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Abstract
Metabotropic glutamate receptors (mGluRs) have been implicated in the regulation of anxiety,
stress responses, and the neurobehavioral effects of psychostimulants. The present study was
designed to examine whether antagonizing mGluR5 or activating mGluR2/3 prevents stress-
induced reinstatement of cocaine seeking. Male Wistar rats were trained to self-administer cocaine
and then subjected to daily extinction training for 2 weeks. Subsequent exposure to 15 min of
intermittent footshock elicited robust reinstatement of responding at the previously active lever.
Both the selective mGluR5 antagonist MTEP (0-3 mg/kg, IP) and the selective mGluR2/3 agonist
LY379268 (0-3 mg/kg, SC) prevented cocaine seeking induced by footshock stress following the
same dose-response function. The data show that although mGluR2/3 and mGluR5 are
differentially located on synaptic compartments, both LY379268 and MTEP produced the same
behavioral effects in reducing stress-induced reinstatement. These results are important because
they demonstrate that a reduction in glutamate-mediated neural excitability (albeit via different
mechanisms of action) reverses footshock-induced reinstatement and suggest that pharmacological
manipulations of mGluR2/3 and mGluR5 can prevent the effects of stress, a major precipitating
factor for relapse. These findings further confirm that mGluR2/3 or mGluR5 are promising targets
for relapse prevention.
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Introduction
The development of selective ligands for metabotropic glutamate receptors (mGluRs) has
provided novel opportunities for investigating the role of these receptors and, more
specifically, glutamate transmission in drug addiction and anxiety. Particularly interesting in
this respect are Group I (mGluR1 and mGluR5) and Group II (mGluR2/3) mGluRs because
of their abundance in brain regions that mediate drug reward and incentive motivation
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(Kenny and Markou, 2004; Ohishi et al., 1993a, b) or regulate stress and anxiety
(Chojnacka-Wojcik, Klodzinska and Pilc, 2001; Kenny and Markou, 2004; Spooren et al.,
2000, 2002; Swanson et al., 2005). mGluR5 located predominantly on postsynaptic neurons
where they positively modulate glutamate-induced neural excitability (Schoepp et al., 2001).
In contrast, mGluR2/3 are located at the presynaptic and perisynaptic level and provide
negative feedback to decrease glutamate release or synaptic glutamate availability (Ferraguti
and Shigemoto, 2006; Pinheiro and Mulle, 2008; Schoepp et al., 2001).

Growing evidence implicates mGluR5 and mGluR2/3 in the modulation of several
neurobehavioral effects of cocaine, including the drug's psychomotor stimulant and
rewarding actions (Baptista, Martin-Fardon and Weiss, 2004; Chiamulera et al., 2001;
Martin-Fardon et al., 2009). With regard to the role of mGluR5 and mGluR2/3 in cocaine
addiction, pharmacological manipulation of these receptors attenuates drug-seeking behavior
induced by drug-associated environmental stimuli (Baptista et al., 2004; Martin-Fardon et
al., 2009) that, similar to stress, are major precipitating factors for the resumption of drug
use (O'Brien et al., 1998; See, 2002; Sinha et al., 2000; Weiss, 2005). What has remained
unknown, however, is whether mGluR2/3 activation or mGluR5 blockade attenuates the
well-established effects of stress on cocaine seeking.

The present study sought to extend the understanding of the role of mGluR5 and mGluR2/3
in behavior linked to cocaine addiction by using two specific pharmacological tools: 3-[(2-
methyl-1,3-thiazol-4-yl)ethynyl]piperidine (MTEP; a selective mGluR5 antagonist) and
(−)-2-oxa-4-aminobicylco[3.1.0]hexane-4,6-dicarboxylic acid (LY379268; a selective
mGluR2/3 agonist). These mGluR ligands exert potent anxiolytic-like effects in animal
models of anxiety (Spooren et al., 2003; Swanson et al., 2005), thus implicating mGluR5
and mGluR2/3 in the modulation of behavioral responses to anxiety and stress, which are
both important risk factors for relapse to drug use. MTEP and LY379268 reduce glutamate-
mediated neural excitability (albeit via different mechanisms of action) and were tested for
their effects on stress-induced cocaine seeking.

