NAc) infusion of anoth-
er CB, antagonist AM251 not only impairs cocaine-induced
reinstatement of cocaine-seeking behavior, but also inhibits
the cocaine-induced release of glutamate but not dopamine in
the NAc (Xi et al. 2006). Moreover, rimonabant blocks acqui-
sition, but not expression, of cocaine-induced CPP in rats
(Chaperon et al. 1998) and impairs acquisition and reinstate-
ment of cocaine-induced CPP in mice as well (Yu etal. 2011).

However, it is important to point out that all of the above
studies adopt a pretraining paradigm, which drugs are injected
immediately before the training or testing trial. Because in this
pretraining regimen the drug affects the motivation as well as
memory processes associated with cocaine addiction, it is hard
to discern the pure effect of the CB; antagonists on cocaine-
associated memory. Furthermore, it has little clinical signifi-
cance to use a pretraining regimen to examine the effect of the
CB, antagonists on acquisition of cocaine-induced CPP mem-
ory as most cocaine addicts are treated afterwards. In order to
clearly elucidate the role of CB; receptors in cocaine-
associated memory, we tested our hypothesis that systemic
blockade of CB; receptors after training profoundly affected
the consolidation and extinction of cocaine-induced CPP.
Since the net effect of a CB, receptor antagonist has recently
been shown to vary with the initial level of activity in the
network (Piet et al. 2011), we also examined whether
rimonabant exerted different effects on memory consolidation
of CPP induced by various doses of cocaine.

Several brain areas such as the mPFC, basolateral amyg-
dala, and hippocampus send glutamatergic efferents to the
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NAc, and all of these projections are implicated in drug
relapse behavior (Kalivas et al. 2005; Shaham et al. 2003;
Wiskerke et al. 2008). Moreover, inactivation of the mPFC
attenuates drug-, cue-, and stress-induced reinstatement of
cocaine-seeking (Shaham et al. 2003). Therefore, the mPFC
may serve as a final common pathway to mediate drug relapse
behavior (Neisewander et al. 2000; See 2002). Because we
found that systemic blockade of CB; receptors affected con-
solidation and extinction of cocaine-induced CPP as predicted
above, we next tested if inactivation of the CB, receptors in
the mPFC also affected the same cocaine-associated memory
processes.

Materials and methods

Animals Eight- to 12-week-old male C57BL/6J mice initially
weighing 20-26 g were used as subjects in the current study.
They were housed in groups (four to five mice per plastic
cage) under controlled lighting conditions (lights on from
0700 to 1900 h) in a temperature (22+1 °C) and humidity
(70 %)-controlled colony room. Food (Purina Mouse Chow,
Richmond, IN, USA) and water were available ad libitum. All
procedures used in this study were approved by the
Institutional Animal Care Committee of the National Cheng
Kung University College of Medicine and conform to the
Guidelines of the National Institutes of Health on the Care
and Use of Laboratory Animals (NIH Publications No. 80-23)
revised in 1996.

Drug treatment Cocaine hydrochloride was obtained from
Sigma-Aldrich (St. Louis, MO, USA) and dissolved in sterile
saline. The CB, receptor antagonists rimonabant (also known
as SR141716A or SR1) and AM281 were purchased from
APIChem Technology (Hangzhou, China) and Tocris
Bioscience (Bristol, UK), respectively. Drugs were dissolved
in the ethanol/cremophor/saline (1:1:18; v/v/v) vehicle for
intraperitoneal (i.p.) injection in a volume of 10 ml/kg. For
the bilateral intra-mPFC infusion, rimonabant was dissolved
in 100 % DMSO. Several labs (Gehani et al. 2007; Hough
et al. 2009) have previously used DMSO as a diluent for
intracerebroventricular (i.c.v.) or intracerebral (i.c.) studies
without any adverse effects. All drugs were freshly prepared
before use.

Stereotaxic surgery, guide cannula implantation, and
histology In order to examine the role of the medial prefrontal
CB; receptors in memory consolidation and extinction of
cocaine-induced CPP, stereotaxic surgery and bilateral 26-
gauge guide cannula implantation (Coordinates: A.P., +
1.6 mm; M.L., £0.5 mm; D.V., —2.3 mm) (Paxinos and
Watson 2005) was executed under sodium pentobarbital an-
esthesia (40 mg/kg) 1 week before the beginning of the
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experiment. Bregma and the skull surface served as the ste-
reotaxic zero point. Clearance through the guide cannula was
maintained with dummy cannulas. The infusion cannula, a 33-
gauge dental needle, was inserted into the guide cannula and
was lowered 1.0 mm below the guide cannula. A 0.5 pl
volume of rimonabant (1.5 pg/ul per side) was infused bilat-
erally with a Hamilton 10 pl microsyringe driven by a micro-
dialysis pump (CMA 400/Microdialysis, Solna, Sweden) at a
rate of 0.1 pl/min. After injection, the infusion cannulas were
left for an additional 5 min before withdrawal to avoid reflux
of the infused drug solution.

At the conclusion of each experiment, all mice were eutha-
nized with pentobarbital overdose. The mice underwent the
guide cannula implantation were deeply anesthetized and
perfused with phosphate-buffered saline (PBS) and 4 % para-
formaldehyde. Brains were then postfixed with 4 % parafor-
maldehyde overnight, cryoprotected in 30 % sucrose/PBS and
frozenly cut into 40 wm coronal sections with a Cryostat
(Leica, CM 1850, Wetzlar, Germany) and Nissl stained with
cresyl violet. A light microscope (Olympus Microscope
Cooperation, Tokyo, Japan) was used to visualize the location
of the intracerebral injection sites, which were then verified
according to a mouse brain atlas (Paxinos and Watson 2005).
Mice with misplaced cannula location were excluded from
data analysis.

