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Abstract

Over the last decade there have been significant advances in the discovery and understanding of the cannabinoid system
along with the development of pharmacologic tools that modulate its function. Characterization of the crosstalk between
nicotine addiction and the cannabinoid system may have significant implications on our understanding of the
neurobiological mechanisms underlying nicotine dependence. Two types of cannabinoid receptors (CB1 and CB2) have
been identified. CB1 receptors are expressed in the brain and modulate drug taking and drug seeking for various drugs of
abuse, including nicotine. CB2 receptors have been recently identified in the brain and have been proposed to play a
functional role in mental disorders and drug addiction. Our objective was to explore the role of CB2 receptors on
intravenous nicotine self administration under two schedules of reinforcement (fixed and progressive ratio) and on nicotine
seeking induced by nicotine priming or by nicotine associated cues. For this, we evaluated the effects of various doses of
the selective CB2 antagonist AM630 (1.25 to 5 mg/kg) and CB2 agonist AM1241 (1 to 10 mg/kg) on these behavioral
responses in rats. Different groups of male Long Evans rats were trained to lever press for nicotine at a unit dose of 30 mg/
kg/infusion. Subsequently, animals were randomized using a Latin-square design and injected with either AM1241 or
AM630 using a counterbalanced within subject design. Administration of the CB2 ligands did not affect either nicotine-
taking nicotine-seeking behavior. Our results do not support the involvement of CB2 receptors in nicotine-taking or
nicotine-seeking behavior.
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Introduction

Cigarette smoking is responsible for 5 million deaths worldwide

every year. The mechanisms underlying tobacco smoking are of

wide interest and clearly there is still a need for more effective

medications to help in smoking cessation and prevent relapse [1].

The cannabinoid system appears to play a critical role in

mediating the reinforcing effects of nicotine as well as relapse to

nicotine-seeking behaviour. The cannabinoid system consists of

CB1 and CB2 receptors, the endogenous cannabinoid receptor

ligands, anandamide, and 2-arachidonoylglycerol (2-AG) [2,3], in

addition to the enzymes responsible for their degradation which

are fatty acid amide hydrolase (FAAH) and monoacylglycerol

lipase 2-AG, respectively [2,4].

The CB1 receptor is highly expressed in the CNS, and is

considered the most abundant G protein coupled receptor in the

brain [5]. Cannabinoids act at CB1 receptors located presynap-

tically to elicit changes in the synaptic efficacy of central neuronal

circuits that are involved in several processes including reward [6].

The CB2 receptors are predominantly expressed outside the

central nervous system on immune tissues [7]. Recently, the

expression of CB2 receptors has been reported in the brain. First,

the expression of CB2 receptors was demonstrated in rat

microglial cells and other cells in the brain associated with

inflammation [8–11]. Then, CB2 receptor mRNAs were detected

in rat brain (cerebellum, cortex, and brainstem) using reverse

transcription polymerase chain reaction (RT-PCR) [12]. More-

over, CB2 receptor protein was detected using Western blotting

and immunohistochemistry and evidence that CB2 receptors are

functional and have antiemetic activity was obtained using

intracranial ligand infusion [12]. More recently, it has been

suggested that CB2 receptors may be involved in mental disorders

and drug addiction [13,14]. It has been reported that selective

blockade of CB2 receptors prevented the development of alcohol

preference, while selective activation of CB2 receptors enhanced

alcohol preference, in mice subjected to chronic mild stress [13].

In addition, it has been recently reported that selective activation

of CB2 receptors, reduced the reinforcing effects of cocaine and
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reduced levels of dopamine in the nucleus accumbens in wild-type

and CB1 receptor knockout mice, but not in CB2 receptor

knockout mice [15]. These findings support the notion that CB2

receptors are involved in modulating the reinforcing effects of

drugs of abuse.

Most of the studies conducted so far, have explored the effects of

activation or inactivation of CB1 receptors on drug-taking and

drug-seeking behavior for various drugs of abuse, including

nicotine. [16–21]. However, to our knowledge, no studies have

examined the role of CB2 receptors on nicotine-taking and

reinstatement of nicotine-seeking behavior. Here, we explored the

impact of selective blockade and/or activation of CB2 receptors

on nicotine self-administration behavior under fixed-ratio and

progressive-ratio schedules of reinforcement and on reinstatement

of nicotine-seeking behavior induced by reintroduction of nicotine-

associated cues and by nicotine priming.

Materials and Methods

Animals
Male Long Evans rats (Charles River, Lachine, PQ, Canada)

experimentally naive at the start of the study and initially weighing

250 to 275 g were used. All rats were individually housed in a

temperature-controlled environment on a 12-h reverse light/dark

cycle (lights off from 07:00 hours to 19:00 hours). Prior to any

experimental manipulation, animals were given a minimum of 7

days to habituate to the colony room, during which they were

weighed, handled and received unlimited access to both food and

water. After habituation, all rats were diet restricted to 5 Pellets or

20 gms daily and had free access to water. Food restriction

continued until all the experiments were completed. All the

experimental procedures described in this report were carried out

in compliance with the guidelines of the Canadian Council on

Animal Care (compatible with NIH guidelines), and were

reviewed and approved by the Centre for Addiction and Mental

Health (CAMH) Animal Care Committee (Protocol no. 543).