Materials and Methods
Animals

Sixty-four male Wistar rats (Charles River, Wilmington, MA; 200-250 g upon arrival) were
housed 2-3 per cage in a temperature- and humidity-controlled vivarium on a reverse 12 h/
12 h light/dark cycle with ad libitum access to food and water. All procedures were
conducted in strict adherence to the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and approved by the Institutional Animal Care and Use Committee
of The Scripps Research Institute.

Drugs
Cocaine hydrochloride (National Institute on Drug Abuse, Bethesda, MD) was dissolved in
sterile physiological saline. Cocaine was intravenously (IV) infused in a volume of 0.1 ml
over 4 s. The mGluR2/3 agonist LY379268 (generously provided by Lilly Research
Laboratories, Indianapolis, IN) was dissolved in sterile water and administered
subcutaneously (SC), in a volume of 1 ml/kg. The mGluR5 antagonist MTEP (generously
provided by Merck, Rahway, NJ) was dissolved in 10% (v/v) Tween 80 and administered
intraperitoneally (IP) in a volume of 1 ml/kg. These different routes of administration for
LY379268 and MTEP were selected based on the extensive literature that demonstrated that
these conditions are the most favorable for obtaining optimal pharmacological effects of
these mGluR ligands (for LY379268, see Cartmell, Monn and Schoepp, 1999; Cartmell et
al., 2000b; Baptista et al., 2004; Zhao et al., 2006; Imre, 2007; Aujla, Martin-Fardon and
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Weiss, 2008; Sidhpura, Weiss and Martin-Fardon, 2010; for MTEP, see Anderson et al.,
2003; Busse et al., 2004; Martin-Fardon et al., 2009; Sidhpura et al., 2010).

Apparatus
Animals were trained and tested in standard 29 × 24 × 19.5 cm operant conditioning
chambers (BRS/LVE Inc., Laurel, MD), located inside ventilated sound-attenuating cubicles
(BRS/LVE Inc.). All chambers were equipped with two retractable levers (6 cm above the
grid floor), a white cue light above each lever, and a house light located at the top of the
chamber's front panel. Intravenous infusions were administered by a syringe pump (Razel
Scientific Instruments, Stamford, CT) located outside the sound-attenuating boxes. Testing
equipment and data collection were controlled by a computer.

Self-Administration Training
Before implantation of intravenous catheters, rats were food-deprived for 24 h and
maintained on a restricted diet (20 g standard laboratory chow/day) to establish lever-
pressing maintained by 45 mg food pellets (PJ Noyes Company, Lancaster, NH) on a fixed-
ratio 1 (FR1) timeout 20 s (TO 20) schedule of reinforcement. The TO period was signaled
by illumination of a white cue light above the right lever for 20 s. Operant training for food
reinforcers was continued until a criterion of at least 50 pellets per 30 min session over 3
consecutive days was reached. The animals then were returned to ad libitum food
availability. Two or 3 days after the last food training session, the rats were surgically
implanted with chronic jugular catheters (Caine, Lintz and Koob, 1993; Martin-Fardon et
al., 2000) and given 7 days of recovery before commencing self-administration training.
Self-administration of cocaine (0.25 mg/0.1 ml, IV, delivered over 4 s) began on an FR1
schedule of reinforcement in daily 120 min sessions, 5 days per week. Responses at the
right, active lever were reinforced and followed by a 20 s TO period signaled by
illumination of a cue light above the active lever. During this time, the lever remained
inactive. Responses at the left, inactive lever had no scheduled consequences.

Extinction
Following 2 weeks of cocaine self-administration training, the rats were placed on extinction
conditions in daily 2 h sessions. Extinction sessions lasted 14 days and were identical to the
self-administration sessions, including the 20 s signaled TO period following each lever
press, but cocaine was not available. Beginning with the 8th extinction session, the rats were
placed in the boxes without extension of the levers for a 15 min waiting period before the
session to habituate them to the footshock exposure procedure. Moreover, on the last day of
extinction, to habituate the animals to the IP or SC injections, half of the rats were
administered the LY379268 vehicle SC 30 min before the 15 min waiting period, and the
other half were administered the MTEP vehicle IP 60 min before the 15 min waiting period.