Cocaine-induced CPP training, test, retest, and priming
test Pretest, cocaine CPP trainings, test, retest, and the cocaine
priming test were all conducted in commercial chambers
designed for mouse (MedAssociates Inc., Georgia, VT,
USA) as described in the previous reports (Fan et al. 2010;
Lin et al. 2011). In brief, all mice were examined for their
unconditioned preference in the chambers for a 15-min pretest
before the trainings. In the pretest, only mice spending shorter
than 40 % of time in any one compartment, including the
middle one, were included in this study. In the test, mice
spending longer than 20 % of the time in the middle compart-
ment were excluded from further experiments because their
cocaine-induced CPP could be confounded by a substantial
preference toward the neutral, middle compartment. For the
cocaine CPP trainings, mice received an i.p. saline injection
between 0900 and 1100 h and were immediately confined in
their unconditioned preferred compartment for 30 min.
Approximately 8 h later, mice received a cocaine hydrochlo-
ride injection and were immediately confined in their uncon-
ditioned non-preferred compartment for 30 min. These proce-
dures were repeated for three consecutive days.
Approximately 20 h (around 1300 h) after the last training
trial, mice free of cocaine were placed in the center with
guillotine doors open for a 15-min preference test. Durations
(in seconds) for mice exploring each of the three compart-
ments were recorded. Cocaine-induced CPP score was repre-
sented as “time spent difference” by subtracting the time spent

in the saline-paired compartment from the time spent in the
cocaine-paired compartment.

As illustrated in Fig. 1a, in order to investigate the role of
the CB; receptors in memory consolidation of cocaine-
induced CPP, mice were given rimonabant (SR1, i.p.,
3 mg/kg or 1.5 pg bilaterally in the mPFC) or AM281 (i.p.,
3 mg/kg) after each saline- or cocaine-training trial during the
3-day CPP trainings. On Day 5, mice were placed in the center
with guillotine doors open and a 15-min test was performed
(Fig. 1a). In addition, the role of the CB; receptors in memory
extinction of cocaine-induced CPP was tested (Fig. 1b). After
the pretest and 3-day cocaine CPP trainings, a preference test
was performed to make sure all mice had reliably acquired
cocaine-induced CPP on Day 5. Mice then received a 2-day
forced extinction procedure. Mice received a saline injection
(i.p.) between 0900 and 1100 h and were immediately con-
fined to their unconditioned preferred compartment for
30 min. Approximately 8 h later, mice again received the
same saline injection and were immediately confined to their
unconditioned non-preferred compartment for 30 min. The no
extinction groups did not undergo the forced extinction pro-
cedure and instead received morning and afternoon saline
injections in their home cages. Rimonabant (SRI, i.p.,
3 mg/kg or 1.5 pg bilaterally in the mPFC) or AM281 (i.p.,
3 mg/kg) were given immediately after each 30-min forced
extinction trial or 30 min after each saline injection in the
home cage for the no extinction groups. Mice then performed
an additional preference retest on Day 8. On Day 14, a cocaine
hydrochloride (i.p., 5 mg/kg) was given before the cocaine
priming test (Fig. 1b).

Finally, to rule out the possibility that rimonabant per se
may induce CPP or conditioned place aversion (CPA), a
separate group of mice underwent a 5-day CPP conditioning
procedure similar to that of the pretest, cocaine CPP trainings,
and test described above. However, morning vehicle (i.p.,
ethanol/cremophor/saline, 1:1:18; v/v/v) and afternoon
rimonabant (i.p., 3 mg/kg) were injected during the 3-day
rimonabant-CPP trainings instead. Rimonabant-induced CPP
or CPA was represented as “time spent difference” by
subtracting the time spent in preferred/vehicle conditioning
compartment from the time spent in non-preferred/rimonabant
conditioning compartment.

Locomotor activity We tested if six consecutive rimonabant
injections (SR1, i.p., 3 mg/kg or 1.5 pg bilaterally in the
mPFC) administered twice per day at 8 h intervals for 3 days
would affect mouse activity levels. Approximately 20 h after
the 6th injection of rimonabant, the locomotor activity was
monitored for 15 min as previously described (Ho et al. 2009;
Lin et al. 2011).

Statistical analysis All results were indicated as the mean=+
standard error of mean (SEM). Paired ¢ tests were employed to
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2 Rimonabant or AM281 Injections/Day
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Pretest Test
Cocaine CPP Trainings:
Morning: Saline

Afternoon: Cocaine (2.5, 5, 10, 20, 40 mg/kg/Injection)
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Pretest Test Test

Cocaine CPP Trainings:
Morning: Saline
Afternoon: Cocaine (20
mg/kgl/injection)

Fig. 1 The experimental procedures used to examine the effect of the
CB; receptor antagonists on memory consolidation and extinction of
cocaine-induced CPP. a Mice underwent a 15-min pretest for their
unconditioned preference first. Rimonabant/ AM281 or vehicle injections
were given immediately after each saline- or cocaine-training trial during
the 3-day cocaine CPP trainings. On Day 5, these mice performed a 15-
min cocaine-free preference test to examine the effect of the CB, receptor
antagonists on memory consolidation of cocaine-induced CPP. b Mice

examine reliable acquisition of cocaine-induced CPP or
rimonabant-induced CPP/CPA. Two-tailed Student’s ¢ test
was used for two-group comparisons. One-way ANOVA
was used for multiple-group comparisons, followed by the
Bonferroni post hoc test. Two-way ANOVAs were used to
examine the effects of drug (rimonabant/AM281 vs. vehicle)
and extinction (extinction vs. no extinction) on cocaine-
induced CPP scores. A three-way (drugxcocaine xtime)
ANOVA with the times of testing (time) as a repeated measure
variable was used to examine the overall effect of rimonabant
on memory consolidation of CPP induced by various doses of
cocaine, followed by the Student’s ¢ test for the effect of
rimonabant at each dose of cocaine used. The levels of statis-
tical significance were set at p<0.05.

