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Abstract

Rationale—Group II metabotropic glutamate receptors (mGluR2 and mGluR3) have been 

suggested to play an important role in mediation of drug-reinforced behaviors, as well as in the 

mechanisms underlying relapse in abstinent subjects. The prototypical mGluR2/3 agonist, 

LY379268, has been shown to attenuate nicotine reinforcement and cue-induced reinstatement of 

drug seeking in rats, as well as reinstatement induced by drug-associated stimuli and contexts 

across different drugs of abuse (i.e., cocaine, heroin, and methamphetamine). However, in 
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primates, LY379268 has been shown to produce conflicting results on abuse-related effects of 

cocaine, and there are no data available for nicotine.

Objectives—To explore the therapeutic potential of mGluR2/3 agonists, we compared the effects 

of LY379268 (0.03–1.0 mg/kg) on nicotine, cocaine, and food self-administration under a fixed-

ratio (FR10) schedule in three separate groups of squirrel monkeys. Moreover, we studied the 

effects of LY379268 on nicotine/cocaine priming-induced and cue-induced reinstatement of drug-

seeking behavior in nicotine- and cocaine-experienced groups of animals.

Results—LY379268 blocked nicotine, but not cocaine, self-administration in monkeys. There 

was a partial overlap between doses that affected nicotine and food self-administration. In 

abstinent monkeys, LY379268 dose-dependently blocked nicotine, but not cocaine, priming-

induced reinstatement of drug seeking. In both cocaine-experienced and nicotine-experienced 

groups of animals, LY379268 potently reduced cue-induced reinstatement of drug-seeking 

behavior.

Conclusions—The present findings provide strong support for the potential utility of mGlu2/3 

receptor agonists for the treatment of nicotine dependence and suggest their utility for prevention 

of relapse induced by environmental cues associated with drug taking.
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Introduction

Alterations in glutamatergic neurotransmission that occur in response to chronic nicotine 

exposure may be critically involved in nicotine dependence by contributing to the motivation 

to maintain nicotine intake and the reinitiation of intake after a period of abstinence. 

Nicotine exerts its primary rewarding effects partly by activation of excitatory nicotinic 

acetylcholine receptors on glutamate terminals in the ventral tegmental area (VTA) that 

provide excitatory input to mesolimbic dopamine neurons projecting to the nucleus 

accumbens (NAc) shell (Mansvelder et al. 2002; Picciotto and Corrigall 2002). Presynaptic 

metabotropic glutamate 2/3 (mGlu2/3) autoreceptors, that negatively modulate excitatory 

glutamate transmission (Schoepp et al. 1999), are expressed in corticolimbic brain areas 

involved in reward processes, including the VTA and the NAc (Ohishi et al. 1993a, b; 

Richards et al. 2005; Tamaru et al. 2001). Accordingly, stimulation of mGlu2/3 receptors 

decrease extracellular glutamate in the NAc (Baker et al. 2002; Xi et al. 2002) and dopamine 

in the NAc shell, but not in the core (Greenslade and Mitchell 2004). In contrast, mGlu2/3 

receptor blockade increases dopamine in the NAc shell (Karasawa et al. 2006). Drug-paired 

cues elicit an increase in glutamate within the NAc (Hotsenpiller et al. 2001). Similar 

increases in NAc glutamate are associated with drug-induced reinstatement of drug-seeking 

behavior (Cornish and Kalivas 2000; McFarland et al. 2003). Furthermore, microinjection of 

the mGlu2/3 receptor agonist LY379268 into the VTA or NAc shell, but not the NAc core, 

attenuates context-induced reinstatement of heroin-seeking in rats (Bossert et al. 2004, 

2006).
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Modulating glutamate transmission in limbic brain sites also appears to modulate drug self-

administration behavior and the influence of drug-associated cues on behavior. Notably, 

administration of the mGluR2/3 agonist, LY379268, reduces intravenous cocaine self-

administration behavior and cue-induced reinstatement of extinguished cocaine-seeking 

behavior under certain conditions in both rodents and non-human primates (Adewale et al. 

2006; Baptista et al. 2004; Jin et al. 2010; Peters and Kalivas 2006). However, Bauzo et al. 

