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Abstract

Background—Rats with extended daily cocaine access show escalating cocaine self-
administration and behavioral signs of dependence. Regulation of glutamatergic transmission by
metabotropic glutamate receptors (mGIuR) has emerged as a mechanism in the addictive actions
of drugs of abuse. We examined here whether neuroadaptive dysregulation of mGIuR function is a
factor in escalating cocaine self-administration.

Methods—Rats with 1 h daily cocaine access (short access, ShA) vs. 6 h access (long access,
LgA) were tested for differences in the effects of the mGIluR2/3 agonist LY 379268 and the
mGIuRS5 antagonist MTEP on cocaine-reinforced progressive-ratio (PR) responding and
differences in expression levels and functional activity of mGluR2/3 and mGIuR5.

Results—The LgA groups showed higher PR breakpoints than ShA groups. LY379268 (0-3 mg/
kg, s.c.) dose-dependently lowered breakpoints in the LgA group but reduced breakpoints only at
3 mg/kg in the ShA group. Consistent with this behavioral effect, functional mGIluR2/3 activity
was significantly elevated following LgA cocaine exposure. MTEP (0-3 mg/kg, i.p.) reduced
breakpoints in the ShA group only. LgA cocaine exposure was associated with decreased mGIuR5
expression, accompanied by reduced functional mGIuRb activity in the nucleus accumbens. A
downward trend developed in mGIuRS5 protein expression in the medial prefrontal cortex and
hippocampus.

Conclusion—Functional upregulation of mGIuR2/3 and downregulation of mGIuRS5 are likely
factors in the transition to cocaine dependence. The differential behavioral effects of L'Y379268
and MTEP in rats with a history of long access to cocaine have implications for the treatment
target potential of mGIuR2/3 and mGIuRS5.
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Introduction

Drug addiction is a chronically relapsing disorder characterized by compulsive drug use and
loss of control over intake (1). Although the neural substrates mediating cocaine
reinforcement are well understood, information on the neural mechanisms responsible for
the transition from controlled to compulsive cocaine use is limited. Extended daily access to
cocaine results in escalation of cocaine intake (2,3) and provides an effective model for
studying the neurobiological processes underlying the transition to compulsive drug use (4).

Regulation of glutamatergic transmission by metabotropic glutamate receptors (mGIuR) has
received growing attention with respect to a role in drug addiction (5-11). Evidence for a
role of mGIuR in the pharmacological and behavioral effects of cocaine exists, particularly
for the mGlu2/3 and mGlu5 subtypes (12). mGIuR2/3 is located at the pre- and perisynaptic
level and negatively modulates glutamate transmission by reducing glutamate release or
synaptic availability (13-15). mGIuR2/3 agonists reverse neurobehavioral consequences of
acute and chronic cocaine administration (12) and attenuate cue-induced reinstatement of
cocaine seeking (10,16,17). mGIuR5 is located postsynaptically and positively modulates
glutamate transmission by increasing neural excitability (13). Genetic disruption or
pharmacological inhibition of mGIuRS5 attenuates the reinforcing effects of cocaine
(5,8,9,18).

Regulation of neural excitability by mGIluR2/3 and mGIuRS5 is susceptible to neuroadaptive
disruption, which may be a critical factor in the transition to dependence. Supporting this
hypothesis, mGIuR2/3 signaling is blunted during withdrawal from repeated noncontingent
cocaine administration, reflected by a decrease in G-protein coupling and a decrease in the
capacity to regulate glutamate transmission (19,20). Noncontingent repeated cocaine
treatment also attenuates Group I (i.e., mGIuUR1/mGIuR5) mGIluR-mediated glutamate
release in the nucleus accumbens (NAc) and behavioral activation (21). In rats with a history
of escalated cocaine self-administration, increased anxiety-like behavior and increased
sensitivity to the anxiolytic-like effects of LY379268, a potent mGlu2/3 agonist, have been
reported (22). To test the hypothesis that escalated cocaine self-administration is associated
with altered mGIuR function, the consequences of cocaine exposure contingencies leading
to escalated vs. non-escalated cocaine intake were examined for (i) differential changes in
the effects of pharmacological agents that “dampen” glutamatergic transmission via an
agonist action at mGIluR2/3 (LY 379268) or an antagonist action at mGIuR5 (MTEP) on the
reinforcing magnitude of cocaine, and (ii) differential changes in mGIluR2/3 and mGIuR5
expression levels or functional activity determined by immunoblotting and measures of G-
protein coupling.

