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Metabotropic glutamate receptor 2/3 (mGluR2/3) agonists were shown previously to nonselectively decrease both cocaine- and

food-maintained responding in rats. mGluR2 positive allosteric modulators (PAMs) may represent improved therapeutic compounds

because of their modulatory properties and higher selectivity for mGluR2. We analyzed the effects of the selective, brain penetrant,

and systemically active mGluR2 PAM potassium 30-([(2-cyclopentyl-6-7-dimethyl-1-oxo-2,3-dihydro-1H-inden-5-yl)oxy]methyl)biphenyl

l-4-carboxylate (BINA) and the mGluR2/3 agonist LY379268 on intravenous cocaine self-administration and cocaine-seeking behavior

in rats that had short (1 h, ShA) or long (6 h, LgA) access to cocaine. The effects of BINA on food responding and food-seeking

behavior were also analyzed. Finally, we examined the effects of BINA on brain reward function and cocaine-induced

reward enhancement using the intracranial self-stimulation procedure. BINA decreased cocaine self-administration in both ShA

and LgA rats, with no effect on food self-administration. Alternatively, LY379268 nonselectively decreased both cocaine and food

self-administration. BINA decreased cue-induced reinstatement of cocaine seeking with no effect on food seeking. The cocaine-induced

enhancement of brain reward function was blocked by BINA, although the highest doses of BINA decreased brain reward function

when administered alone, suggesting additive, rather than interactive, effects of BINA and cocaine. In conclusion, BINA attenuated

the reinforcing and counteracted the reward-enhancing effects of cocaine and decreased cue-induced cocaine-seeking behavior,

without affecting behaviors motivated by food reinforcement. The higher selectivity of BINA compared with an mGluR2/3 agonist for

drug- vs food-motivated behaviors suggests a therapeutic role for mGluR2 PAMs for the treatment of cocaine addiction and possibly

other drugs of abuse.
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INTRODUCTION

Cocaine addiction, a chronic relapsing disorder, remains a
major public health problem in the United States (O’Brien
and McLellan, 1996; Leshner, 1997; Ohishi et al, 1998;
Dackis and O’Brien, 2001), showing the unmet need for
novel treatments for cocaine addiction (O’Brien and
Gardner, 2005). Several sources of motivation contribute
to the maintenance of cocaine abuse. Specifically, the

rewarding properties of abused drugs lead to a progressive
escalation in the frequency and intensity of drug use, one of
the major behavioral phenomena characterizing the devel-
opment of addiction (American Psychiatric Association,
1994; for review, see Koob et al, 2004; Koob, 2009). In
animal experiments, rats that have extended/long access
to intravenous cocaine self-administration increase their
intake over days, closely mimicking the human condition of
increased compulsive drug use (Ahmed and Koob, 1998;
Ahmed et al, 2002).

In addition, cocaine amplifies reward signals in the brain,
an effect common with other drugs of abuse (Robbins et al,
1983; Taylor and Robbins, 1986; Phillips and Fibiger, 1990;
Rice and Cragg, 2004). Furthermore, the reward-enhancing
actions of cocaine may partially account for its intrinsic
rewarding properties and reflect how psychostimulant
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drugs, including cocaine, increase sensitivity to non-drug
rewarding environmental stimuli (Harrison et al, 2002;
Chaudhri et al, 2006; Kenny and Markou, 2006; Kenny,
2007). Specifically, in the intracranial self-stimulation
(ICSS) procedure, cocaine administration lowers reward
thresholds in rats (Esposito et al, 1978; Frank et al, 1988;
Kokkinidis and McCarter, 1990; Markou and Koob, 1992;
Kenny et al, 2003, 2006), reflecting cocaine-induced
enhancement of the rewarding effects of the stimulation.

Finally, chronic vulnerability to relapse contributes to the
maintenance of cocaine abuse (Weiss, 2005; Epstein et al,
2006). The presentation of environmental stimuli previously
associated with drug taking can precipitate drug craving
and relapse to drug use in humans (O’Brien and McLellan,
1996; O’Brien et al, 1998; Dackis and O’Brien, 2001) and
may elicit cocaine-seeking behaviors, leading to the
reinstatement of cocaine self-administration in animals
(eg, Markou et al, 1993; Katz and Higgins, 2003; Epstein
et al, 2006). Recent findings suggest that the neuronal
mechanisms underlying drug self-administration are differ-
ent from those mediating relapse vulnerability during
abstinence (Shalev et al, 2002; Kalivas and Volkow, 2005;
Shiffman et al, 2006). Therefore, in the assessment of the
putative therapeutic effects of new compounds, examining
the effects of the compounds on the different aspects of
cocaine dependence is important.