(2009) did not find a prominent effect of LY379268 on cocaine-maintained behavior in 

squirrel monkeys. We have recently shown that LY379268 also reduces nicotine self-

administration behavior and cue-induced reinstatement of nicotine-seeking behavior in 

abstinent rats (Liechti et al. 2007) but has no effect on food-maintained behavior, except at 

high dosages. Interestingly, nicotine-induced increases in dopamine levels in the nucleus 

accumbens were blocked with LY379268 only when nicotine was self-administered in the 

presence of the cues/context previously associated with nicotine intake (D’Souza et al. 

2011). The effects of this mGluR2/3 agonist on nicotine self-administration behavior and 

cue-induced reinstatement of nicotine-seeking behavior are likely mediated by antagonizing 

nicotine- and cue-induced increases in glutamate transmission. These findings in rats suggest 

that mGluR2/3 agonists may be useful for the treatment of nicotine dependence in humans. 

However, no validation has been performed in a non-human primate model of nicotine self-

administration.

Nicotine maintains self-administration behavior at a high rate in squirrel monkeys, in 

contrast to lower rates in rats under similar conditions (Corrigall 1999; Donny et al. 2003; 

Goldberg et al. 1981; Le Foll et al. 2007; Markou et al. 2004; Mascia et al. 2011; Panlilio et 

al. 2012). This behavior is related to the effects of nicotine, because after training, lever 

pressing extinguished when the nicotine solution was replaced by saline solution. 

Furthermore, varying the dose of nicotine that the monkey could self-administer resulted in 

an inverted U-shaped dose-response curve (Goldberg et al. 1981; Goldberg and Spealman 

1982; Le Foll et al. 2007; Sannerud et al. 1994) that is typically seen with other drugs of 

abuse with this self-administration procedure (Goldberg 1973; Justinova et al. 2003, 2008). 

The aim of the present study was to explore the effects of the mGluR2/3 agonist LY379268 

on abuse-related effects of nicotine in squirrel monkeys. However, in light of conflicting 

results regarding the effects of LY379268 on cocaine reinforcement and reinstatement in 

squirrel monkeys under a second-order schedule (that is considered a model of human drug 

seeking), we also performed parallel experiments with cocaine. Thus, we assessed the effects 

of LY379268 in squirrel monkeys that had learned to intravenously self-administer nicotine 

or cocaine under a fixed-ratio schedule of reinforcement, an animal model that is considered 

reflective of human drug-taking behavior. For comparison, we assessed the effects of 

LY379268 in squirrel monkeys that had learned to respond for food pellets under similar 

conditions. Finally, we assessed the effects of LY379268 on both nicotine/cocaine priming- 

and cue-induced reinstatement of extinguished nicotine- and cocaine-seeking behavior in 

abstinent squirrel monkeys.
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Materials and methods

Subjects

Ten adult male squirrel monkeys (Saimiri sciureus) weighing 0.8 to 1.1 kg were housed in 

individual cages in a temperature-and humidity-controlled room with unrestricted access to 

water. Each animal had a unique numeric or alphanumeric identificator (nicotine self-

administering group: 441, 431, 577, 572; cocaine self-administering group: 70F7, 2F19, 

39B; food self-administering group: 1549, 30A, 34A). The monkeys were trained to self-

administer either nicotine or cocaine prior to the study and had self-administered nicotine, 

cocaine, or food for over 5 years. During this time, they typically had five self-

administration sessions per week. Monkeys were fed (approximately 2 h after the session) a 

daily food ration consisting of biscuits of high protein monkey diet (Lab Diet 5045, PMI 

Nutrition International, Richmond, Indiana). The number of biscuits (8–14) was determined 

for each monkey individually to maintain their body weights at a constant level throughout 

the study. Monkeys self-administering food pellets had the number of biscuits adjusted to 

maintain the motivation to perform food-rewarded task. Fresh fruits, vegetables, and 

environmental enrichment were provided daily. Animals were maintained in facilities fully 

accredited by AAALAC, and experiments were conducted in accordance with guidelines of 

the Institutional Animal Care and Use Committee of the Intramural Research Program, 

NIDA, NIH, DHHS, and 2003 National Research Council Guidelines.

Monkeys were surgically prepared with chronic indwelling venous catheters (polyvinyl 

chloride; inside diameter 0.38 mm; outside diameter 0.76 mm) (Goldberg 1973), which were 

passed subcutaneously to the monkey’s back where they exited the skin. The monkeys wore 

nylon-mesh jackets (Lomir Biomedical, Canada) to protect their catheters.