Methods and Materials

Animals

Male Wistar rats (200-250 g, Charles River, Wilmington, MA) were maintained on a 12 h/
12 h light/dark cycle (lights off at 18:00). Food and water were available ad libitum. All
procedures were conducted in strict adherence to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee of The Scripps Research Institute.

Cocaine self-administration training

Rats (n = 55) were surgically prepared with indwelling silastic catheters. Cocaine self-
administration training began 7-10 days after surgery in daily 1 h sessions. Sessions were
initiated by extension of both the active and inactive levers. Responses at the active lever
were reinforced on a fixed-ratio 1 (FR1) timeout (TO) 20 s schedule by a cocaine injection
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(0.25 mg/injection for 4 s). After reaching the training criterion (£10% over three
consecutive sessions), rats were divided into cocaine short access (ShA, 1 h daily session)
and long access (LgA, 6 h daily session) groups. Self-administration during this “escalation
phase” was conducted 5-6 days/week until completion of 22 sessions (2).

Behavioral and drug testing procedures

The effects of LY 379268 (0-3 mg/kg, s.c., Lilly Research Laboratories, Indianapolis, IN) or
MTEP (0-3 mg/kg, i.p., Merck Research Laboratories, Rahway, NJ) were examined on
breakpoints for cocaine self-administration on a progressive-ratio (PR) schedule of
reinforcement. Doses of LY 379268 and MTEP were chosen based on the range of doses
previously shown not to interfere with motor performance or operant responding (10,17).
The PR schedule response requirement began with an FR1 and increased according to the
following equation: responses/injection = [5 x e (injection number x0.2)] — 5 (23) The session
ended when an animal failed to complete the response requirement within 1 h. The
breakpoint was defined as the final ratio completed before the 1 h period during which no
infusion was earned. Twenty-three rats (LgA, n = 12; ShA, n = 11) were tested with
LY379268, and 18 rats (LgA, n = 9; ShA, n = 9) were tested with MTEP. PR tests were
conducted such that 3 days of regular LgA and ShA sessions separated each test. Doses of
each drug were tested in a counterbalanced order across rats. The effect of vehicle
administration on PR performance was measured twice in each rat, once before and once
interspersed with drug testing. Drugs were administered 30 min (LY379268) or 60 min
(MTEP) before the test sessions.

Brain dissection

Seventeen hours (LgA) or 22 h (ShA) after the last cocaine training session, rats that were
randomly selected from the ShA and LgA groups (n = 6/group) were deeply anesthetized
and decapitated, and their brains were rapidly removed and dissected into coronal sections.
A group of cocaine-naive rats, matched for age and housing conditions to ShA and LgA
animals, were also included. Brain regions of interest—sampled using a 15-gauge tissue
punch—included the medial prefrontal cortex (mPFC, 3.20 to 1.80 mm relative to bregma),
NAc (1.70 to 0.70 mm), bed nucleus of the stria terminalis (BNST, 0.12 to —0.96 mm),
central nucleus of the amygdala (CeA, —1.44 to —2.70 mm), hippocampus (HIP, —1.90 to
—3.12 mm), and ventral tegmental area (VTA, —5.20 to —6.30 mm). Brain punches were
immediately frozen on dry ice and stored at —80°C.