Apparatus
Nicotine intravenous self-administration studies were carried

out in commercially available experimental chambers (Med

Associates, St. Albans, Vt., USA) enclosed in sound attenuating

boxes and equipped with two levers, a house light and 2 cue lights,

one located above each lever. For half the animals, the left lever

was the active lever and for the other half the right lever was the

active lever. Session start was signaled by the illumination of the

house-light and presentation of the levers. Pressing on the active

lever resulted in the delivery of nicotine (30 mg/kg/infusion) when

schedule requirements were met, accompanied by dimming of the

house light and illumination of the cue light above the active lever.

This continued for 60 seconds (time out period), during which

further pressing on the active lever was recorded but had no

programmed consequences. Pressing on the inactive lever was

recorded, but had no programmed consequences throughout the

session.

Experimental Procedures
Food-maintained behavior. Techniques for initial

acquisition of food-maintained behavior were similar to those

already reported [22–24]. Animals learned to lever press for food

reinforcement on a continuous reinforcement (CRF) schedule, in

which each press on the active lever resulted in the delivery of a

45 mg food pellet. During the acquisition sessions, the house light

was on and pressing the active lever resulted in the delivery of food

with no illumination of the cue light above the levers. Daily 1-h

acquisition sessions were conducted for 5 days. Once food-

maintained behavior was acquired, intravenous catheters were

surgically implanted.

Intravenous catheterization. Surgical procedures for

implantation of chronic intravenous catheters were similar to

those reported previously [22,24]. Briefly, catheters were

implanted into the jugular vein, exiting between the scapulae.

Surgery was performed under anesthesia induced by xylazine

(10 mg/kg, intraperitoneal (IP) and ketamine hydrochloride

(90 mg/kg, IP). Incision sites were infiltrated with the

subcutaneous (SC) local anesthetic marcaine (0.125%).

Buprenorphine was given for post-operative analgesia (0.03 mg/

kg, SC), and a single dose of penicillin (30,000 units, IM) was

administered at the completion of surgical procedures. Animals

were allowed to recover for a 1-week period before starting drug

self-administration sessions.

Self-administration procedures. Acquisition of nicotine

self-administration behavior was performed under a fixed-ratio

(FR) schedule of reinforcement at a unit dose of 30 mg/kg/infusion

of nicotine base. Session duration was 60 min. The start of each

60 min session was signaled by illumination of the house light. In

the presence of the illuminated house light, completion of the

schedule requirement on the active lever (i.e. 1 to 5 lever presses

under FR1 to FR5) resulted in the delivery of a nicotine infusion.

Each infusion was followed by a time out (TO) period of

60 seconds, during which the house light was dimmed, the cue

light above the active lever illuminated, and lever press responses

had no programmed consequences.

During the first five days of acquisition, response requirements

were FR1 (i.e., each active lever press during the time-in period

resulted in the delivery of a nicotine infusion), then FR2 for three

days, then increased to reach a final value of FR5. Training was

continued until the self-administration behavior was stable and the

animals had a 15–20 day history of nicotine self-administration.

Self-administration sessions were conducted mostly 5 days a week.

Testing under the FR5 schedule of reinforcement. Animals

were considered to have acquired stable nicotine self-administration

when they (1) pressed the active lever more than twice the number of

times they pressed the inactive lever, (2) received a minimum of 10

infusions per 1-h session and (3) had less than 20% variation in the

number of infusions earned per session over 2 consecutive sessions.

Once stability was reached, the animals were given I.P. injections of

vehicle 30 minutes before the start of the session, to habituate them to

the injection procedure for an additional three days. Rats were

randomized using a Latin-square design and were then tested with

vehicle (0 mg/kg) and different doses of AM630 or AM1241 in a

counter-balanced, within-subject design. Drugs were administered

intraperitoneally 30 min before the session. Two separate groups of

animals were used, one for testing the effects of the CB2 agonist

AM1241 (N = 10) and the other for testing the CB2 antagonist

AM630 (N = 12) on nicotine self-administration behavior under the

fixed-ratio schedule, with drugs or vehicle administered 30 min before

the session. Animals in each group were allowed at least two days of

stable responding before they were retested with a different dose of

either AM630 or AM1241.

Testing AM1241 under the PR schedule of reinforce-

ment. A separate group of animals (N = 8) was trained to

self-administer 30 mg/kg/infusion nicotine under the FR1

schedule for 5 days, then the FR2 schedule for 3 days and the

FR5 schedule for another 2 days and then were directly switched

to a progressive-ratio (PR) schedule where the response require-

ment during the session increased with each successive injection.

The response requirement progression was based on the formula

5e(0.25 inj number)-5, with the first two values replaced by 5 and 10

CB2 Receptors and Reinforcing Effects of Nicotine

PLoS ONE | www.plosone.org 2 January 2012 | Volume 7 | Issue 1 | e29900



(modified from Roberts et al., 1993 [25]). Thus, the response

requirements for successive injections were 5, 10, 17, 24, 32, 42,

56, 73, 95, 124, 161, 208, etc.. PR sessions lasted a maximum of

4 h. However, if the animal ceased to press the active lever for

30 minutes, the session automatically ended and the last ratio

completed by the animal was defined as the break point. The

animals were allowed 10 days of nicotine self-administration under

the PR schedule and testing was performed only after stabilization

of the responding on the active lever for at least 2 consecutive

sessions before testing with AM1241 compound began. All animals

reached their break points during the 4-h sessions within this 10-

day training period and testing of vehicle (0 mg/kg) and AM1241

(1,3 and 10 mg/kg, IP, 30 min before the session) was then

performed.