Apparatus

Experimental chambers and other apparatus used in this study were the same as previously 

described (Justinova et al. 2003). Test sessions were conducted in sound-attenuating 

isolation chambers equipped with a Plexiglas chair, a white house light, and white noise for 

masking of external sound. The chair contained one response lever (Med Associates, USA) 

mounted on a transparent front wall; each press on the lever with a force greater than 0.2 N 

produced an audible click and was recorded as a response. Pairs of amber and green stimulus 

lights, mounted behind the transparent wall of the chair, could be illuminated and used as 

visual stimuli.

Self-administration procedure

Daily 1-h experimental sessions were typically conducted from Monday through Friday with 

each monkey. Each session, monkeys were placed into Plexiglas chairs and restrained in the 

seated position by waist locks. Before the start of the session, catheters were flushed with 1 

ml of saline and one injection was delivered (calculated to fill the dead space of the catheter 

which was about 0.2 ml). The monkeys’ catheters were connected to polyethylene tubing, 

which passed out of the isolation chambers where they attached to motor-driven syringe 

pumps. The syringe pumps were calibrated so that duration of each injection was 0.2 s and 

injection volume was 0.2 ml. At the start of the session, a white house light was turned off 
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and a green stimulus light was turned on. In the presence of the green light, monkeys were 

required to make 10 responses on the lever (10-response, fixed-ratio schedule of 

reinforcement (FR10)) to produce an injection of nicotine or cocaine. The completion of 10 

responses on the lever turned off the green light and produced an intravenous (i.v.) injection 

of 30 μg/kg of nicotine in one group of animals or 30 μg/kg of cocaine in another group. 

Each injection was paired with a 2-s illumination of an amber stimulus light. Each injection 

was followed by a 60-s time-out period, during which the chamber was dark and lever 

presses had no programmed consequences.

First, we performed the nicotine and cocaine self-administration studies. Then, after 

extinction of drug-reinforced responding, we tested the monkeys for cue-induced 

reinstatement. We then retrained the monkeys to self-administer nicotine or cocaine over 5–

10 sessions and then tested for nicotine- or cocaine priming-induced reinstatement, 

respectively, after extinction of the drug-reinforced responding. Subjects received all 

LY379268 doses that were studied in their respective group (nicotine, cocaine, or food). One 

exception was monkey 572 from the “nicotine group” that was not tested in nicotine 

priming-induced reinstatement study due to catheter failure.

Self-administration studies—This phase of the study was performed over a period of 

11–14 weeks in each group of animals. When responding for the training dose of nicotine or 

cocaine (both 30 μg/kg/injection), was stable for at least five consecutive sessions (less than 

15 % variability), testing with the mGluR2/3 receptor agonist LY379268 was then 

conducted. After three sessions with vehicle pretreatment, pretreatment with each LY379268 

dose was tested for five consecutive sessions, followed by recovery of stable nicotine or 

cocaine baseline responding. The same schedule of reinforcement and experimental protocol 

was also used in a group of monkeys self-administering food pellets (three animals). 

Different doses of LY379268 were tested in the following order: 0.3, 1, and 0.1 mg/kg in 

“nicotine” group, 0.3 and 1 mg/kg in “cocaine” group, and 0.3, 1, 0.1, and 0.03 mg/kg in 

“food” group.

Reinstatement studies—This phase of the study was performed over a period of 9 to 10 

weeks. In order to separately determine the reinstatement effects of a priming injection and 

drug-associated cues, we use two different extinction protocols (described below) that allow 

us to isolate the effects of these independent variables.

Cue-induced reinstatement—Before cue-induced reinstatement testing began, monkeys 

were allowed to self-administer the training dose of nicotine or cocaine until they reached a 

stable baseline (5–10 sessions). In subsequent extinction sessions, drug injections and all 

cues associated with drug injections were removed. This means that catheters were not 

connected to a pump, monkeys were not receiving infusions or visual cue presentations, and 

there was no time-out after completing an FR10. After 2 or 3 days of extinction, we tested 

for cue-induced reinstatement of extinguished drug-seeking behavior after vehicle 

pretreatment (i.m.) by allowing delivery of a saline injection paired with the drug-associated 

cues followed by a time-out after the completion of each FR10. Then, the effect of 

pretreatment with LY379268 (0.01–1.0 mg/kg) on cue-induced reinstatement was studied. 