Protein preparation and mGIluR immunoblotting

Brain tissue punches were homogenized and centrifuged in lysis buffer (140 mM NacCl, 50
mM Tris-HCI, 0.5% Triton-100, pH 7.6) to extract the membrane protein. The preparations
were saved and stored at —80°C. Samples (30 pg) were loaded onto Tris-Glycin Gel and run
for 30 min at 350 V. Protein was transferred onto a polyvinylidene fluoride membrane (0.45
um) using a semi-dry transfer system. Membranes were then blocked for 30 min at room
temperature followed by 30 min incubation with anti-mGlu2/3 (1:5000; Upstate
Biotechnology, Waltham, MA), anti-mGlu5 (1:5000; Upstate Biotechnology, Waltham,
MA), and B-actin (1:3000; Sigma, St. Louis, MO). Immunoblots were then incubated for 30
min at room temperature with horseradish peroxidase-linked secondary antibody (1:5000 or
1:10000, Jackson Immuno Research, West Grove, PA). Levels of actin were detected using
mouse anti-rabbit polyclonal 1gG (1:3000, goat anti-rabbit HRP-conjugated, Pierce,
Rockford, IL). Immunoblots were developed by chemiluminescent substrate and quantified
using Quantity One software (Bio-Rad, Hercules, CA).
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Membrane preparation and [3°S]GTPyS binding assay

Brain punches were homogenized and centrifuged in 10 volumes (w/v) of 10% sucrose. The
pellet was then resuspended in 10 volumes of H,O solution and incubated for 15 min at
37°C. The homogenate was centrifuged at 14800 rpm for 20 min at 4°C. The resulting pellet
was resuspended in 10 volumes of HEPES solution and stored at —80°C until the assay was
performed. Assay compounds were added along with 10 uM guanosine diphosphate, 10 ug
membrane protein, 0.5 U of adenosine deaminase (type X, Sigma, St. Louis, MO), various
concentrations of the mGIluR2/3 agonist LY 379268 (0.01-100 uM) or glutamate (100 uM)
combined with various concentrations of the mGIuR5 antagonist MTEP (0.01-100 uM), and
0.05 nM [33S]GTPyS (250 puCi, Perkin-Elmer, Waltham, MA) to achieve a total volume of
200 pl in HEPES assay buffer (20 mM HEPES, 10 mM MgCl,, 100 mM NacCl, 0.25 mM
EGTA, pH 7.4). Basal binding was measured in the absence of agonist or antagonist, and
nonspecific binding was measured in the presence of 10 uM unlabeled GTPyS. The
compound was then incubated at 37°C for 1 h, and the reaction was terminated by centrifuge
(14500 rpm) at 4°C for 20 min. The supernatant was removed, and the pellet was carefully
washed and re-centrifuged twice at 4°C for 20 min. The resulting pellet was dissolved in 100
ul of 2 M NaOH and transferred to a scintillation vial containing 2 ml scintillation cocktail.
Radioactivity was measured by liquid scintillation spectrophotometry.

Statistical analysis

Results

Behavioral, Western blot, and [3°S]GTPyS binding data were analyzed by analysis of
variance (ANOVA) using one-way or mixed factorial designs as appropriate, followed by
Fisher’s Least Significant Difference (LSD) tests or simple-effects ANOVA. Differences in
self-administration between the first and last session of the escalation phase and differences
in baseline PR performance between the cocaine ShA and LgA groups were analyzed by
Student’s t-test.