Stress-Induced Reinstatement
Reinstatement tests began 1 day after the final extinction session. Thirty minutes after
LY378268 (0.3, 1, and 3 mg/kg, SC) or 1 h after MTEP (0.3, 1 and 3 mg/kg, IP)
administration, rats were exposed to intermittent electric footshock in the self-administration
chamber for 15 min. Footshock (0.5 mA; duration, 0.5 s; mean intershock interval, 40 s;
range, 10-70 s) was administered via the grid floor of the chamber. Using a between-
subjects design, each animal received a single dose of either LY379268 or MTEP before
testing. After termination of the footshock, the levers were extended into the chambers, and
responses were recorded for 2 h. Reinstatement sessions were conducted under conditions
identical to those in effect during extinction, including the 20 s signaled TO period
following each lever press.
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Statistical Analysis
The effects of LY379268 and MTEP on stress-induced reinstatement were analyzed by two-
way between-subjects analysis of variance (ANOVA) followed by individual one-way
ANOVA. The cumulative number of responses for stress-induced reinstatement were
analyzed by mixed-factorial ANOVA, followed by Simple Effects analysis. Significant main
effects or interactions were confirmed by Newman-Keuls post hoc tests. Differences in self-
administration performance between the LY379268 and MTEP groups were analyzed by
unpaired t-tests. Differences in the number of responses between the last extinction session
and reinstatement session conducted under vehicle or drug (LY379268 or MTEP) conditions
were analyzed by paired t-tests.

Results
During the experimental procedure, six rats were lost because of catheter patency failure (n
= 4) or health complications (n = 2), reducing the number of animals to n = 58. Following 2
weeks of cocaine self-administration, all 58 rats acquired cocaine-reinforced responding and
maintained stable cocaine self-administration. The rats then were divided into two groups (n
= 29 animals/group) to test the effects of LY379268 and MTEP. These two groups of
animals were matched according to their cocaine self-administration performance (i.e., the
two groups had similar self-administration baselines; LY379268 group: 29.0 ± 2.4
responses; MTEP group: 31.0 ± 2.2 responses; unpaired t-test, t56 = −0.74; NS; Fig. 1A and
2A).

Fourteen days following the initiation of the extinction period, responding decreased to a
mean (± SEM) of 7.3 ± 2.0 responses (Fig. 1 and 2). Exposure to footshock stress elicited
significant recovery of responding in vehicle-treated (0 mg/kg) rats compared with
extinction in both the LY379268 and MTEP groups (LY379268 group: paired t-test, t6 =
−2.7, p < 0.05; MTEP group: paired t-test, t6 = −3.16, p < 0.05; compare Fig. 1A and 2A).
Both LY379268 and MTEP similarly attenuated footshock stress-induced reinstatement of
cocaine seeking, reflected by a lack of significant differences between the two groups (F1,50
= 0.35, p > 0.05) and a strong overall effect of dose (F3,50 = 7.5, p < 0.001; Fig. 1A and 2A).

Individual one-way ANOVA confirmed a significant effect of LY379268 dose (F3,25 = 3.3,
p < 0.05), and the reversal of stress-induced reinstatement by LY379268 was confirmed at
doses of 1 and 3 mg/kg (Newman-Keuls, p < 0.05; Fig. 1A). Moreover, LY379268 reversed
footshoock-induced reinstatement at extinction levels at 1 mg/kg (paired t-test, t7 = −2.2,
NS) and 3 mg/kg (paired t-test, t6 = −1.2, NS) but not at 0.3 mg/kg (paired t-test, t6 = −2.8, p
< 0.05; Fig. 1A). Further examination of the temporal profile (reflected by the cumulative
number of responses during the 2 h reinstatement tests) demonstrated that under vehicle
conditions, reinstatement occurred during the first 50-60 min of the tests (Fig. 1B).
LY379268 reduced responding associated with footshock stress per unit of time (Fig. 1B).
These effects were dose-dependent, reflected by the progressive decrease in the cumulative
number of responses with increasing LY379268 doses (Fig. 1B). This dose-dependent
decrease of reinstatement was reflected by a main effect of LY379268 dose (F3,25 = 2.8, p <
0.05) and a dose × time (10 min intervals) interaction (F32,275 = 3.9, p < 0.001). Moreover,
this analysis indicated that LY379268 decreased responding at all time-points compared
with the vehicle-treated rats, with the exception of the 0.3 mg/kg dose (Simple Effects, p <
0.05; Fig 1B). Responses at the inactive lever remained minimal (≤ 5) throughout the
experiment and unaltered by LY379268 (data not shown).