Each reinstatement test was a single session, which was preceded and followed by extinction 
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session(s) with vehicle pre-treatment (i.m.) 30 min before the sessions. LY379268 (0.3 or 1 

mg/kg) was also given i.m. prior to an extinction session to study the effects of LY379268 on 

extinguished drug seeking. The cue-induced reinstatement with vehicle pretreatment was 

repeated after the conclusion of LY379268 testing to ascertain the reliability of the 

reinstatement effect over repeated tests.

Priming-induced reinstatement—After the completion of cue-induced reinstatement 

testing, the monkeys were returned to baseline nicotine or cocaine self-administration for 5–

10 sessions. In subsequent extinction sessions, lever presses led to i.v. saline infusions plus 

the visual cues that had been associated previously with nicotine or cocaine. After at least 

two sessions of extinction, when responding had reached a low, stable level, a priming 

injection of nicotine or cocaine (both 0.1 mg/kg i.v.) was given immediately before the next 

session, during which responding (FR10) continued to produce only i.v. saline injections and 

the discrete visual cues. The effects of LY379268 (0.1, 0.3, or 1 mg/kg, i.m.) or vehicle were 

studied as pretreatments given prior to the nicotine or cocaine priming sessions. A non-

contingent i.v. injection of saline was also given before each extinction session as a vehicle 

control for the drug priming treatment. The 1.0 mg/kg dose of LY379268 was also given i.m. 

prior to vehicle priming to determine whether LY379268 alone would affect extinguished 

drug seeking. The nicotine or cocaine priming-induced reinstatement with vehicle 

pretreatment was repeated after the conclusion of LY379268 testing to ascertain the 

reliability of the reinstatement effect over repeated tests.

Drugs

Nicotine [(−)-nicotine hydrogen tartrate] was purchased from Sigma Chemical Company 

(St. Louis, MO, USA). Nicotine was diluted in saline, and the pH of the solution was 

adjusted to 7.0 with dilute NaOH. Cocaine [(−)-cocaine hydrochloride] was obtained from 

NIDA, NIH (Rockville, MD) and diluted in saline. The dose of nicotine and cocaine (both 

30 μg/kg/injection) for this study was selected based on our previous studies in which this 

dose maintained maximal rates of responding. The mGluR2/3 agonist LY379268[(1R,4R,5S, 

6R)-2-oxa-4-aminobicyclo[3.1.0]hexane-4,6-dicarboxylate] was provided by Dr. Athina 

Markou (University of California San Diego; custom synthesized by ANAWA) and dissolved 

in sterile water. LY379268 or the vehicle was always injected i.m. 30 min before the session.

Statistical analysis

Cumulative-response records were obtained during all sessions to assess within-session 

patterns of responding. Number of lever presses and number of injections per sessions was 

recorded. Rates of responding during self-administration sessions are expressed as responses 

per second averaged over the 1-h session, with responding during time-outs not included in 

the calculations. Injections or pellets per session represent the total number of injections or 

pellets delivered per 1-h session. All data are presented as mean±S.E.M. Statistical analysis 

was performed using one-way or two-way repeated measures ANOVA (data met the 

assumptions of the test) with session and LY379268 dose as factors to assess differences 

between vehicle and LY379268 pretreatment conditions. In the self-administration study, the 

effect of treatment with each LY379268 dose was compared with the average of three 

sessions with vehicle (0 mg/kg) treatment that immediately preceded testing with each 
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LY379268 dose. Post hoc comparisons were performed using the Tukey test. Statistical 

significance was accepted at the p<0.05 level. SigmaStat software (Systat Software Inc.) was 

used for all statistical analyses.

Results

Effect of LY379268 pretreatment on responding reinforced by nicotine, cocaine, or food 
under a fixed-ratio schedule

In this study, at the 30 μg/kg injection dose of nicotine, monkeys self-administered an 

average of 51.47±1.98 injections per 1-h session and response rate in the presence of the 

green light indicating drug availability averaged 1.61±0.35 responses per second (Fig. 1). 

Cocaine 30 μg/kg injections maintained self-administration behavior at an average of 

43.39±0.89 injections per 1-h session and response rate averaged 0.46±0.03 responses per 

second. Under the same schedule, monkeys self-administered 52.25±0.46 food pellets over 

the 1-h session with an average response rate of 1.81±0.51 responses per second. Cocaine 

maintained lower rates of responding than nicotine or food in the current study, but the 

cocaine injection dose of 30 μg/kg was the peak of the cocaine dose-response curve as 

shown in previous studies.