Escalation of cocaine self-administration

Cocaine self-administration progressively increased in the LgA group. Escalation of cocaine
intake was observed beginning with session 7 in terms of responding over the entire 6 h
session (p < 0.01 vs. session 1 following one-way ANOVA, F1 546 = 8.43, p < 0.001, Fig.
1A left panel) and session 5 in terms of first-hour responding (p < 0.01 vs. session 1
following one-way ANOVA, F; 546 = 7.40, p < 0.001, Fig. 1A right panel) until session 22.
In contrast, cocaine self-administration in the ShA rats remained stable for 22 sessions.
Escalation of cocaine intake in the LgA group compared with the ShA group was confirmed
when comparing the first hour of cocaine self-administration (i.e., LA 1 h vs. ShA, Fig. 1A
right panel) over the course of the escalation period. This was reflected by a significant
difference between the LgA and ShA groups (F1 53 = 11.94, p < 0.01) and a significant time
(session number) x group interaction (F21 1113 = 4.36, p < 0.001, Fig. 1A right panel).
Compared with the ShA group, the increase in cocaine intake by the LgA group was
observed from session 5 to 7 and session 9 to 22 (simple effects analysis, p < 0.01, Fig. 1A
right panel). Statistical comparison of cocaine intake during the first session vs. final session
of the escalation period separately for the behavioral and immunoblotting/GTPyS binding
experiments confirmed increased cocaine intake in the LgA group only (behavioral
experiment: tog = 2.62, p < 0.05 for the first hour, tog = 2.58 for 6 h, Fig. 1B left panel;
immunoblotting/GTPyS binding experiments: ts = 2.32, p < 0.05 for the first hour, t5 = 2.30,
p < 0.05 for 6 h, Fig. 1B right panel).
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Effects of LY379268 and MTEP on cocaine reinforcement: progressive-ratio tests

Following escalation, rats trained under LgA conditions showed significantly increased
breakpoints compared with the ShA group in the PR tests (unpaired t-test: t41 =4.16, p <
0.05, Fig. 1B inset). In LgA rats, LY 379268 dose-dependently lowered the breakpoint for
cocaine (Fisher’s LSD post hoc test: p < 0.05 vs. 0 mg/kg; ANOVA: F3 46 = 8.14, p < 0.05,
Fig. 2A left panel). In the ShA group, however, only the 3.0 mg/kg dose lowered
breakpoints (p < 0.05, Fisher’s LSD following ANOVA: F3 46 = 8.14, p < 0.05, Fig. 2A left
panel). In contrast to LY 379268, MTEP failed to modify PR performance in LgA rats (Fig.
2A right panel). In ShA rats, however, MTEP dose-dependently lowered breakpoints (F3 34
= 3.40, p < 0.05) at doses of 1.0 and 3.0 mg/kg (p < 0.001, Fisher’s LSD test, Fig. 2A right
panel). Additionally, representative responding records also revealed that LgA rats had
higher breakpoints compared with ShA rats, with no distinct differences in the response
pattern between LgA and ShA rats (Fig. 2B).

Effects of LgA vs. ShA cocaine self-administration on mGIuR protein levels

Following escalation (for behavioral data, see Fig. 1B right panel), LgA rats showed a
significant reduction (p < 0.05) in mGIUR5 protein levels in the NAc (Fisher’s LSD test
following ANOVA: F; 17 = 3.868, p < 0.05, Fig. 4). Although apparent changes in mGIuR5
protein were observed in the mPFC (F5 17 = 3.327, 0.05 < p < 0.1) and HIP (F3 17 = 3.560,
0.05 < p < 0.1), with an upward trend in the ShA group and a downward trend in the LgA
group, the NAc was the only brain region where a significant decrease in mGIuR5 levels
was observed compared with naive rats. No significant changes in mGIuR2/3 protein levels
were observed in any of the sampled brain regions. Only dimer data were used for statistical
analysis because dimeric receptor proteins represent functional mGIluR2/3 and mGIu5R (24).

Effects of LgA vs. ShA cocaine self-administration on GTPyS binding

LY379268 concentration-dependently stimulated [3°S]GTPyS binding in all brain regions
tested (Fig. 5). Significant increases in the ability of LY379268 to increase [3°S]GTPyS
binding were found in the mPFC of LgA rats compared with both ShA and cocaine-naive
rats (p < 0.001, Fisher’s LSD test following ANOVA: F; 108 = 20.13, p < 0.001), BNST (p <
0.001, Fisher’s LSD test following ANOVA: F3 108 = 33.26, p < 0.001), CeA (p < 0.001,
Fisher’s LSD test following ANOVA: F; 198 = 52.43, p < 0.001), and HIP (p < 0.001,
Fisher’s LSD test following ANOVA: F3 10g = 38.59, p < 0.001). Increases in [3°S]GTPyS
binding rate stimulated by higher concentrations of LY 379268 were also found in the VTA
of LgA rats compared with ShA rats (10-100 uM, p < 0.01) and cocaine-naive rats (100 uM,
p <0.01; simple effects analysis following overall ANOVA: F; 108 = 6.43, p < 0.01). Only
scattered and small changes in [3°S]GTPyS binding rate were detected in ShA rats compared
with naive rats, with increases at 1 uM LY 379268 in the HIP (p < 0.01, simple effects
analysis) and decreases at 10-100 pM LY379268 in the CeA (p < 0.01, simple effects
analysis).