As confirmed by a separate analysis, MTEP reduced stress-induced reinstatement (one-way
ANOVA, significant effect of dose: F3,25 = 4.5, p < 0.05; Fig. 2A), with a significant
reversal of stress-induced reinstatement at all doses tested (Newman-Keuls, p < 0.05; Fig.
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2A). Additionally, similar to observations in the LY379268 group, MTEP reversed
footshoock-induced reinstatement at extinction levels at 1 mg/kg (paired t-test, t6 = −0.6,
NS) and 3 mg/kg (paired t-test, t7 = −1.2, NS) but not at 0.3 mg/kg (paired t-test, t6 = −2.5, p
< 0.05; Fig. 2A). Examination of MTEP's effects on cumulative responses confirmed that
this mGluR5 antagonist modified the cumulative response profile at all doses (Fig. 2B).
Similar to the observations in the LY379268 group, under MTEP vehicle conditions,
reinstatement occurred during the first 50-60 min of the tests (Fig. 2B). Moreover, with
increasing MTEP doses, responding decreased, reflected by a main effect of MTEP dose
(F3,25 = 4.2, p < 0.05) and a dose × time interaction (F33,275 = 3.1, p < 0.001). Simple
Effects analyses confirmed that MTEP decreased responding at all time-points across all
doses (p < 0.05; Fig 2B). Responses at the inactive lever remained negligible (≤ 4)
throughout training and testing and were not modified by MTEP (data not shown).

Discussion
The results showed that two agents known to “dampen” excitatory glutamatergic
transmission by activating pre- and perisynaptic mGluR2/3 autoregulatory receptors
(LY379268) or antagonizing excitatory postsynaptic mGluR5 receptors (MTEP) attenuate
stress-induced reinstatement of cocaine seeking. These findings support a role for mGluR2/3
and mGluR5 receptors in anxiety-related behavior and extend evidence that showed that
targeting Group I and Group II mGluRs may represent treatment targets to prevent stress-
induced drug seeking during abstinence.

The modification of stress-induced reinstatement of cocaine seeking by LY379268 and
MTEP cannot be attributed to nonspecific motor impairment. At the dose range used here,
LY379268 and MTEP do not modify either operant responding maintained by a non-drug
reinforcer (Baptista et al., 2004; Martin-Fardon et al., 2009; Zhao et al., 2006) or motor
coordination and activity (Belozertseva et al., 2007; Cartmell et al., 1999, 2000a; Varty et
al., 2005).