In monkeys self-administering nicotine, pretreatment with LY379268, at all three doses (0.1, 

0.3, and 1.0 mg/kg), produced consistent statistically significant decreases in the number of 

injections self-administered per 1-h session during the 5 days of treatment (Fig. 1a; session × 

LY379268 dose interaction, F(10, 29)=3.69, p<0.004), but number of injections self-

administered per session remained above saline self-administration levels (5.93±0.55 

injections per session). There were no significant differences between the effects of different 

doses of LY379268 on number of self-administered nicotine injections (Fig. 1a; effect of 

dose, F(2, 29)=1.97, n.s.). Rates of responding were significantly reduced by LY379268 

pretreatment at all three doses (Fig. 1d; session × LY379268 dose interaction, F(10, 

29)=3.33, p<0.006) but stayed above saline self-administration levels (0.02±0.01 responses 

per second). Self-administration behavior rapidly returned to high levels when LY379268 

treatment was discontinued (data not shown). In monkeys self-administering cocaine under 

FR10, pretreatment with LY379268 at doses 0.3 or 1.0 mg/kg did not affect the number of 

injections self-administered per 1-h session during the 5 days of treatment (Fig. 1b; session 

× LY379268 dose interaction, F(5, 10)=0.64, n.s.). Rates of responding were not affected by 

pretreatment with LY379268 (Fig. 1e; session × LY379268 dose interaction, F(5, 10)=1.26, 

n.s.). In monkeys self-administering food, LY379268 at doses of 0.3 and 1.0 mg/kg, but not 

0.03 and 0.1 mg/kg, decreased the number of pellets earned during the 1-h sessions (Fig. 1c; 

session × LY379268 dose interaction, F(15, 30)=3.81, p<0.001) and rate of responding (Fig. 

1f; session × LY379268 dose interaction, F(15, 30)=2.08, p<0.05).

Effect of pretreatment with LY379268 on nicotine/cocaine priming-induced reinstatement 
of extinguished drug seeking

When vehicle was substituted for nicotine in the self-administration procedure (extinction), 

monkeys’ lever-pressing decreased to low rates (Fig. 2a; lever presses: 59.33 ±5.46; not 

shown, rate of responding: 0.02±0.01 responses per second). When a non-contingent 
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priming injection of nicotine (0.1 mg/kg, i.v.) was given, lever-pressing was reinstated (Fig. 

2a; lever presses: 536.67±18.56; not shown: rate of responding: 1.88±0.55 responses per 

second) to approximately the same levels that had been obtained during self-administration 

at the peak nicotine dose (as seen in Fig. 1a, d). Pretreatment with LY379268 (0.1, 0.3, or 

1.0 mg/kg) significantly and dose-dependently prevented this priming effect of nicotine (Fig. 

2a; effect of LY379268 dose, F(5, 10)= 23.68, p<0.001). When the 1 mg/kg dose of 

LY379268 was administered prior to a vehicle priming injection, LY379268 did not reinstate 

extinguished nicotine-seeking behavior (p>0.1).

In cocaine-abstinent monkeys (i.e., when vehicle was substituted for cocaine), a cocaine 

priming injection (0.1 mg/kg i.v.) reinstated (F(5, 10)=373.65, p<0.001) extinguished 

cocaine seeking (Fig. 2b; lever presses: 505.00 ±15.28; not shown, rate of responding: 

1.02±0.18 responses per second) compared to when the priming injection consisted only of 

saline (lever presses: 58.33±2.03; rate of responding: 0.02±0.01). Pretreatment with 

LY379268 (0.1, 0.3, or 1.0 mg/kg) had no effect on cocaine priming-induced reinstatement 

(Fig. 2b, all p’s>0.1). When the 1 mg/kg dose of LY379268 was administered prior to a 

vehicle priming injection, it did not reinstate extinguished cocaine-seeking behavior (p>0.1).

Effect of pretreatment with LY379268 on cue-induced reinstatement of extinguished drug 
seeking

When responding no longer produced nicotine or the interoceptive cues produced by i.v. 

injection or the visual cues that were previously associated with nicotine, monkeys’ response 

rates decreased to very low levels (Fig. 3a; lever presses: 53.39±8.09; not shown, rate of 

responding: 0.02±0.01 responses per second). Reintroduction of all nicotine-associated cues 

produced significant reinstatement of nicotine-seeking behavior (Fig. 3a; lever presses: 

498.50± 20.50; not shown: rate of responding: 1.34±0.26 responses per second). 