Results

Systemic or intra-mPFC administration of rimonabant exerts
bidirectional effect on consolidation of CPP memory induced
by different doses of cocaine For the effect of systemic CB;
receptor blockade by rimonabant on memory consolidation, a
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Forced Extinction:
Morning: Saline
Afternoon: Saline

underwent the 15-min pretest and 3-day cocaine CPP trainings. After
assuring reliable establishment of cocaine CPP on Day 5, mice were
divided into different groups undergoing forced extinction or no extinc-
tion procedures on Days 6 and 7. Rimonabant/AM281 or vehicle was
administered immediately after each forced extinction trial, or 30 min
after each saline injection in their home cages for the no extinction group.
Retest and the cocaine priming test were performed on Days 8 and 14,
respectively

three-way (drugxcocainextime) ANOVA with the times of
testing (time) as a repeated measure variable revealed a sig-
nificant three-way (drugXxcocainextime) interaction effect,
suggesting that systemic injected rimonabant affected
cocaine-induced CPP differentially according to time and
cocaine dosage used [F(4, 131)=4.466, p<0.005] (Fig. 2).
In order to examine which group displayed a significant
cocaine CPP score in the test compared to that of in the pretest
(its own baseline), a post hoc paired ¢ test was performed. For
the vehicle-treated groups, almost all low doses of cocaine
induced significant CPP scores in the test when compared to
the pretest [paired #;3=4.11, p<0.01, n=14 for 5 mg/kg;
paired #,,=3.299, p<0.01, n=12 for 10 mg/kg], except for
the lowest-dose (2.5 mg/kg) cocaine-induced CPP, which had
a trend toward statistic significance [paired #,,=1.894, p=
0.083, n=13]. On the other hand, the rimonabant-treated
groups showed significant CPP scores induced by all low
doses of cocaine [paired #1,=3.232, p<0.05, n=13 for
2.5 mg/kg; paired #,3=5.912, p<0.001, n=14 for 5 mg/kg;
paired #,,=7.683, p<0.001, n=12 for 10 mg/kg]. These results
suggest that rimonabant enhanced the consolidation of low-
dose cocaine-induced CPP. A post hoc Student’s ¢ test further
revealed that there was no difference in cocaine-induced CPP
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Fig. 2 Systemic administration a Cocaine 2.5 mglkkg [ Veh n=13 d Cocaine 20 mg/kg EZ Veh n=17
of the CB, antagonist rimonabant B3 SR1n=13 B8 SR1n=15
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Pretest Test

Cocaine 10 mg/kg

(o)

Time Spent Difference (sec)

Pretest

scores between the rimonabant and vehicle groups for each
cocaine dosage used in the pretest (all p>0.05). However,
mice treated with systemic rimonabant immediately after each
CPP training for 3 days showed significant increase of
cocaine-induced CPP when induced by low doses of cocaine
(2.5, 5, 10 mg/kg) [t,4=2.345, p<0.05, n=26 for 2.5 mg/kg;
t6=2.479, p<0.05, n=28 for 5 mg/kg; £,=2.069, p<0.05,
n=24 for 10 mg/kg] (Fig. 2a—). Conversely, the rimonabant
group displayed significant decrease of cocaine-induced CPP
when induced by high doses of cocaine (20 or 40 mg/kg) [£30=
3.036, p<0.005, n=32 for 20 mg/kg; t,0=3.056, p<0.005, n=
31 for 40 mg/kg] (Fig. 2d, e). This finding indicates that
systemic rimonabant exerts bidirectional effects on memory

Test

Test

Pretest

Veh n=12
B3 SR1n=12

consolidation of cocaine-induced CPP. That is, systemic
blockade of CB; receptors facilitates consolidation of CPP
memory induced by a low dose (2.5, 5, or 10 mg/kg) of
cocaine but impairs that by a high dose (20 or 40 mg/kg).
For the effect of the medial prefrontal CB; receptor block-
ade by rimonabant on memory consolidation, a three-way
(drugx cocaine x time) repeated-measure ANOVA revealed a
significant three-way interaction effect, suggesting that intra-
mPFC infusion of rimonabant affected their cocaine-induced
CPP differentially, depending on time and cocaine dosage
used [F(1, 64)=15.238, p<0.001] (Fig. 3). A post hoc exam-
ination showed that the CPP scores were not different between
the rimonabant and vehicle groups for 10 or 40 mg/kg cocaine
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Fig. 3 Bilateral intra-mPFC rimonabant infusion immediately following
each saline- or cocaine-training trial exerted bidirectional effects on
consolidation of low- vs. high-dose cocaine-induced CPP memory.
Mice were injected with a 10 mg/kg, b 40 mg/kg cocaine, respectively.
¢ Representative photograph of correct cannula location in the mPFC on
cresyl violet-stained section. *Significantly higher than the vehicle group
of 10 mg/kg cocaine used in the test; “significantly lower than the vehicle
group of 40 mg/kg cocaine used in the test
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in the pretest (all p>0.05). However, mice treated with bilat-
eral intra-mPFC infusion of rimonabant showed an increased
cocaine CPP induced by 10 mg/kg cocaine [t3;=2.116,
p<0.05, n=33] (Fig. 3a), but had a decreased CPP induced
by 40 mg/kg cocaine [t33=4.591, p<0.001, n=35] (Fig. 3b).
An example of the correct localization of cannulas in the
mPFC was shown in Fig. 3¢, and mice with wrong injection
sites were excluded from data analysis. This result, similar to
that of systemic CB; receptor antagonism, indicates that the
medial prefrontal CB, receptor blockade exerts bidirectional
effects on memory consolidation of cocaine-induced CPP.