The present results clearly demonstrate that blockade of mGluR5 or activation of mGluR2/3
prevents stress-induced cocaine seeking in a similar dose-dependent manner. Although the
effects of MTEP were detected at a dose as low as 0.3 mg/kg (compare Fig. 1A and 2A), no
difference was detected between the effects of LY379268 and MTEP. These findings show
that these two compounds, although acting at different synaptic sites, produce the same anti-
stress-like behavioral effects. Because the net effect of both agents is to dampen glutamate-
mediated neural excitability, and both of these agents have been described earlier to have
anxiolytic-like characteristics (e.g., Spooren et al., 2003; Swanson et al., 2005; Kenny and
Markou, 2004), the present results extend evidence that shows that targeting mGlu2/3 and
mGlu5 receptors may prevent drug seeking in response to major triggering factors, including
stress and drug-related stimuli. Consistent with these observations are earlier findings that
showed that targeting these two receptor systems prevents reinstatement of a wide range of
drugs of abuse, such as nicotine (Liechti et al., 2007; Palmatier et al., 2008), cocaine
(Baptista et al., 2004; Martin-Fardon et al., 2009), heroin (Bossert, Busch and Gray, 2005;
Bossert et al., 2006), and alcohol (Backstrom et al., 2004; Backstrom and Hyytia, 2005;
Sidhpura et al., 2010; Zhao et al., 2006; for recent reviews, see Moussawi and Kalivas, 2010
[Group II mGluR]; Olive, 2009 [Group I mGluR]). Furthermore, mGluR2/3 and mGluR5
have been implicated in both drug seeking and reward function. For example, genetic or
pharmacological inhibition of mGluR5 function reduces cocaine (Chiamulera et al., 2001;
Hao, Martin-Fardon and Weiss, 2010; Martin-Fardon et al., 2009; Paterson and Markou,
2005), heroin (van der Kam, de Vry and Tzschentke, 2007), nicotine (Paterson and Markou,
2005), and alcohol (Cowen, Djouma and Lawrence, 2005; Olive et al., 2005; Sidhpura et al.,
2010) self-administration. Similarly, in the case of Group II mGluRs, mGluR2/3 agonists
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attenuate the reinforcing effects of cocaine (Baptista et al., 2004; Hao et al., 2010), nicotine
(Liechti et al., 2007), and alcohol (Backstrom and Hyytia, 2005; Sidhpura et al., 2010; for
reviews, see Moussawi and Kalivas, 2010; Olive, 2009). Together with these earlier
findings, the present data strongly suggest that targeting Group I and Group II mGluRs may
be beneficial for treating several aspects of drug addiction.

The present findings have implications beyond the data that warrant further discussion. In
conjunction with earlier results, the data indentify mGluR2/3 and mGluR5 as promising
pharmacological targets for attenuating cocaine “craving” associated with cocaine-related
environmental stimuli (Baptista et al., 2004; Martin-Fardon et al., 2009) and in the case of
mGluR2/3, elevated anxiety linked to a history of cocaine dependence that persists long
after withdrawal (Aujla et al., 2008). In fact, previous studies that used a conditioned
reinstatement model conclusively established that both MTEP and LY379268 dose-
dependently reduce reinstatement induced by cocaine-related contextual stimuli (Baptista et
al., 2004; Martin-Fardon et al., 2009). However, these studies also revealed that these two
compounds do not produce identical behavioral profiles. LY379268 was more effective at
reversing reinstatement induced by stimuli conditioned to cocaine compared with stimuli
paired with a highly palatable natural reinforcer, sweetened condensed milk (SCM)
(Baptista et al., 2004). Additionally, LY379268 did not affect SCM self-administration but
decreased cocaine self-administration at the highest dose tested (3 mg/kg) (Baptista et al.,
2004; Hao et al., 2010), suggesting that LY379268 can be specific in the prevention of
cocaine seeking induced by drug-related stimuli and stress as opposed to behavior motivated
by natural reward.

MTEP dose-dependently attenuated the response-reinstating effects of both the cocaine- and
SCM-related stimuli in a similar dose-dependent manner (Martin-Fardon et al., 2009).
Moreover, when the effects of MTEP were tested on primary reinforcement, cocaine self-
administration was found to be decreased but not behavior maintained by SCM. These data
suggest that, in contrast to mGluR2/3 stimulation, blockade of mGluR5 attenuates appetitive
behavior motivated by reward-related stimuli regardless of their association with a specific
primary reinforcer (i.e., drug vs. conventional reinforcer) but is specific to drug reinforcers
(Martin-Fardon et al., 2009). These earlier studies demonstrate that both LY379268 and
MTEP are selective for drug self-administration compared with a conventional reinforcer,
and MTEP has more pronounced effects than LY379268 (Baptista et al., 2004; Hao et al.,
2010; Martin-Fardon et al., 2009).