Pretreatment with LY379268 (0.1, 0.3, or 1.0) significantly and dose-dependently attenuated 

cue-induced reinstatement of nicotine-seeking behavior (Fig. 3a; effect of LY379268 dose: 

F(5, 15)=20.77, p<0.001). When the most effective dose (1 mg/kg) of LY379268 was 

administered prior to an extinction session, it did not significantly affect extinguished drug-

seeking behavior (p>0.1).

Similarly, in cocaine-experienced animals, removal of all cocaine-associated cues and 

injections lead to very low levels of responding (Fig. 3b; lever presses: 43.44±3.00; not 

shown, rate of responding: 0.01±0.00 responses per second). Reintroduction of all cocaine-

associated cues produced significant reinstatement of cocaine-seeking behavior (Fig. 3b; 

lever presses: 490.00±22.55; not shown: rate of responding: 1.02 ±0.06 responses per 

second), which was dose-dependently blocked by pretreatment with LY379268 (0.01, 0.03, 

0.1, or 0.3 mg/kg) (Fig. 3b; effect of LY379268 dose: F(6, 12)= 28.21, p<0.001). When the 

most effective dose (0.3 mg/kg) of LY379268 was administered prior to an extinction 

session, it did not significantly affect extinguished drug-seeking behavior (p>0.1).

Discussion

In this study, systemic administration of the mGlu2/3 receptor agonist LY379268 decreased 

intravenous nicotine self-administration under a fixed-ratio schedule in squirrel monkeys. 
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The number of nicotine injections self-administered per session was reduced by 

approximately 40 %. All tested LY379268 doses had similar effects; thus, effects cannot be 

described as dose-dependent. The effects lasted for the duration of the treatment and nicotine 

self-administration behavior recovered to baseline levels upon discontinuation of LY379268 

treatment. Acute systemic injections of LY379268 also blocked both nicotine priming-

induced and cue-induced reinstatement of nicotine-seeking behavior, and these effects were 

dose dependent. Thus, mGlu2/3 receptors are promising targets for the development of 

medications for nicotine dependence. However, the LY379268 doses that blocked nicotine 

self-administration partially overlapped with doses that also affected monkeys’ responding 

for food under the same conditions. It is possible that LY379268 at higher doses could 

produce aversive experiences (e.g., emetic side effects reported by Adewale et al. in 2006 at 

dose 1 mg/kg and Bauzo et al. in 2009 at dose 3 mg/kg) that could contribute to the 

disruption of food self-administration behavior. In the current study, we did not observe 

emesis but cannot exclude the presence of nausea. The overlap between the effects of 

mGluR2/3 agonists on drug-versus food-reinforced behavior was also shown before in 

rodent studies (Jin et al. 2010; Liechti et al. 2007; Peters and Kalivas 2006). This indicates 

that stimulation of mGluR2/3 has a non-selective effect on responding for drug versus non-

drug reinforcement. This potentially problematic therapeutic profile could be avoided by 

using receptor-selective compounds or allosteric modulators (Jin et al. 2010).

There are previous neurochemical data in rodents supporting our findings suggesting that 

mGluR2/3 activation may serve as a target for developing medications to reduce nicotine 

reward and relapse. In rats, Liechti et al. (2007) have shown that administration of 

LY379268, systemically or directly into the posterior VTA or the NAc shell, dose 

dependently decreased nicotine self-administration at doses that did not affect responding 

for food. These authors also showed that LY379268 blocked cue-induced reinstatement of 

both nicotine- and food-seeking behavior. Furthermore, nicotine-induced increases in 

dopamine levels in the nucleus accumbens were blocked with systemic LY379268 only 

when nicotine was self-administered in the presence of the cues/context previously 

associated with nicotine intake (D’Souza et al. 2011). These results, together with the 

present findings, provide evidence of a critical role for mGlu2/3 receptors in the VTA and 

the NAc shell in the primary reinforcing effects of nicotine and in the motivational impact of 

nicotine-associated environmental stimuli.