MTEP alone did not modify [3°S]GTPyS binding (—7.3 + 2.9% for 100 uM MTEP).
However, MTEP concentration-dependently decreased glutamate-induced [3°S]GTPyS
binding in all brain regions tested (Fig. 6). Inhibition of [3*S]GTPyS binding profiles
remained essentially the same in the three cocaine history groups in all brain regions, with
the exception of small differences in the mPFC (F2 108 = 3.52, p < 0.05) and NAc (F2 108 =
5.86, p < 0.05).

Discussion

In the present study, two agents known to “dampen” excitatory glutamatergic transmission
by activating pre- and perisynaptic autoregulatory mGIluR2/3 (LY 379268) or by
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antagonizing excitatory postsynaptic mGIuR5 (MTEP) attenuated the reinforcing effects of
cocaine on a PR schedule. In rats showing escalated cocaine intake, the ability of the
mGIuR2/3 agonist LY 379268 to diminish cocaine-maintained PR performance increased,
whereas the effect of the mGIuR5 antagonist MTEP was blunted. This differential shift in
the profile of actions of LY379268 and MTEP after cocaine escalation was associated with
distinct changes in mGIluR2/3 and mGIuRb5, reflected by enhanced functional mGIluR2/3
activity and decreased mGIuR5 expression, with overall substantially more pronounced
alterations in mGIuR2/3 function.

Prolonged daily access to cocaine produced marked escalation of cocaine self-administration
associated with increased motivation to “work” for cocaine as previously reported (2,25,26).
Pharmacological manipulation of either mGluR2/3 or mGIuR5 lowered the breakpoints on a
PR schedule, indicating the reduced reinforcing value of cocaine. Extending previous
findings showing that mGIluR2/3 and mGIuR5 manipulations interfere with cocaine self-
administration on FR schedules of reinforcement (10,27,28), this observation strengthens the
hypothesis that both mGIuR2/3 and mGIuRS5 participate in the mediation of the reinforcing
effects of cocaine. Importantly, however, neuroadaptation occurred as a result of cocaine
self-administration under long-access conditions, leading to an increased ability of
LY379268 and a decreased ability of MTEP to modify PR responding. These findings
implicate neuroplasticity in mGluR2/3 and mGIuR5 function in the transition to dependence.