Testing AM630 under the PR schedule of reinforce-

ment. The same group of animals that were tested with

AM630 under the FR schedule of reinforcement ( N = 12) were

switched to the PR schedule. After stabilization of behavior under

the PR schedule for 2 successive sessions, animals were tested using

vehicle (0 mg/kg) and the highest dose of AM630 (5 mg/kg) in a

counterbalanced, within-subject design, in a similar fashion to that

described with AM1241. Only 7 animals completed testing under

the PR schedule; 5 animals were excluded due to catheter blockade.

Extinction. After acquisition of nicotine self-administration

behavior, as described above, an extinction phase was conducted

by withholding nicotine and its associated cues (house light

remained on and cue lights remained off throughout the session).

Responses on the active and inactive lever were recorded, but had

no programmed consequences. An extinction criterion was

established for each animal individually and was defined as total

active lever responses during the session being less than 20 presses.

This extinction criterion had to be maintained for 2 consecutive

days before testing. All animals reached the extinction criterion

within an average of 12 extinction sessions.

Effects of AM1241 on cue induced reinstatement of

nicotine-seeking behavior. All tests were carried out in a

counter-balanced within-subject design. After each test, extinction was

re-established until extinction criteria were obtained for at least two

consecutive days. Animals (N = 11) were pretreated 30 min before the

session with vehicle (0 mg/kg) and 1, 3 and 10 mg/kg AM1241 in a

counterbalanced order to measure the effects of AM1241 on cue-

induced reinstatement of nicotine-seeking behavior. Cue induced

reinstatement tests were conducted under conditions identical to that

of self-administration, except that responses on the active lever (under

a FR5 schedule) resulted in contingent presentation of the cues (light

above the active lever on and house-light off for 60 s) without nicotine

availability (no infusions). Responses on the inactive lever were

recorded but had no programmed consequences. The testing sessions

lasted for 60 minutes.

Effects of AM1241 on nicotine induced reinstatement of

nicotine seeking. A new group of animals (N = 13) underwent a

similar acquisition and extinction training procedure, as described

above with cue-induced reinstatement. This group was tested for

effects of vehicle (0 mg/kg) and AM1241 (1, 3 and 10 mg/kg IP

30 min before the session) on nicotine-induced reinstatement.

Nicotine priming was performed as in [26,27] by administering

0.15 mg/kg nicotine SC,10 min before the start of the test session.

Effects of AM630 on cue-induced and nicotine-induced

reinstatement of nicotine-seeking behavior. Two separate

groups of animals were tested for effects of AM630 on reinstatement

of nicotine-seeking behavior induced by cues (N = 9) and by nicotine

priming (N = 9). Animals were pretreated with vehicle (0 mg/kg)

and AM630 (1.25, 2.5 and 5 mg/kg) IP 30 minutes before the start

of the session. Cue-induced reinstatement tests were conducted

under conditions identical to that of self-administration, except that

responses on the active lever (on an FR5 schedule) resulted in

contingent presentation of the cues (light above the active lever on

and house-light off for 60 s) without nicotine availability (no

infusions). Responses on the inactive lever were recorded but had no

programmed consequences. Testing the effects of AM630 on

nicotine-induced reinstatement was performed as in [26] by

administering 0.15 mg/kg nicotine SC, 10 min before the start of

test session, in the same manner and using the same methodology as

described above with AM1241. All extinction and reinstatement

sessions lasted for 60 minutes.

Data Analysis
The number of active and inactive lever presses and the number

of nicotine infusions were recorded and analyzed. To analyze the

effects of AM1241 and AM630 on the number of nicotine

infusions earned under the FR and the PR schedules of

reinforcement, one way ANOVA analysis was performed. For

reinstatement studies, one-way repeated measures analysis of

variance (ANOVA) was used to assess the effects of AM1241 and

AM630 on reinstatement induced by nicotine priming and by

nicotine-associated cues. Student-t test was used to assess the effect

of 5 mg/kg of AM630 pretreatment compared to vehicle

pretreatment on nicotine self-administration behavior under the

PR schedule of reinforcement.

Drugs
(-)Nicotine hydrogen tartrate (Sigma-Aldrich, St Louis, Mo., USA)

was dissolved in saline, the pH was adjusted to 7.0 (60.2), and the

solution was filtered through a 0.22 mm syringe filter (Fisher

Scientific, Pittsburgh, Pa., USA) for sterilization purposes. All nicotine

doses are reported as free base concentrations. Nicotine was

administered IV in a volume of 100 ml/kg/injection for self-

administration studies or was administered SC at the dose of

0.15 mg/kg for reinstatement studies. AM1241 (2-iodo-5-nitrophe-

nyl)-(1-(1-methylpiperdin-2-ylmethyl)-1 h-indol-3-yl) methanone was

dissolved in 20% DMSO in saline and injected IP 30 min before the

start of the session and was synthesized by the group of Dr.

Alexandros Makriyannis, the Centre for Drug discovery at

Northeastern University, Boston, MA, USA .AM630 (6-Iodo-2-

methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)-

methanone) (Tocris Bioscience, Missouri USA) was dissolved in

10%DMSO, 10% tween in distilled water and injected IP in a

volume of 1 ml/kg 30 min before the start of the session.