Systemic or intra-mPFC administration of rimonabant facil-
itates extinction of a high-dose cocaine-induced CPP
memory A two-tailed ¢ test revealed that all mice reliably
acquired cocaine-induced CPP [paired #53=10.509, p<0.001,
n=>54]. They were then divided into four groups that
underwent the following treatment respectively: rimonabant
only (3 mg/kg) (No Extinction-SR1), extinction only
(Extinction-Veh), rimonabant with extinction (Extinction-
SR1), or control treatment (No Extinction-Veh). A three-way
(drugxextinction xtime) ANOVA with the times of testing
(test vs. retest) as a repeated measure variable revealed signif-
icant drug main effect and three-way interaction effect (both
p<0.05), suggesting rimonabant-treated groups had different
CPP scores across time (e.g., caused extinction in the retest).
A post hoc two-way (drug x extinction) ANOVA revealed that
these four groups of mice exhibited comparable cocaine CPP
scores before the above treatment in the test [drug, extinction
and interaction effect, all p>0.05]. However, after the treat-
ment, both the rimonabant only and rimonabant with extinc-
tion groups displayed significant decrease of cocaine CPP in
the retest [drug main effect: F(1, 50)=9.088, p<0.005] and in
the cocaine priming test [drug main effect: F(1, 50)=4.979,
p<0.05] (Fig. 4a). Furthermore, the CPP score of the
rimonabant with extinction group was significant lower than
all other three groups in the retest [interaction effect: F(1,
50)=5.223, p<0.05]. This finding indicates that systemic
blockade of CB; receptors by rimonabant facilitates the ex-
tinction of a high-dose cocaine-induced CPP memory.

A cohort of mice acquired reliable cocaine CPP following
the 3-day cocaine CPP trainings [paired #53=9.157, p<0.001,
n=64] (Fig. 1b). They were then divided into five groups
treated with various doses of rimonabant (0.1, 0.3, 1, or
3 mg/kg) or the same volume of vehicle immediately after
each forced extinction behavioral confinement (Fig. 1b). A
two-way (drug dosage xtime) ANOVA with the times of test-
ing (test vs. retest) as a repeated measure variable revealed a
significant two-way interaction effect, indicating these groups
displayed changes of CPP scores differentially across time. A
post hoc one-way (drug dosage) ANOVA revealed that these
five groups exhibited comparable cocaine-induced CPP
scores in the test [F(4, 59)=0.084, p=0.987], indicating that
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Fig. 4 Systemic administration of the CB, antagonist rimonabant
immediately following each extinction behavioral trial facilitated
extinction of a high-dose cocaine-induced CPP memory. a Both the No
Extinction-SR1 and Extinction-SR1 groups showed substantial decrease
of the cocaine CPP scores in the retest and the cocaine priming test.
Additionally, the Extinction-SR1 group showed lower retention time
than all other three groups in the retest. b Both the Extinction-1 mg/kg
SR1 and Extinction-3 mg/kg SR1 groups showed decrease of the CPP
scores in the retest, but only the Extinction-3 mg/kg SR1 group displayed
a diminished CPP score in the cocaine priming test. *Significantly higher
than values in the pretest; “significantly lower than the No Extinction-Veh
group in the retest or in the cocaine priming test for a or than the
Extinction-Veh group in the retest or in the cocaine priming test for b;
@significantly lower than all other groups in the retest for a

they all acquired reliable cocaine CPP before the above treat-
ments (Fig. 4b). A one-way ANOVA further showed that there
were significant differences among these five groups in the
retest [F(4, 59)=4.174, p<0.005] and in the cocaine priming
test [F(4, 59)=3.285, p<0.05]. The post hoc analyses showed
that only mice injected with 1 or 3 mg/kg rimonabant had
significantly lower cocaine CPP scores compared to that of
vehicle (p<0.05) in the retest. On the other hand, only mice
treated with 3 mg/kg rimonabant had a lower cocaine CPP
score in the cocaine priming test (p<0.01) (Fig. 4b). This
finding indicates that rimonabant exerts a dose-dependent
facilitating effect on extinction of a high-dose cocaine-
induced CPP memory.