In contrast to our findings in nicotine-experienced monkeys, LY379268 treatment was 

ineffective in reducing cocaine self-administration or cocaine priming-induced reinstatement 

under the same schedule of reinforcement, even at doses that affected food-maintained 

behavior. Thus, the involvement of mGluR2/3s in the primary reinforcing effects of cocaine 

seems limited in squirrel monkeys. It is important to note that the effects of LY379268 were 

studied on only one dose of cocaine (or nicotine) that maintained the maximal rates of 

responding in our self-administration model. Our finding with a fixed-ratio schedule is in 

line with another report with squirrel monkeys by Bauzo et al. (2009), which used a second-

order schedule of intravenous cocaine injection to study the effects of LY379268. Under a 

second-order schedule, responding is maintained primarily by the conditioned reinforcing 

effects of stimuli (cues) intermittently associated with injection of the drug (Arroyo et al. 

1998; D’Souza et al. 2011; Everitt and Robbins 2000; Schindler et al. 2002). The study by 
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Bauzo and colleagues found that the effects LY379268 on the reinforcing properties of 

cocaine and on cocaine priming-induced reinstatement were not robust or consistent across 

doses. However, our results are in contrast to the results of another study performed in 

squirrel monkeys (Adewale et al. 2006), where LY379268 dose dependently decreased 

responding under a second-order schedule of cocaine self-administration and also reduced 

cocaine priming-induced reinstatement. The exact reason for discrepant results between the 

two studies using similar second-order schedules (Adewale et al. 2006; Bauzo et al. 2009) is 

not clear. Regarding our study, it is possible that lower rates maintained by cocaine self-

administration as compared to nicotine or food self-administration could have contributed to 

the different findings against these three reinforcers. However, the complete lack of effect of 

LY379268 on cocaine priming-induced reinstatement, where the rates of responding induced 

by a cocaine prime reached higher levels, supports our self-administration findings with 

cocaine.

The effects of LY379268 on cocaine self-administration in rodents also seem somewhat 

limited, with studies showing blockade of cocaine self-administration at doses that also 

affect food-maintained behavior or showing blockade only over a very limited dose range 

(Baptista et al. 2004; Hao et al. 2010; Jin et al. 2010). In addition, in rodents, LY379268 

does not decrease heroin (Bossert et al. 2005) or ethanol (Backstrom and Hyytia 2005; Rodd 

et al. 2006) self-administration behavior under fixed-ratio schedules, except at doses that 

also decrease locomotor activity. Thus, glutamate transmission may be less involved in the 

primary reinforcing effects of cocaine, opiates, and ethanol compared to nicotine in rodents. 

There is, however, a study in rats that showed that intra-VTA injections of LY379268 dose-

dependently decreased cocaine-induced reinstatement, and the authors suggested that 

activation of VTA mGluR2/3s may inhibit cocaine-induced reinstatement by decreasing the 

motivational effect of cocaine (Lu et al. 2012). It is important to note that LY379268 and 

related compounds activate mGluR3, in addition to mGluR2, and the physiological role of 

mGluR3 is unknown (Schoepp et al. 1999; Tamaru et al. 2001). This limitation of various 

compounds has led to development of new compounds selective for mGluR2 (Dhanya et al. 

2011; Jin et al. 2010). Jin and colleagues (Jin et al. 2010) showed that the positive allosteric 

mGluR2 modulator, BINA, blocked cocaine self-administration in rats without affecting 

food-maintained behavior, thus suggesting a specific role of mGluR2 in abuse-related 

behaviors of cocaine.

The results of our study did show striking effects of LY379268 on reinstatement of cocaine-

seeking behavior in abstinent, cocaine-experienced monkeys, where LY379268 dose-

dependently blocked cue-induced reinstatement, but not reinstatement induced by a cocaine 

prime. This finding is in line with other reports from rodents showing that systemic 

LY379268 administration decreases cue-induced reinstatement of cocaine seeking and 

context-induced reinstatement of heroin seeking in rats (Baptista et al. 2004; Bossert et al. 

2004; Cannella et al. 2013). mGluR2/3 agonists have also been shown to decrease cue-

induced reinstatement of nicotine, heroin, and methamphetamine seeking in rats (Bossert et 

al. 2005; Kufahl et al. 2013; Liechti et al. 2007). Thus, decreases in glutamate transmission 

induced by mGluR2/3 agonists seem particularly effective in reducing drug-seeking 

behavior induced by drug-associated stimuli. Interestingly, LY379268 appeared to be 
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somewhat more potent in blocking cue-induced reinstatement of cocaine seeking than 

nicotine seeking in our study.