Results

Acquisition of nicotine self-administration behavior
under fixed ratio schedule of reinforcement

During the first week of acquisition, responding on the active

lever decreased to low levels, then gradually increased when the

ratio requirement was increased up to FR5; in contrast,

responding on the inactive lever remained low (Fig. 1A). Over

the next 2 weeks, responding on the active lever under the FR5

schedule that was reinforced by nicotine infusion increased to the

high levels previously maintained by food, while responding on the

inactive lever remained low. The number of nicotine infusions

throughout the different schedules of reinforcement (FR1 – FR5)

showed a consistent level of nicotine self administration (above 10

infusions/session) (Fig. 1B).

Extinction
The data presented in Fig. 1C reflect the extinction pattern for

the group of animals (N = 12) used in the experiment testing the

CB2 Receptors and Reinforcing Effects of Nicotine
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effect of AM1241 on cue-induced reinstatement (only 11 animals

completed testing on cue-induced reinstatement and 1 animal was

excluded due to failure of extinction). Most animals reached

extinction criteria within 8–9 days and testing with AM1241 on

reinstatement was started (extinction training was pursued for the

remaining rats until they reached the extinction criteria).

Effects of AM1241 on nicotine self-administration
behavior under the FR5 schedule

ANOVA analysis showed no significant effect of AM1241

pretreatment on the number of nicotine infusions (F3, 27 = 1.13,

P = 0.35), and pair wise comparisons with vehicle (0 mg/kg)

indicated that administration of AM1241 (1, 3 and 10 mg/kg) did

not affect the number of nicotine infusions received during the

session (N = 10) (Fig. 2A).

Effects of AM1241 on nicotine self-administration
behavior under the PR schedule

ANOVA analysis showed no significant effect of AM1241

pretreatment on the number of nicotine infusions (F3, 21 = 0.20,

P = 0.89). Administration of various doses of AM1241 (1, 3 and

10 mg/kg) failed to produce any change in break point values, as

compared to vehicle (0 mg/kg; N = 8) (Fig. 2B).

Effect of AM1241 on reinstatement of nicotine-seeking
behavior induced by nicotine-associated cues

ANOVA analysis performed on active lever presses indicated a main

effect of cues per se on reinstatement of nicotine seeking compared to

extinction (Ext) conditions (P,0.001). Newman-Keuls Multiple

Comparison Test performed on the active lever presses indicated no

effect of AM1241 administration (F4, 40 = 19.75; P.0.05), compared to

cue-induced reinstatement after vehicle (0 mg/kg) administration.

Neither presentation of nicotine-associated cues nor AM1241

administration, had a significant effect on responding on the inactive

lever (F4, 40 = 1.34, P = 0.27) (N = 11)(Fig. 3A).

Effect of AM1241 on reinstatement of nicotine-seeking
behavior induced by nicotine priming

ANOVA analysis performed on active lever presses indicated a

main effect of 0.15 mg/kg nicotine priming on nicotine-seeking

behavior, as compared to extinction (Ext) conditions (P,0.001).

ANOVA analysis performed on the active lever presses indicated no

effect of AM1241 (F3, 36 = 6.64; P.0.05), as compared to nicotine-

induced reinstatement after vehicle (0 mg/kg) pretreatment.

Neither priming injections of nicotine, nor AM1241 (1, 3 and

10 mg/kg) administration, had a significant effect on responding on

the inactive lever (F3, 36 = 1.80; P = 0.14) (N = 13)(Fig. 3B).

Effects of AM630 on nicotine self-administration behavior
under the FR5 schedule

ANOVA showed no effect of AM630 pretreatment on the

number of nicotine infusions received during the session (F3, 33

= 0.51, P = 0.67), and pair wise comparisons with vehicle (0 mg/

kg) pretreatment indicated that administration of AM630 (1.25,

2.5 and 5 mg/kg) did not affect the number of nicotine infusions

received during the session (N = 12) (Fig. 4A).

Effects of AM630 on nicotine self-administration behavior
under the PR schedule

Student-t test showed no effect of AM630 pretreatment on the

number of nicotine infusions received during the session (P = 0.73).

Administration of 5 mg/kg AM630 failed to produce any change

Figure 1. Pattern of respondinng during acquisition and extinction phases. A. Acquisition of nicotine self-administration (30 mg/kg/
infusion). The total number of active (N) and inactive(&) lever presses (means 6 SEM) received in each session (during time in and time out periods)
under the different schedules of reinforcement (FR- 1, FR-2, FR-5,). B. Number of nicotine infusions (means 6 SEM) earned during acquisition phase in
the same group of animals represented as fig. 1A. C. The number of active (N) and inactive(&) lever presses (means 6 SEM) received in each extinction
session in the same group of animals represented in figures 1A & 1B.
doi:10.1371/journal.pone.0029900.g001

CB2 Receptors and Reinforcing Effects of Nicotine

PLoS ONE | www.plosone.org 4 January 2012 | Volume 7 | Issue 1 | e29900



in the break point values, as compared to vehicle (0 mg/kg)

(Fig. 4B)(N = 7).

Effects of AM630 on reinstatement of nicotine-seeking
behavior induced by nicotine-associated cues

ANOVA analysis performed on active lever presses indicated a

main effect of cues per se on reinstatement of nicotine-seeking

behavior compared to extinction (Ext) conditions (P,0.001).

ANOVA performed on the active lever presses indicated no effect

on cue-induced reinstatement. of different doses of AM630 (1.25,

2.5 and 5 mg/kg) (F4, 32 = 14.94; P.0.05), compared to vehicle

(0 mg/kg). Neither presentation of nicotine-associated cues, nor

administration of AM630, had a significant effect on responding

on the inactive lever (F4, 32 = 0.50 P = 0.73)( N = 9) (Fig. 5A).