The differential shift in efficacy of LY379268 and MTEP associated with a history of
escalated cocaine intake provides evidence for dysregulation of both mGIluR2/3 and
mGIuR5 function that may reflect neuroplasticity in glutamatergic transmission relevant for
the development of compulsive cocaine use. Consistent with earlier reports showing
increased sensitivity to the anxiolytic-like actions of LY379268 in cocaine-escalated rats
(22) and enhanced effects of mGIuR2/3 activation on inhibition of excitatory glutamate
currents in VTA and NAc neurons following chronic morphine (29,30), the present results
revealed significantly increased sensitivity to LY379268 following cocaine self-
administration under long-access conditions. A corresponding significant increase in G-
protein binding rate was observed in cocaine-escalated rats (vs. naive and ShA rats) in the
mPFC, BNST, CeA, and HIP that likely contributes to the enhanced efficacy of LY379268
in these animals. The mechanism leading to the increased functional activity of mGIluR2/3
remain unclear, but the following sequence of events may be proposed. mGlu2/3R
negatively modulates presynaptic and glial glutamate release (20) and inhibits the cystine-
glutamate exchanger (31), thereby decreasing extracellular glutamate. Glutamate levels
increase during cocaine self-administration (32), presumably leading to autoregulatory
activation of mGIluR2/3. Considering the stable pattern of daily drug intake observed in ShA
rats, this increase in mGIuR2/3 activity is likely transient, returning to baseline before the
onset of the next session, suggested by the absence of increases in either mGIluR2/3 function
or expression levels in ShA rats. In contrast, upregulated mGIluR2/3 activity in response to
prolonged high glutamate levels associated with long-access cocaine self-administration
presumably fails to “re-adapt” and may ultimately persist (22), resulting in substantially
reduced extracellular glutamate levels. Two sets of findings support this possibility. First,
extracellular glutamate was recently shown to decrease more profoundly after long-access
than short-access cocaine self-administration (Sidhpura, Kerr, Martin-Fardon, Weiss,
unpublished observations). Second, administration of N-acetylcysteine, a cysteine prodrug
that activates cysteine-glutamate exchange and restores extracellular glutamate levels,
prevented long-access-induced escalation in cocaine intake but had no effect on cocaine
intake under short-access conditions. Furthermore, N-acetylcysteine only altered cocaine
intake once escalation was evident in rats pretreated with saline, suggesting that increased
sensitivity of mGIuR2/3 develops over repeated cocaine sessions and thus exerts a
progressively more profound suppressant effect on extracellular glutamate in LgA rats (33).
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Functional mGIuR2/3 activity was most profoundly upregulated in the BNST, CeA, and
HIP, suggesting that the increased efficacy of LY 379268 in cocaine-escalated rats is linked
to upregulation of mGIluR2/3 function in these brain regions and, more generally,
implicating these brain areas as sites of action for the attenuation of cocaine reinforcement
by mGIuR2/3 activation. These brain regions are components of the circuitry regulating drug
reinforcement and incentive motivation (34), but they also mediate anxiety-like behavior
and behavioral responses to stress. Thus, the dysregulation of mGIluR2/3 function in these
brain regions may play a role in hedonic allostasis (35) and in the emergence of negative
affect, an integral part of dependence and withdrawal states (36). Cocaine-escalated rats
show long-lasting, mGIuR2/3 agonist-reversible increases in anxiety-like behavior (22),
effects that are likely to be mediated by the CeA and dorsal HIP. Microinjection of
mGIuR2/3 agonists into these sites exerted potent anxiolytic-like effects (37).

In contrast to the present findings, repeated noncontingent cocaine treatment abolished the
inhibitory effects of group Il mGIuRs on synaptic transmission of CeA neurons in brain
slices (38) and decreased mGIuR2/3 signaling by reducing binding of the receptor to the G-
protein (20). This discrepancy is likely attributable to the divergent effects of response-
contingent vs. noncontingent cocaine administration procedures. The behavioral and
neurochemical effects of voluntary vs. involuntary cocaine administration are well known to
differ (39,40). Repeated intermittent cocaine treatment typically produces behavioral and
neural sensitization (40). Rats with a history of long access to cocaine exhibited decreased
sensitization (41) or showed no more sensitization to the psychomotor effects of cocaine
than ShA rats (42). These findings suggest that cocaine-induced decreases in mGIluR2/3
function may be linked to the development of behavioral sensitization, whereas increases in
mGIuR2/3 function may be linked to the development of addictive behavior characterized
by dose escalation and “loss of control.”