In summary, the present findings show that the mGlu2/3 receptor agonist LY379268 reduces 

nicotine-taking, as well as nicotine-seeking, behavior in squirrel monkeys. These results 

extend our previous findings (Liechti et al. 2007) from rodents to non-human primates and 

confirm mGluR2/3 as a target for anti-smoking medications. In addition, LY379268 had no 

significant effects on cocaine-maintained behavior and cocaine-induced reinstatement at 

doses that affected these behaviors produced by nicotine. However, LY379268 was effective 

in blocking the cue-induced reinstatement of both nicotine and cocaine seeking. This 

confirms the effectiveness of mGluR2/3 stimulation in attenuating the effects of 

environmental stimuli associated with taking of different drugs. Thus, mGluR2/3 stimulation 

has promising effects in non-human primate models of nicotine reinforcement and relapse, 

and this mechanism should be further studied for potential use in smoking cessation and 

relapse prevention.
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Fig. 1. 
Effects of LY379268 on self-administration of nicotine, cocaine, or food under a fixed-ratio 

schedule (FR10) in monkeys. Number of nicotine 30 μg/kg injections (a), cocaine 30 μg/kg 

injections (b), or food pellets (c) self-administered per 1-h session and rates of responding 

(d, e, f) after pretreatment with vehicle (0 mg/kg) or LY379268 (0.03, 0.1, 0.3, and 1 mg/kg) 

are shown. Each bar represents the mean±SEM from four (nicotine) or three monkeys 

(cocaine, food). *p<0.05, post hoc comparisons with the average of three sessions with 

vehicle (0 mg/kg) treatment immediately preceding testing with each LY379268 dose, Tukey 

test. Note: Ordinates on d, e, f have different scales
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Fig. 2. 
Effects of LY379268 on priming-induced reinstatement of extinguished drug-seeking 

behavior in nicotine- or cocaine-experienced monkeys. LY379268 (0.1, 0.3, or 1 mg/kg) or 

vehicle was administered prior to the vehicle, nicotine (a) or cocaine (b) priming injections. 

Lever presses produced per 1-h session are shown. Bars represent means±SEM from four (a) 

or three (b) monkeys. “Vehicle priming + 0 mg/kg” bars represent the average of five 

extinction sessions prior to the test sessions. “Nicotine priming + 0 mg/kg” or “cocaine 

priming + 0 mg/kg” bars represent the average from two tests. *p<0.05, post hoc 

comparisons with “vehicle priming + 0 mg/kg” condition; #p<0.05, post hoc comparisons 

with “nicotine priming + 0 mg/kg” or “cocaine priming + 0 mg/kg,” Tukey test
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Fig. 3. 
Effects of LY379268 on cue-induced reinstatement of extinguished drug-seeking behavior in 

nicotine- or cocaine-experienced monkeys. LY379268 (0.01, 0.03, 0.1, 0.3, or 1 mg/kg) or 

vehicle was administered prior to the sessions, in which cue presentations and saline 

injections were not present or were reinstated. Lever presses produced per 1-h sessions are 

shown in nicotine- (a) or cocaine-experienced (b) monkeys. Bars represent means±SEM 

from four (a) or three (b) monkeys.”No cues + 0 mg/kg” bars represent the average of five 

extinction sessions prior to the test sessions. “Cues + 0 mg/kg” bars represent the average of 

two tests. *p<0.05, post hoc comparisons with “no cues + 0 mg/kg” condition; #p<0.05, post 

hoc comparisons with “cues + 0 mg/kg,” Tukey test

Justinova et al. Page 17

Psychopharmacology (Berl). Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and methods
	Subjects
	Apparatus
	Self-administration procedure
	Self-administration studies
	Reinstatement studies
	Cue-induced reinstatement
	Priming-induced reinstatement

	Drugs
	Statistical analysis

	Results
	Effect of LY379268 pretreatment on responding reinforced by nicotine, cocaine, or food under a fixed-ratio schedule
	Effect of pretreatment with LY379268 on nicotine/cocaine priming-induced reinstatement of extinguished drug seeking
	Effect of pretreatment with LY379268 on cue-induced reinstatement of extinguished drug seeking

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3