Effects of AM630 on reinstatement of nicotine-seeking
behavior induced by nicotine priming

ANOVA analysis performed on active lever presses indicated a

main effect of 0.15 mg/kg nicotine priming on nicotine-seeking

behavior, compared to extinction (Ext) conditions (P,0.001).

Figure 2. Effects of AM1241 on nicotine self-administration under FR5 and PR schedules of reinforcement. A. Effects of pretreatment
with AM1241 (1, 3 and 10 mg/kg, IP H 30) on nicotine (30 mg/kg/infusion) self-administration under the FR5 schedule. Data are expressed as means
(6SEM) of the number of nicotine infusions obtained during the 60-min session. All doses of AM1241 did not affect responding vs. vehicle (0 mg/kg)
pretreatment (N = 10); P = 0.35. B. Effects of pretreatment with AM1241 (1, 3 and 10 mg/kg) on nicotine (30 ug/kg/infusion) self- administration under
PR schedule. A, Data are expressed as means (6SEM) of the number of nicotine infusions obtained during the 4-hr sessions. AM1241 did not affect
break point P.0.05 compared to vehicle (0 mg/kg) pretreatment. (N = 8) P = 0.89.
doi:10.1371/journal.pone.0029900.g002

Figure 3. Effects of AM1241 on reinstatement of nicotine-seeking behavior induced by presentation of nicotine associated cues
and by Nicotine priming. A. A significant reinstatement of nicotine-seeking behavior was produced by presentation of nicotine associated cues
alone compared to extinction condition (Ext) (* P,0.001). ANOVA showed that pretreatment with AM1241 (1, 3 and 10 mg/kg, IP, H 30 min) did not
modify cue induced reinstatement of nicotine-seeking behavior compared to vehicle (0 mg/kg) (P.0.05) N = 11. Data are expressed as means (6SEM)
of the number of active and inactive lever presses during extinction (Ext); vehicle (0 mg/kg) pre-treatment (visual cues) and after pretreatment with
AM121 (1, 3 and 10 mg). B. A significant reinstatement of nicotine-seeking was produced by pretreatment with nicotine (0.15 mg/kg) compared to
extinction condition (Ext) (* P,0.001). ANOVA showed that AM1241 (1, 3, 10 mg/kg, IP, H 30 min) did not modify reinstatement of nicotine-seeking
behavior induced by a priming injection of 0.15 mg/kg nicotine administered 1 min before the session compared to vehicle (0 mg/kg) pretreatment
(P.0.05). Data are expressed as means (6SEM) of the number of active and inactive lever presses during extinction (Ext); vehicle (0 mg/kg) pre-
treatment and after pretreatment with AM121 (1, 3 and 10 mg). N = 13.
doi:10.1371/journal.pone.0029900.g003

CB2 Receptors and Reinforcing Effects of Nicotine
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ANOVA analysis performed on the active lever presses showed no

effects of administration of AM630 (1.25, 2.5 and 5 mg/kg) (F4, 32

= 8.33; P.0.05), as compared to vehicle (0 mg/kg) pretreatment.

Neither priming injections of nicotine nor AM630 administration,

had a significant effect on responding on the inactive lever (F4,

32 = 0.73; P = 0.57)(N = 9) (Fig. 5B).

Discussion

This study is the first to evaluate the impact of selective CB2

receptor ligands on an animal model of nicotine-taking and

nicotine-seeking behavior. Neither activation of CB2 receptors by

the selective CB2 agonist AM1241, nor blockade using the

selective CB2 antagonist AM630 produced significant effects on

nicotine-taking behavior under fixed-ratio or progressive-ratio

schedules of reinforcement. Moreover, both compounds failed to

modulate nicotine-seeking behavior induced by reintroduction of

nicotine-associated cues or by priming injections of nicotine just

before the start of the session.

To our knowledge, data on the behavioral properties of

AM1241 are relatively scarce and are mostly limited to studying

its effects on motor function and pain. We selected a dose range

that covers the different doses used in several previous studies

[28–30], doses that had potent antinociceptive effects, but, no

locomotor, cataleptic or motor side effects [31,32]. Similarly,

AM630 has seldom been tested in drug dependence paradigms.

Similar to AM1241, we used a relatively wide range of AM630

doses similar to doses previously tested [33,34]. Choice of AM630

was due to its high potency and affinity for rat CB2 receptors

[35].

Our results with AM1241 on nicotine self administration under

the fixed-ratio schedule of reinforcement are in agreement with

previous results with the CB2 agonist JWH015, which failed to

modulate alcohol intake in C57Bl/6 mice under a fixed-ratio

schedule of reinforcement [13]. Furthermore, selective blockade of

CB2 receptors by AM630 did not affect alcohol intake in the same

strain of mice under the same schedule of reinforcement [13].

However, both JWH015 and AM630 were able to increase and

decrease alcohol intake, respectively, in mice subjected to chronic

mild stress, which is a paradigm outside the scope of this study

[13]. These findings were later replicated by the same group which

also reported that blockade of CB2 receptors decreased food

consumption in C57Bl/6 mice but failed to produce significant

changes in food intake for Balb/c and DBA/2 mice [36].