The mGIuR5 antagonist MTEP dose-dependently reversed cocaine self-administration on a
PR schedule in ShA rats but lost efficacy in LgA rats. Thus, cocaine self-administration
under conditions that lead to escalation produces neuroadaptation not only in mGIluR2/3 but
also mGIuRb5, albeit with different behavioral consequences. Functional changes in mGIuR5
that may account for the diminished behavioral efficacy of MTEP in LgA rats were evident
but scattered and much less profound than the functional changes in mGIuR2/3. In the NAc,
however, LgA rat showed reductions in both mGIuR5 expression levels and GTPyS binding.
Both effects were small, but the concomitant nature of these changes may have behavioral
significance. mGIuRS5 is highly expressed in the NAc (43), and mGIuRS5 blockade in the
NAc attenuates priming-induced reinstatement of cocaine-seeking (44) and decreases
ethanol self-administration (45), findings that implicate NAc mGIuR5 in regulating drug-
directed behavior. Consistent with such a role, mGIuR5 protein levels were decreased
exclusively in the NAc after cocaine escalation and, combined with reduced NAc functional
mGIuR5 activity, may account at least partially for the loss of MTEP’s ability to modify
cocaine reinforcement. Recently, Ben-Shahar et al. (46) using a similar cocaine escalation
procedure failed to detected changes in mGIuR5 expression levels within the NAc 24 h after
the last cocaine self-administration session in both ShA and LgA rats. This discrepancy is
likely attributable to procedural differences such as in the present study, the animals were
subjected to an extended period of cocaine self-administration training that possibly
produced stronger and detectable changes in mGIuR5 expression level.

The downregulation of mGIuR5 function in the NAc of cocaine-escalated rats may be
explained by findings showing that mGIuR5 undergoes internalization in response to high-
dose agonist stimulation (47-50). One may speculate that prolonged stimulation of mGlu5
receptors associated with long-access cocaine self-administration accelerates mGIluR5
internalization and, in turn, decomposition within lysosomes (51), leading to downregulation
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of these receptors. Conversely, glutamate release associated with short-access cocaine
exposure may not be sufficient to initiate this cascade of events, leaving mGIuR5 function
intact. Supporting this possibility, mGIuR5 protein levels decrease selectively in the NAc
after repeated high-dose cocaine administration (21) and also following withdrawal from 14
days of LgA cocaine exposure (52). MTEP showed a small but significantly decreased
ability to antagonize GTPyS binding in the NAc of LgA rats compared to ShA rats. This
effect may represent an epiphenomenon of the decreased receptor protein levels, and
downstream effectors of the mGIuRS5 signaling cascade may play a role in regulating
functional mGIuRS5 activity responsible for the change in MTEP’s behavioral efficacy. This
may include changes in proteins important for trafficking glutamate receptors and creating
signaling microdomains at postsynaptic sites (53), such as Homer, PSD-95, and filamentous
(F)-actin, which are known to be altered by chronic cocaine exposure (21,54,55).

A trend toward increased mGIuR5 protein levels in ShA rats was detected in the mPFC and
hippocampus. Correspondingly, GTPyS binding rates, which provide overall information on
receptor expression levels and functional activity (56), revealed small enhancements in
mGIuR5 activity within the mPFC and HIP of ShA animals. Thus, in these brain regions,
mGIuR5 number or activity increased as a result of ShA cocaine self-administration but
returned to control levels when cocaine was available under long-access conditions. This is
not an isolated finding because similar patterns of changes induced by cocaine under ShA
vs. LgA contingencies have been reported in NAc anandamide levels (57) and c-fos
expression (41), although the mechanisms responsible for the reversal to control values of
these measures in rats with a history of long access to cocaine remain to be elucidated.

In summary, the results implicate mGIluR2/3 and mGIuR5-mediated glutamate transmission
in regulating cocaine reinforcement and, more importantly, reveal functional upregulation of
mGIuR2/3 and, possibly, downregulation of mGIuRS5 as factors in the transition from
controlled to compulsive cocaine use. Increased efficacy of the mGIuR2/3 agonist
LY379268 to interfere with cocaine reinforcement in rats with a history of escalated cocaine
self-administration identifies mGIuR2/3 as a promising treatment target for severely
addicted individuals. However, targeting mGIluR2/3 may also produce nonspecific effects
(58), although nonspecific effects have been ruled out in numerous studies (10,16,17). In
contrast, the loss of efficacy of the mGIuR5 antagonist MTEP to interfere with cocaine self-
administration in cocaine-escalated rats suggests that downregulation of these receptors (or
alterations in downstream signaling systems) in rats with extended cocaine exposure may
represent an adaptation that further enhances cocaine-seeking behavior. Clearly, however,
these findings reveal that the treatment target potential of mGIuR5 may be limited to the
early stages of the addiction cycle.
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Figure 1.