After all mice exhibited reliable cocaine CPP [paired t34=
10.111, p<0.001, n=35], they were injected with either
rimonabant (1.5 pg bilaterally in the mPFC) or vehicle

immediately after each extinction behavioral trial as depicted
in Fig. 1b. A Student’s ¢ test revealed that these two groups of
mice exhibited comparable cocaine-induced CPP scores in the
test before the treatment [t33=0.199, p=0.843] (Fig. 5a).
However, after the treatment, the rimonabant group
(Extinction-SR1) showed significantly lower cocaine CPP
scores than the control group (Extinction-Veh) in the retest
[t33=5.141, p<0.001] and in the cocaine priming test [t33=
2.349, p<0.05] (Fig. 5a). An example of the correct localiza-
tion of cannulas in the mPFC was shown in Fig. 5b, and mice
with wrong injection sites were excluded from data analysis.
This finding indicates that inactivation of the medial prefrontal
CB, receptors facilitates memory extinction of a high-dose
cocaine-induced CPP.

Systemic injection of AM281 also exerts bidirectional effects
on consolidation of low- vs. high-dose cocaine-induced CPP
and facilitates extinction of a high-dose cocaine-induced CPP
For the consolidation of cocaine-induced CPP, a three-way
(drug x cocaine x time) repeated-measure ANOVA revealed a
significant three-way interaction effect, suggesting that

a [ Ectinction-Veh n=16
E3 Extinction-SR1 n=19
S 400+
-}
@
3 300+
S 200- *
£
a 1004
& 04
o
)
o -1004
E
= 2004 *
Pretest Test Retest Priming

=

Fig. 5 Bilateral intra-mPFC rimonabant infusion immediately following
each extinction behavioral trial facilitated extinction of a high-dose
cocaine-induced CPP memory. a The Extinction-SR1 group displayed
substantial decrease of the cocaine CPP scores in the retest and in the
cocaine priming test. b Representative photograph of correct cannula
location in the mPFC on cresyl violet-stained section. *Significantly
lower than the Extinction-Veh group in the retest or in the cocaine
priming test
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systemic injection of AM281 (3 mg/kg) affected their cocaine-
induced CPP differentially, depending on time and cocaine
dosage used [F(1, 67)=8.012, p<0.01] (Fig. 6a, b). A post hoc
examination showed that the CPP scores were not different
between the AM281 and vehicle groups for 10 or 40 mg/kg

a Cocaine 10 mg/kg 3 Veh n=19

AM281 n=19
400- = "

300 *
200-

100

o
M

100+

Time Spent Difference (sec)

-200+
Pretest Test

=g

Cocaine 40 mg/kg [ Veh n=16
400+ AM281 n=17

300+
200+

1004

o
1

-100+

Time Spent Difference (sec)

-200~
Pretest Test

3 No Extinction-Veh n=13
Extinction-Veh n=17

¢ AM281 & Forced B3 No Extinction-AM281 n=13
Extinction A Extinction-AM281 n=13

400+

[5]

@

2 3004

®

2

g 2004

£ 4

a 100

g 0

Q

»

o -1004

£

=

-2004 #,@
Pretest Test Retest Priming

Fig. 6 Systemic administration of the CB; antagonist AM281 exerted
bidirectional effects on consolidation of low- vs. high-dose cocaine CPP
memory and facilitated extinction of a high-dose cocaine CPP memory.
Mice were injected with a 10 mg/kg, b 40 mg/kg cocaine, respectively. ¢
Both the No Extinction-AM281 and Extinction-AM281 groups displayed
substantial decrease of the cocaine CPP scores in the retest and in the
cocaine priming test. Additionally, the Extinction-AM281 group showed
lower retention time than all other three groups in the retest.
*Significantly higher than the vehicle group of 10 mg/kg cocaine in the
test in a or the values in the pretest in ¢; “significantly lower than the
vehicle group of 40 mg/kg cocaine in the test in b or the No Extinction-
Veh group in the retest or in the cocaine priming test in ¢; @significantly
lower than all other groups in the retest in ¢
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cocaine in the pretest (all p>0.05). However, AM281-treated
mice showed an increased cocaine CPP induced by 10 mg/kg
cocaine [t34=2.211, p<0.05, n=38] (Fig. 6a), but had a de-
creased CPP induced by 40 mg/kg cocaine [£3;=3.266,
p<0.01, n=33] (Fig. 6b). This result, similar to that of
rimonabant, indicates that CB; receptor blockade by AM281
exerts bidirectional effects on memory consolidation of
cocaine-induced CPP.

For the extinction of cocaine-induced CPP, all mice
first reliably acquired cocaine-induced CPP following
the 3-day CPP trainings [paired #55=11.086, p<0.001,
n=56] (Fig. 6¢). They were then divided into four
treatment groups as illustrated in Fig. 4a, except
rimonabant was replaced by AM281 (3 mg/kg) in this
experiment. A three-way (drugxextinctionxtime)
ANOVA with the times of testing (time) as a repeated
measure variable revealed a significant three-way inter-
action effect, suggesting AM281-treated groups had dif-
ferent CPP scores across time (e.g., caused extinction in
the retest). A post hoc two-way (drugxextinction)
ANOVA revealed that these four groups of mice exhib-
ited comparable cocaine-induced CPP scores in the test
[drug, extinction and interaction effect, all p>0.05],
indicating that they all acquired reliable cocaine CPP
before the treatment. After the treatment, both the
AM281 only and AM281 with extinction group
displayed significantly decreased cocaine CPP in the
retest [drug main effect: F(1, 52)=10.256, p<0.005]
and in the cocaine priming test [drug main effect: F(1,
52)=9.151, p<0.005] (Fig. 6c). Furthermore, the CPP
score of the AM281 with extinction group was signifi-
cant lower than all other three groups in retest [interac-
tion effect: F(1, 52)=4.449, p<0.05] (Fig. 6c¢). This
finding indicates that systemic blockade of CB; recep-
tors by AM281 also facilitates the extinction of a high-
dose cocaine-induced CPP memory.