In contrast to our findings, Xi et al. have recently shown that

systemic, intranasal and local intra-accumbens administration of

the selective CB2 agonist JWH133, produced a dose dependent

decrease in intravenous cocaine self-administration behavior, in

cocaine-induced hyperlocomotion, and in cocaine-induced in-

creases in extracellular levels of dopamine in the nucleus

accumbens in wild-type and CB1 receptor knockout mice, but

not in CB2 knockout mice [15]. The effects observed with CB2

receptor activation were reversed by the selective CB2 antagonist

AM630 [15]. The difference between our findings and the findings

by Xi and colleagues may be due to differences in the

neurobiological substrates of the drug of abuse studied (nicotine

vs. cocaine), differences in the role of CB2 receptors based on the

animal strain (rats vs. mice), differences in the pharmacological

effects of the CB2 agonist used (JWH133 vs. AM1241, or

differences in the schedule of reinforcement used (FR5 vs. FR1).

Further work addressing those factors would be needed to clarify

the role of CB2 receptors in drug reinforcement.

The behavioral findings in this study are in apparent contrast

with our recent findings that stimulation of CB1/2 receptors using

the mixed CB1/2 receptor agonist WIN 55,212-2 increases

nicotine self-administration behavior under a progressive-ratio

schedule of reinforcement.

Moreover, in the same study, we demonstrated that adminis-

tration of WIN 55,212-2 per se reinstates nicotine-seeking

behavior, an effect that was reversed by the selective CB1 inverse

agonist/antagonist rimonabant but not by the selective CB2

antagonist AM630, indicating that this enhancement of nicotine-

seeking behavior was mediated by CB1 receptors. WIN 55,212

also significantly enhanced reinstatement of nicotine-seeking

behavior induced by reintroduction nicotine associated cues, an

effect that was also reversed by rimonabant [21].

The results in this study, along with our previous work on CB1

receptor stimulation, add more evidence to the current literature

that CB1 and CB2 receptors have several distinct behavioral,

neurochemical and immunological profiles, yet they overlap in

some properties like antinociception, catalepsy (when higher doses

are tested) [30,37].

Figure 4. Effect of AM630 on nicotine self administration under FR5 and PR schedules of reinforcement. A. Effects of pretreatment with
AM630 (1.25, 2.5 and 5 mg/kg, IP, H 30) on nicotine (30 mg/kg/infusion) self administration under the FR5 schedule. Data are expressed as means
(6SEM) of the number of nicotine infusions obtained during the 60-min session. AM630 did not affect responding vs. vehicle (0 mg/kg) pretreatment
(N = 12); P = 0.67. B. Effects of pretreatment with AM630 (5 mg/kg, IP) on nicotine (30 ug/kg/infusion) self administration under PR schedule. A, Data
are expressed as means (6SEM) of the number of nicotine infusions obtained during the 4-hr sessions. AM630 did not affect break point P.0.05 vs.
vehicle (0 mg/kg) pretreatment. (N = 7) P = 0.73.
doi:10.1371/journal.pone.0029900.g004
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One limitation in this study is the lack of data on stress-induced

reinstatement. This aspect would be worth exploring in further

studies. It is clear that neurotransmitters, such as noradrenaline

and corticotrphin releasing factor, are involved in mediating stress-

induced reinstatement [38] and we cannot exclude an involvement

of CB2 receptors in stress-induced reinstatement of nicotine-

seeking behavior at this point.

In conclusion, the findings in this study provide evidence that

CB2 receptors are not involved in the reinforcing effects of

nicotine and in reinstatement of nicotine-seeking behavior induced

by cues and nicotine priming in rats. In this study we used the

intravenous mediated paradigm which has been previously used

by us and several other laboratories to assess the pivotal role CB1

receptors play in the reinforcing effects of nicotine, yet in this study

using the same paradigm we were not able to demonstrate a

similar role of CB2 receptors on nicotine self-administration

behavior or reinstatement of nicotine seeking behavior. Hence, we

believe that ligands modulating the CB1 receptors (either directly

or indirectly by modulating endocannabinoid tone) could

potentially be a more useful tool than CB2 ligands in modulating

the reinforcing and relapse related effects of nicotine [23,39–41].

The findings in this study could be specific to nicotine and not

generalizable to other drugs of abuse. Therefore, further studies

are warranted to investigate the role of CB2 receptors on the

reinforcing and relapse related effects different drugs of abuse.

Author Contributions

Conceived and designed the experiments: IG AZ AM SG BL. Performed

the experiments: IG BL. Analyzed the data: IG. Contributed reagents/

materials/analysis tools: AZ AM SG . Wrote the paper: IG AZ AM SG BL.

References

1. Le Foll B, George TP (2007) Treatment of tobacco dependence: integrating

recent progress into practice. CMAJ 177: 1373–1380.

2. Di Marzo V, Bifulco M, De Petrocellis L (2004) The endocannabinoid system

and its therapeutic exploitation. Nat Rev Drug Discov 3: 771–784.

3. Howlett AC, Barth F, Bonner TI, Cabral G, Casellas P, et al. (2002)

International Union of Pharmacology. XXVII. Classification of cannabinoid

receptors. Pharmacol Rev 54: 161–202.

4. De Petrocellis L, Cascio MG, Di Marzo V (2004) The endocannabinoid system:

a general view and latest additions. Br J Pharmacol 141: 765–774.

5. Cinar R, Szucs M (2009) CB1 receptor-independent actions of SR141716 on G-

protein signaling: coapplication with the mu-opioid agonist Tyr-D-Ala-Gly-

(NMe)Phe-Gly-ol unmasks novel, pertussis toxin-insensitive opioid signaling in

mu-opioid receptor-Chinese hamster ovary cells. J Pharmacol Exp Ther 330:

567–574.