Cocaine self-administration on a fixed-ratio schedule of reinforcement during the escalation
phase under short-access (ShA) and long-access (LgA) conditions. (A) Time-course of
cocaine escalation during the entire 6 h session (left panel) and the first hour of the sessions
(right panel). Data are expressed as mean = SEM of the number of infusions from the entire
6 h sessions and the first hour of the sessions. *p < 0.05, compared with session 1 (one-way
repeated-measures AVOVA). #p < 0.05, compared with ShA animals (mixed-factorial two-
way repeated-measures ANOVA followed by Fisher’s LSD and simple-effects post hoc
tests). (B) Number of infusions during the first vs. last self-administration session for the
behavioral (left panel) and immunoblotting/GTPyS binding experiments (right panel).
(Inset) Cocaine self-administration on a progressive-ratio schedule of reinforcement in rats
with a history of short access and long access to cocaine self-administration. Data are
expressed as the mean + SEM of the number of infusions during the first hour of the
sessions and the entire 6 h sessions. *p < 0.05, compared with session 1 (paired Student’s t-
test).
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Figure 2.

(A) Effects of mGlu2/3 agonist LY379268 and mGlu5 antagonist MTEP on cocaine self-
administration on a progressive-ratio schedule of reinforcement by rats under short-access
and long-access conditions. The left y-axis indicates the number of infusions per session,
and the right y-axis indicates the corresponding breakpoint. Rats were pretreated with
LY379268 (0, 0.3, 1.0, and 3.0 mg/kg, s.c., 30 min before the test) or MTEP (0, 0.3, 1.0, and
3.0 mg/kg, i.p., 60 min before the test) in a counterbalanced design. Data are expressed as
the mean + SEM of the number of infusions/session. *p < 0.05, compared with vehicle
within each group (one-way ANOVA followed by Fisher’s LSD post hoc test). (B)
Representative records of LgA and ShA rats illustrating the pattern of responding during the

progressive-ratio tests.
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Figure 3.

Representative Western blots for mGluR2/3, mGIuR5, and the loading control (B-actin).
Western blots for both mGIuR2/3 and mGIuR5 proteins yielded two distinct bands for each
subtype (mGIu5: ~150 and ~300 kDa; mGlu2/3: ~100 and ~200 kDa), reflecting monomer
and dimer of mGIluR2/3 and mGIuR5.
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Figure 4.

Protein levels of mGIluR2/3 and mGIuR5 in rats under short-access and long-access cocaine
self-administration conditions assessed by Western blot analysis. The bar graph shows the
mean + SEM percent change from cocaine-naive rats for the dimers of mGIluR2/3 and
mGIuR5. Representative Western blots of mGIuR2/3, mGIuR5 dimer, and the loading
control (B-actin) are presented for each group corresponding to the lower bar graphs. *p <
0.05, compared with cocaine-naive rats (one-way ANOVA followed by Fisher’s LSD post
hoc test).
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Functional coupling of mGIluR2/3 to G-protein in rats under short-access and long-access
cocaine self-administration conditions. The mGIluR2/3 agonist LY 379268 concentration-
dependently stimulated [3°S]GTPyS binding. Data are expressed as the mean + SEM of at
least three experiments that were each performed in duplicate. *p < 0.05, compared with
cocaine-naive rats. #p < 0.05, compared with cocaine ShA rats (two-way ANOVA and
simple-effects ANOVA at each dose).
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Figure 6.

Functional coupling of mGIuR5 to G-proteins in rats under short-access and long-access
cocaine self-administration conditions. The mGIuR5 antagonist MTEP concentration-
dependently attenuated 100 uM glutamate-stimulated [3*S]GTPyS binding. Data are
expressed as the mean + SEM of at least three experiments that were each performed in
duplicate. *p < 0.05, compared with cocaine-naive rats. #p < 0.05, compared with ShA rats
(two-way ANOVA and simple-effects ANOVA at each dose).
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