Systemic injection of rimonabant does not induce CPP

or CPA Our finding indicates that rimonabant induces neither
CPP nor CPA in these mice [paired #,0=0.288, p=0.779,
n=11] (Fig. 7a).

Systemic or intra-mPFC injection of rimonabant does not
affect mouse locomotor activity Another two groups of mice
were used for monitoring their locomotor activity approxi-
mately 20 h after the 6th injection of rimonabant. We found
that 6 consecutive rimonabant administration, either systemi-
cally or directly into the bilateral mPFC, did not alter mouse
locomotor activity [£,,=1.48, p=0.153, n=24; t,;=0.883, p=
0.387, n=23] (Fig. 7b, c), suggesting that the above effects of
rimonabant on memory consolidation and extinction of
cocaine-induced CPP were not caused by changed levels of
locomotor activity.
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Fig. 7 Rimonabant did not induce CPP/CPA or affect locomotor activity.
a Mice treated with systemic rimonabant during the 3-day rimonabant-
CPP trainings did not display any CPP or CPA. b 6 consecutive systemic
injections of rimonabant did not affect locomotor activity at
approximately 20 h after the last injection. ¢ 6 consecutive bilateral
intra-mPFC infusions of rimonabant did not affect locomotor activity at
approximately 20 h after the last infusion. Rimonabant-induced CPP or
CPA was represented as “time spent difference” by subtracting the time
spent in preferred/vehicle conditioning compartment from the time spent
in non-preferred/rimonabant conditioning compartment. IR break counts
stand for summation of the vertical infrared beam break and the horizontal
distance traveled in the chamber

Discussion

The present study examined whether the cannabinoid
CB, receptors, especially those in the mPFC, modulate
consolidation and extinction of cocaine-associated mem-
ory in mice. Intriguingly, we found that systemic or
intra-mPFC administration of the CB; receptor antago-
nist rimonabant or systemic injection of another CB;
receptor antagonist AM281 exerted bidirectional effects
on consolidation of cocaine-induced CPP memory. That
is, rimonabant (and AM281) impaired memory consoli-
dation of CPP induced by a high-dose cocaine but
facilitated that induced by a low dose. Moreover, sys-
temic or intra-mPFC administration of rimonabant or
systemic injection of AM281 facilitated extinction of a
high-dose cocaine-induced CPP memory. These findings,
taken together, suggest that the CB; receptors in the
mPFC modulate consolidation and extinction of
cocaine-induced CPP memory.

The most intriguing finding in the present study is the
bidirectional effects of rimonabant (and AM281) on consoli-
dation of cocaine-associated memory, depending on the co-
caine dosage used to acquire cocaine-induced CPP memory.
To the best of our knowledge, this is the first report stating that
a single dose (3 mg/kg) of rimonabant exerts bidirectional
effects on memory consolidation of CPP induced by various
doses of cocaine. The reason why we chose 3 mg/kg
rimonabant is because this is the only consistently effective
dose in the CPP tasks induced by several drugs. For example,
when rimonabant doses ranging from 0.1 to 3 mg/kg were
used, only the dose of 3 mg/kg effectively disrupted the
acquisition of food-induced CPP (Chaperon et al. 1998), the
retrieval, reconsolidation and reinstatement of methamphet-
amine CPP (Yuetal. 2009, 2011), the reinstatement of cocaine
CPP (Yu et al. 2011), as well as the retrieval of nicotine CPP
(Forget et al. 2005). However, none of the previous studies
have tried to examine the effects of rimonabant on CPP
induced by various doses of the above drugs of abuse.
Interestingly, our finding resembles the bidirectional effect
of'the post training administration of epinephrine, norepineph-
rine, adrenocorticotropic hormone (ACTH), or amygdala
stimulation on memory consolidation of a one-trial inhibitory
avoidance task (Gold et al. 1975; Gold and van Buskirk
1976a, b; Gold and van Buskirk 1975). For example, epineph-
rine dose-dependently, in an inverted-U manner, facilitates a
moderate memory induced by a low intensity of footshock.
However, the same facilitating dose of epinephrine (e.g.,
0.1 mg/kg) impairs memory induced by a high intensity of
footshock (Gold and van Buskirk 1975). In general, avoidance
latencies vary with the intensity and duration of the footshock,
with a more intense shock induces longer memory retention
latencies. The dose-dependent and bidirectional effects of
epinephrine (as well as other aforementioned treatments) on
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memory consolidation can be explained by the Yerkes-
Dodson law, which states an inverted-U curve between the
arousal level and memory performance.

Similarly, our result suggests that the modulatory effects of
the CB; receptors on consolidation of cocaine-associated
memory depend on the strength of CPP memory. The present
and previous studies (Raybuck et al. 2013; Tzeng et al. 2013)
depict a graded dose-response curve for CPP induced by
various doses of cocaine, with a higher dose of cocaine
induces a stronger cocaine-induced CPP (Fig. 2). While the
mechanism underlying this bidirectional modulation of net-
work activity by CB receptors remain elusive, it is speculated
that activity-dependent plasticity of CB; receptors may be
involved (Foldy et al. 2006; Losonczy et al. 2004). A recent
research indicates that the net effects of a CB, receptor antag-
onist vary with the initial levels of activity in the network.
That is, a single dose of AM251 increases network activity
when basal burst rates are low, whereas decreases activity in
network with higher basal burst rates (Piet et al. 2011).
Therefore, it is likely that the bidirectional effect of the CB,
receptor antagonism on consolidation of CPP memory de-
pends on the low vs. high activity level of network including
the mPFC induced by the low- vs. high-dose cocaine, respec-
tively. Alternatively, intense network activity, as opposed to
the disinhibition of glutamate release by the CB; receptor
antagonism under low network activity, may change the dis-
tribution and function of CB, receptors, thereby altering
endocannabinoid signaling (Piet et al. 2011).