6. Freund TF, Katona I, Piomelli D (2003) Role of endogenous cannabinoids in

synaptic signaling. Physiol Rev 83: 1017–1066.

7. Klein TW, Newton C, Larsen K, Lu L, Perkins I, et al. (2003) The cannabinoid

system and immune modulation. J Leukoc Biol 74: 486–496.

8. Golech SA, McCarron RM, Chen Y, Bembry J, Lenz F, et al. (2004) Human

brain endothelium: coexpression and function of vanilloid and endocannabinoid

receptors. Brain Res Mol Brain Res 132: 87–92.

9. Ibrahim MM, Deng H, Zvonok A, Cockayne DA, Kwan J, et al. (2003)

Activation of CB2 cannabinoid receptors by AM1241 inhibits experimental

neuropathic pain: pain inhibition by receptors not present in the CNS. Proc Natl

Acad Sci U S A 100: 10529–10533.

10. Nunez E, Benito C, Pazos MR, Barbachano A, Fajardo O, et al. (2004)

Cannabinoid CB2 receptors are expressed by perivascular microglial cells in the

human brain: an immunohistochemical study. Synapse 53: 208–213.

11. Benito C, Kim WK, Chavarria I, Hillard CJ, Mackie K, et al. (2005) A glial

endogenous cannabinoid system is upregulated in the brains of macaques with

simian immunodeficiency virus-induced encephalitis. J Neurosci 25:

2530–2536.

Figure 5. Effects of AM630 on reinstatement of nicotine-seeking behavior induced by presentation of nicotine associated cues and
by Nicotine priming. A. Effects of pretreatment with AM630 (1.25, 2.5 and 5 mg/kg, IP H 30 min) on cue-induced reinstatement of nicotine-seeking
behavior. A significant reinstatement of nicotine-seeking behavior was produced by presentation of nicotine-associated cues alone (* P,0.001).
ANOVA showed that pretreatment with AM630 (1.25, 2.5 and 5 mg/kg, IP, H 30 min) did not modify cue induced reinstatement of nicotine-seeking
behavior compared to vehicle (0 mg/kg) pretreatment (P.0.05). Data are expressed as means (6SEM) of the number of active and inactive lever
presses during extinction (Ext); vehicle (0 mg/kg) pre-treatment and after pretreatment with AM630 (1.25, 2.5 and 5 mg). B. A significant
reinstatement of nicotine-seeking was also produced by pretreatment with nicotine (0.15 mg/kg) (* P,0.001). ANOVA showed that AM630 (1.25, 2.5,
5 mg/kg, IP, H 30 min) did not modify reinstatement of nicotine-seeking behavior induced by a priming injection of 0.15 mg/kg nicotine
administered 1 min before the session (P.0.05). Data are expressed as means (6SEM) of the number of active and inactive lever presses during
extinction (Ext); vehicle (0 mg/kg) pre-treatment and after pretreatment with AM630 (1.25, 2.5 and 5 mg).
doi:10.1371/journal.pone.0029900.g005

CB2 Receptors and Reinforcing Effects of Nicotine

PLoS ONE | www.plosone.org 7 January 2012 | Volume 7 | Issue 1 | e29900



12. Van Sickle MD, Duncan M, Kingsley PJ, Mouihate A, Urbani P, et al. (2005)

Identification and functional characterization of brainstem cannabinoid CB2
receptors. Science 310: 329–332.

13. Ishiguro H, Iwasaki S, Teasenfitz L, Higuchi S, Horiuchi Y, et al. (2007)

Involvement of cannabinoid CB2 receptor in alcohol preference in mice and
alcoholism in humans. Pharmacogenomics J 7: 380–385.

14. Ishiguro H, Horiuchi Y, Ishikawa M, Koga M, Imai K, et al. (2010) Brain
cannabinoid CB2 receptor in schizophrenia. Biol Psychiatry 67: 974–982.

15. Xi ZX, Peng XQ, Li X, Song R, Zhang HY, et al. (2011) Brain cannabinoid CB

receptors modulate cocaine’s actions in mice. Nat Neurosci 14: 1160–1166.
16. Le Foll B, Goldberg SR (2004) Rimonabant, a CB1 antagonist, blocks nicotine-

conditioned place preferences. Neuroreport 15: 2139–2143.
17. Forget B, Hamon M, Thiebot MH (2005) Cannabinoid CB1 receptors are

involved in motivational effects of nicotine in rats. Psychopharmacology (Berl)
181: 722–734.

18. Cohen C, Perrault G, Voltz C, Steinberg R, Soubrie P (2002) SR141716, a

central cannabinoid (CB(1)) receptor antagonist, blocks the motivational and
dopamine-releasing effects of nicotine in rats. Behav Pharmacol 13: 451–463.

19. Cohen C, Kodas E, Griebel G (2005) CB1 receptor antagonists for the treatment
of nicotine addiction. Pharmacol Biochem Behav 81: 387–395.

20. Shoaib M (2008) The cannabinoid antagonist AM251 attenuates nicotine self-

admininstration and nicotine-seeking behaviour in rats. Neuropharmacology 52:
438–444.

21. Gamaleddin I, Wertheim C, Zhu AZ, Coen KM, Vemuri K, et al. (2011b)
Cannabinoid receptor stimulation increases motivation for nicotine and nicotine

seeking. dio:10.1111/j.1369-1600.2011.00314.x. Addict Biol In press.
22. Corrigall WA, Coen KM (1989) Nicotine maintains robust self-administration in

rats on a limited-access schedule. Psychopharmacology (Berl) 99: 473–478.