The present results extend previous findings that identified mGluRs as promising targets for
the prevention of relapse induced by drug-related stimuli or stress. Notably, however, drug
addiction is often associated with increased drug consumption that can modify the
pharmacological profile of promising therapeutic agents, possibly resulting in drug-induced
neuroadaptation (for review, see Moussawi et al., 2009; Kalivas and O'Brien, 2008), a
phenomenon clearly demonstrated in previous studies. Following extended-access cocaine
self-administration (6 h/day), LY379268 became more efficient at preventing anxiety-like
behavior and decreasing cocaine self-administration (Aujla et al., 2008; Hao et al., 2010),
whereas the effects of MTEP were blunted (Hao et al., 2010). A similar behavioral
pharmacological profile was observed in animals that had a history of alcohol dependence,
in which LY379268 and MTEP dose-dependently reduced both alcohol self-administration
and reinstatement of alcohol seeking induced by footshock stress, but LY379268 was more
effective than MTEP in inhibiting both behaviors in postdependent compared with
nondependent animals (Sidhpura et al., 2010). This is an important issue that requires further
research to identify the most effective pharmacological tools for relapse prevention in
postdependent individuals.
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Conclusion
In conclusion, the results implicate mGluR2/3- and mGluR5-regulated glutamatergic
transmission not only in the incentive-motivational effects of stimuli conditioned to drugs of
abuse as previously established (Backstrom et al., 2004; Backstrom and Hyytia, 2005;
Baptista et al., 2004; Bossert et al., 2005, 2006; Liechti et al., 2007; Martin-Fardon et al.,
2009; Zhao et al., 2006), but also in the control of drug-seeking behavior induced by stress.
Moreover, together with earlier findings, the data presented here suggest differential roles
for mGluR2/3 and mGluR5 in drug vs. conventional reward. LY379268 appears to be more
selective in preventing cocaine-seeking behavior, and mGluR5 antagonists may have
substantial potential as treatment medications for cocaine addiction and relapse prevention.
However, the behavioral profile of the “anti-addictive” actions of these compounds remains
to be more systematically established, including verification of the absence of potential
anhedonic effects and changes in pharmacological profile following dependence.
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Figure 1.
Effects of LY379268 on reinstatement induced by footshock stress. A: Active lever
responses during cocaine self-administration (SA) and extinction (EXT) and the effect of
LY379268 on stress-induced reinstatement. Following EXT, exposure to footshock stress
produced robust reinstatement of cocaine seeking (0 mg/kg), and LY379268 reversed stress-
induced reinstatement at 1 and 3 mg/kg. †p < 0.05, compared with extinction (paired t-test;
see Results for details); *p < 0.05, compared with 0 mg/kg. Number of animals/group: 0 mg/
kg, n = 7; 0.3 mg/kg, n = 7; 1 mg/kg, n = 8; 3 mg/kg, n = 7 B: Cumulative number of
responses (per 10 min intervals) throughout the 2 h reinstatement period (error bars omitted
for clarity). *p < 0.05, vehicle vs. 1 and 3 mg/kg (Simple Effects analysis; see Results for
details).
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Figure 2.
Effects of MTEP on reinstatement induced by footshock stress. A: Active lever responses
during cocaine self-administration (SA) and extinction (EXT) and the effect of MTEP on
stress-induced reinstatement. As in Fig. 1, footshock stress produced robust reinstatement of
cocaine seeking under MTEP vehicle conditions (0 mg/kg). MTEP prevented stress-induced
reinstatement at 0.3, 1, and 3 mg/kg. †p < 0.05, compared with extinction (paired t-test; see
Results for details), *p < 0.05, compared with 0 mg/kg Number of animals/group: 0 mg/kg,
n = 7; 0.3 mg/kg, n = 7; 1 mg/kg, n = 7; 3 mg/kg, n = 8. B: Cumulative number of responses
(per 10 min intervals) throughout the 2 h reinstatement period (error bars omitted for
clarity). *p < 0.05, vehicle vs. 0.3, 1, and 3 mg/kg (Simple Effects analysis; see Results for
details).
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