Moreover, our findings suggest that systemic injection of
rimonabant or AM281 or infusion of rimonabant into the
mPFC facilitated the extinction of CPP induced by a high
dose (20 mg/kg) of cocaine. It is of importance to emphasize
that a total of six injections of rimonabant by themselves did
not cause CPP/CPA or affect mouse locomotor activity, we
therefore inferred that the CB; receptor antagonism facilitates
extinction of a high-dose cocaine-induced CPP memory. Such
findings are opposite to those reported by previous studies that
rimonabant disrupts memory extinction of the auditory fear
conditioning (Marsicano et al. 2002), Morris water maze
(Varvel et al. 2005), conditioned freezing, and passive avoid-
ance tasks (Niyuhire et al. 2007). The discrepancy could be
due to difference in the tasks as the impairing effect was
mostly demonstrated in aversive learning tasks rather than
an appetitive one used in the present studies, consistent with
the notion that the modulatory effects of CB, receptors often
varied with experimental paradigms or parameters (Wiskerke
et al. 2008). The previous and present findings nonetheless
suggest a role of CB; receptors in extinction of learned re-
sponses motivated either appetitively or aversively.

An extinction trial in CPP or any types of learning is
essentially a retrieval trial that the cue activates an old memory
but in the absence of reward, a process that forges a new
memory for the cue. Thus, the facilitated extinction observed
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in the present study could be due to either enhancement of
memory consolidation for the new learning or impediment of
reconsolidation of the old memory, because both would yield
a reduction of the initially reinforced response in a subse-
quence test. The present results could not distinguish the two
possibilities as rimonabant may facilitate memory consolida-
tion of new learning (extinction, 0 mg/kg; albeit not tested in
the current study) or impair reconsolidation of the old memory
acquired under a high dose of cocaine (20 mg/kg). It is also
likely that the effects that rimonabant exerted on these two
processes simultaneously contribute to the present result as
both effects yield the same consequence. While exact behav-
ioral mechanisms should be further elucidated by future stud-
ies, our results, probably for the first time to the best of our
knowledge, hint a possibility that rimonabant could be used
together with the extinction behavioral therapy to treat heavy
cocaine addicts.

To our surprise, systemic injection of rimonabant neither
facilitates nor impairs memory extinction of CPP induced by a
low dose (10 mg/kg) of cocaine (data not shown). As
discussed above, rimonabant could simultaneously enhance:
(1) consolidation of new memory (extinction); (2)
reconsolidation of the old memory (cocaine, 10 mg/kg).
However, enhancing these two putative underlying processes
would yield completely opposite CPP retention scores. That
is, if rimonabant enhances the former process, the CPP score
should be more negative when compared to the extinction
alone group, thereby facilitating the extinction of a low-dose
cocaine-induced CPP. In contrast, if rimonabant enhances the
latter process, the CPP score should be more positive, thereby
impairing the extinction of the same CPP memory.

However, our empirical data indicates that rimonabant
neither facilitates nor impairs the extinction of CPP induced
by a low dose of cocaine. There are several possibilities for
this negative finding. First, it is likely that rimonabant equally
enhances the two aforementioned underlying processes thus
the net effect is canceled out. Second, it is possible that the
former process is dominant and rimonabant facilitates the
extinction of CPP induced by a low dose, but hindered by a
plausible floor effect to show. That is, our result shows that the
same forced extinction procedure seems to induce a relatively
low CPP score (approximately —50 s) acquired under a low
dose of cocaine, as opposed to that of a highdose (Fig. 4a, the
Extinction-Veh Group in the retest: approximately 150 s).
Therefore, a floor effect may account for this negative result.
Finally, our finding suggests that it is less likely that the latter
process is more dominant. If the latter process was indeed
more dominant, rimonabant would impair the extinction of
CPP induced by a low-dose cocaine. Luckily, rimonabant did
not reverse the behavioral extinction effect on a low-dose
cocaine-induced CPP memory; otherwise we would need to
consider it with caution from both a fundamental and a clinical
perspective.
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Another significant finding of our study is the role of the
medial prefrontal CB; receptors in both consolidation and
extinction of cocaine-induced CPP memory. The cannabinoid
CB4, receptors are enriched in the brain areas implicated in
motivation and memory, including the mPFC (De Vries and
Schoffelmeer 2005; Katona et al. 2001; Wilson and Nicoll
2002). Previous research suggests that CB; receptors are not
involved in the primary motivational/rewarding effects of
cocaine, instead they modulate the persistence of cocaine
addiction (Maldonado et al. 2006). For instance, AM251
impairs cocaine-induced reinstatement of cocaine-seeking be-
havior and comparably inhibits cocaine-induced increases of
glutamate but not dopamine in the NAc (Xi et al. 2006). While
dopamine released from the ventral tegmental pathway
projecting to the NAc has been the focus of elucidating the
rewarding effects of many abused drugs and the initial devel-
opment of addiction, the glutamatergic projection from the
mPFC to NAc is viewed as the final common pathway for
drug relapse behavior (Neisewander et al. 2000; See 2002).
The mPFC is well recognized for its role in formation of
stimulus-reward associations and executive decision-making
processes (Weissenborn et al. 1997).