23. Forget B, Coen KM, Le Foll B (2009) Inhibition of fatty acid amide hydrolase
reduces reinstatement of nicotine seeking but not break point for nicotine self-

administration–comparison with CB(1) receptor blockade. Psychopharmacology
(Berl) 205: 613–624.

24. Khaled MA, Farid Araki K, Li B, Coen KM, Marinelli PW, et al. (2010) The

selective dopamine D3 receptor antagonist SB 277011-A, but not the partial
agonist BP 897, blocks cue-induced reinstatement of nicotine-seeking.

Int J Neuropsychopharmacol 13: 181–190.
25. Roberts DC, Bennett SA (1993) Heroin self-administration in rats under a

progressive ratio schedule of reinforcement. Psychopharmacology (Berl) 111:
215–218.

26. Forget B, Pushparaj A, Le Foll B (2010) Granular insular cortex inactivation as a

novel therapeutic strategy for nicotine addiction. Biol Psychiatry 68: 265–271.
27. Forget B, Wertheim C, Mascia P, Pushparaj A, Goldberg SR, et al. (2010)

Noradrenergic alpha1 receptors as a novel target for the treatment of nicotine
addiction. Neuropsychopharmacology 35: 1751–1760.

28. Malan TP, Jr., Ibrahim MM, Vanderah TW, Makriyannis A, Porreca F (2002)

Inhibition of pain responses by activation of CB(2) cannabinoid receptors. Chem
Phys Lipids 121: 191–200.

29. Ibrahim MM, Porreca F, Lai J, Albrecht PJ, Rice FL, et al. (2005) CB2

cannabinoid receptor activation produces antinociception by stimulating

peripheral release of endogenous opioids. Proc Natl Acad Sci U S A 102:

3093–3098.

30. Rahn EJ, Makriyannis A, Hohmann AG (2007) Activation of cannabinoid CB1

and CB2 receptors suppresses neuropathic nociception evoked by the

chemotherapeutic agent vincristine in rats. Br J Pharmacol 152: 765–777.

31. Khasabova IA, Gielissen J, Chandiramani A, Harding-Rose C, Odeh DA, et al.

(2011) CB1 and CB2 receptor agonists promote analgesia through synergy in a

murine model of tumor pain. Behav Pharmacol 22: 607–616.

32. Yamamoto W, Mikami T, Iwamura H (2008) Involvement of central

cannabinoid CB2 receptor in reducing mechanical allodynia in a mouse model

of neuropathic pain. Eur J Pharmacol 583: 56–61.

33. Sticht MA, Long JZ, Rock EM, Limebeer CL, Mechoulam R, et al. (2011) The

MAGL inhibitor, JZL184, attenuates LiCl-induced vomiting in the Suncus

murinus and 2AG attenuates LiCl-induced nausea-like behavior in rats.

Br J Pharmacol.

34. Garcia-Gutierrez MS, Perez-Ortiz JM, Gutierrez-Adan A, Manzanares J (2010)

Depression-resistant endophenotype in mice overexpressing cannabinoid CB(2)

receptors. Br J Pharmacol 160: 1773–1784.

35. Mukherjee S, Adams M, Whiteaker K, Daza A, Kage K, et al. (2004) Species

comparison and pharmacological characterization of rat and human CB2

cannabinoid receptors. Eur J Pharmacol 505: 1–9.

36. Onaivi ES, Ishiguro H, Gong JP, Patel S, Meozzi PA, et al. (2008) Brain

neuronal CB2 cannabinoid receptors in drug abuse and depression: from mice to

human subjects. PLoS ONE 3: e1640.

37. Valenzano KJ, Tafesse L, Lee G, Harrison JE, Boulet JM, et al. (2005)

Pharmacological and pharmacokinetic characterization of the cannabinoid

receptor 2 agonist, GW405833, utilizing rodent models of acute and chronic

pain, anxiety, ataxia and catalepsy. Neuropharmacology 48: 658–672.

38. Zislis G, Desai TV, Prado M, Shah HP, Bruijnzeel AW (2007) Effects of the

CRF receptor antagonist D-Phe CRF(12–41) and the alpha2-adrenergic

receptor agonist clonidine on stress-induced reinstatement of nicotine-seeking

behavior in rats. Neuropharmacology 53: 958–966.

39. Scherma M, Panlilio LV, Fadda P, Fattore L, Gamaleddin I, et al. (2008a)

Inhibition of anandamide hydrolysis by cyclohexyl carbamic acid 39-carbamoyl-

3-yl ester (URB597) reverses abuse-related behavioral and neurochemical effects

of nicotine in rats. J Pharmacol Exp Ther 327: 482–490.

40. Gamaleddin I, Guranda M, Goldberg SR, Lefoll B (2011) The selective

anandamide transport inhibitor VDM11 attenuates reinstatement of nicotine

seeking induced by nicotine associated cues and nicotine priming, but does not

affect nicotine-intake. Br J Pharmacol 164: 1652–60.

41. Scherma M, Justinova Z, Zanettini C, Panlilio LV, Mascia P, et al. (2011) The

anandamide transport inhibitor AM404 reduces the rewarding effects of nicotine

and nicotine-induced dopamine elevations in the nucleus accumbens shell in

rats. Br J Pharmacol.

CB2 Receptors and Reinforcing Effects of Nicotine

PLoS ONE | www.plosone.org 8 January 2012 | Volume 7 | Issue 1 | e29900