Clinical studies indicate that the basal activity in the mPFC,
manifested by changes in blood flow and metabolism, is
reduced in addicts during withdrawal. When drug-associated
cues are presented, the activities of the PFC and NAc increase
dramatically, accompanied by the increased self-reports of
“drug craving” (Goldstein and Volkow 2002). Research
shows that the dopamine release in the mPFC and the gluta-
mate release in the mPFC-NAc projection are the two prereg-
uisites for the reinstatement of cocaine-seeking behavior in
rats (McFarland et al. 2003). Inhibition of dopamine release in
the mPFC blocks stress- or drug-induced glutamate release in
the NAc (Capriles et al. 2003; McFarland et al. 2004). The
reinstatement induced by dopamine release in the mPFC can
be blocked by infusion of the glutamate receptor antagonists
into the NAc (Park et al. 2002). These findings suggest that the
meso-prefrontal dopamine release is a critical antecedent to
the activation of the prefrontal glutamatergic projection to the
NAc, thereby reinstating drug seeking.

Interestingly, the CB; receptor activation increases the
firing rate and burst firing of the meso-prefrontal dopaminer-
gic neurons (Diana et al. 1998), while rimonabant attenuates
the food-induced dopamine increment in the mPFC in those
food-restricted rats (Dazzi et al. 2014). By using a post train-
ing regimen, our results argue that the CB, receptor blockade
did not decrease motivation or alter sensitivity during cocaine
CPP training or its retrieval test, but affected consolidation and
extinction processes of cocaine-associated memory. Although
further studies are needed to determine the underlying mech-
anisms, however, it is possible that the modulatory effects of
rimonabant on cocaine-associated memory processes ob-
served is mediated by the reduction of dopamine release in

the mPFC, thereby inhibiting cocaine-induced increases of
glutamate in the NAc.

It is of importance to note that the mPFC is composed of
the ventral infralimibic cortex (IL) and the dorsal prelimbic
cortex (PL), and previous research suggests that only IL is
involved in the consolidation, but not acquisition or expres-
sion of extinction of conditioned fear. For example, animals
with lesions of IL or infusion of various receptor antagonists,
including the CB, antagonist AM251, into IL acquired fear
extinction normally, but had difficultty retrieving extinction
the following day (Laurent and Westbrook 2009; Lin et al.
2009; Quirk and Mueller 2008; Quirk et al. 2000). In contrast,
PL seems to be involved in the expression of fear extinction,
as CS-induced PL activation is negatively correlated with
extinction expression during the training session
(acquisition) as well as in the test session a day after training
(retrieval) (Burgos-Robles et al. 2009). Therefore, it is likely
that PL and IL are involved in regulating the balance between
fearful and nonfearful memories (Burgos-Robles et al. 2009;
Schiller and Johansen 2009). However, it awaits further study
to decipher if IL and PL are differently involved in the con-
solidation and extinction of cocaine-associated memory as our
study used a midline infusion and a large infused volume of
rimonabant (0.5 pl), which did not allow a distinction between
IL and PL on their roles in the two processes.

In conclusion, the present study indicates that the antago-
nism of CB; receptors in the mPFC modulates memory con-
solidation of cocaine-induced CPP bidirectionally, while fa-
cilitates its extinction. Consistent with previous research, our
results support that CB; receptor blockade by rimonabant,
administered systemically or directly into the mPFC, can act
as a useful anti-relapse agent for treating cocaine addiction.
More importantly, the bidirectional effects of rimonabant on
consolidation of cocaine-associated memory urge the caution
when using rimonabant as the therapeutic intervention, de-
pending on the doses of cocaine consumed by the addicts.
Finally, the facilitating effect of rimonabant on extinction of
cocaine-associated memory provides insight for applying the
concomitant behavioral extinction procedure together with
rimonabant for treating the heavy cocaine addicts in a clinical
setting. From a pharmacological perspective, it would also be
of interest to examine if the effects of the CB; receptor
antagonist/inverse agonist rimonabant on the consolidation
and extinction of cocaine-induced CPP can be mimicked by
the putative neutral CB; antagonists such as O-2050 (Breivogel
and Childers 2000; Pertwee et al. 1996) or AM4113 (Landsman
et al. 1997; Mato et al. 2002; Sink et al. 2008). However, since
the classification of O-2050 as a neutral CB; antagonist is
problematic (Balster and Prescott 1992; Wiley et al. 1995)
and the characterization of AM4113 as an authentic
neutral CB; antagonist awaits further investigation, their
effects on cocaine CPP memory are not tested in the current
study. Moreover, due to the mood- and anxiety-related side
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effects of rimonabant in several clinical trials reported by the
US Food and Drug Administration (FDA Advisory Committee
2007), further investigation should focus on deciphering wheth-
er these side effects are specific to the compound rimonabant
per se or to an endocannabinoid-mediated mechanism of action
instead. If the former is the case, other CB; antagonists or
inhibitors of the endocannabinoid synthesis and degradation
enzymes should be tested for their efficacy as anti-craving
drugs. Alternatively, if the side effect is caused by the
endocannabinoid system being manipulated, then finding the
novel compounds targeting specific downstream effectors of
the endocannabinoid system involved in cocaine addiction
would prove to be helpful.
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