Recent findings suggest that neuroadaptations in gluta-
matergic transmission induced by repeated exposure to
cocaine or other drugs of abuse are likely to contribute to
the maintenance of addictive behaviors, including drug
use, craving, and relapse to drug taking in humans (Kalivas
and Duffy, 1998; Mansvelder and McGehee, 2000; Ungless
et al, 2001; Kalivas, 2004, 2009; Kenny and Markou, 2004;
Markou, 2007; Gass and Olive, 2008; Knackstedt and
Kalivas, 2009). Specifically, repeated cocaine exposure alters
the function of group II metabotropic glutamate receptors
(mGluRs). Group II mGluRs, comprising mGluR2 and
mGluR3, are predominantly found presynaptically
(Schoepp, 2001) and modulate presynaptic glutamate
release (Conn and Pin, 1997; Anwyl, 1999; Cartmell and
Schoepp, 2000). High levels of group II receptor binding are
found in brain regions implicated in different aspects
of drug abuse and dependence, suggesting a possible role
for mGluR2/3 subtypes in the development of cocaine
dependence (Baptista et al, 2004; Kenny and Markou, 2004;
Lee et al, 2005; Weiss, 2005; Adewale et al, 2006; Peters and
Kalivas, 2006; Aujla et al, 2008; Gass and Olive, 2008;
Knackstedt and Kalivas, 2009). Supporting the hypothesis
that the rewarding effects of cocaine are partially mediated
by cocaine-induced increases in glutamate transmission,
the mGluR2/3 agonist LY379268 decreased glutamate levels
(Xi et al, 2002a) and attenuated cocaine self-administration
in rats (Baptista et al, 2004) and squirrel monkeys (Adewale
et al, 2006). Although LY379268 attenuated cocaine-seeking
behavior (Baptista et al, 2004; Peters and Kalivas, 2006),
it also inhibited responding for food and food-seeking
behavior (Baptista et al, 2004; Bossert et al, 2006b;
Peters and Kalivas, 2006; Liechti et al, 2007), indicating
nonselective actions of mGluR2/3 agonists on responding
for drug and non-drug reinforcers. Altogether, the above
findings strongly indicate that mGluR2/3 agonists have
desirable ‘therapeutic’ effects in animal models of aspects

of cocaine dependence. However, the relative contributions
of the mGluR2 and mGluR3 subtypes to the observed
effects of the mGluR2/3 agonists remain unclear. Further-
more, the observed effects of mGluR2/3 agonists on
both drug- and food-maintained responding remain
problematic because such findings on responding for food
may suggest a non-optimal side-effect profile (Mello and
Negus, 1996).

Recently, relatively selective mGluR2 positive allosteric
modulators (PAMs) have been developed (Johnson et al,
2003, 2005; Schaffhauser et al, 2003; Hu et al, 2004;
Pinkerton et al, 2004; Bonnefous et al, 2005; Galici et al,
2005, 2006; Govek et al, 2005; Benneyworth et al, 2007).
These compounds show selectivity for mGluR2 compared
with other mGluR subtypes (Johnson et al, 2003, 2005;
Schaffhauser et al, 2003; Galici et al, 2006) and bind at an
allosteric site on the receptor to potentiate glutamate-
induced activation of the receptor (Schaffhauser et al, 2003).
mGluR2 PAMs have some of the same behavioral effects as
mGlu2/3 agonists in animal tests used to assess anxiolytic
and antipsychotic activity (Johnson et al, 2003, 2005;
Schaffhauser et al, 2003; Pinkerton et al, 2004; Bonnefous
et al, 2005; Galici et al, 2005, 2006; Govek et al, 2005;
Benneyworth et al, 2007). These findings are consistent with
recent reports showing that mGluR2, but not mGluR3,
mediates the actions of the mGluR2/3 agonist LY379268 in
mouse tests predictive of antipsychotic activity (Woolley
et al, 2008). On the basis of the findings discussed above, we
hypothesized that decreasing glutamate neurotransmission
by acute administration of an mGluR2 PAM would reduce
cocaine self-administration and cue-induced reinstatement
of cocaine seeking, as well as cocaine-induced enhancement
of brain reward function, similar to mGluR2/3 agonists.
We also hypothesized that mGluR2 PAMs, because of
their modulatory properties, would have specific effects
on cocaine-maintained behaviors at doses that do not
affect food-maintained responding. This hypothesis was
supported by our previous work showing that positive
modulation of GABAB receptors selectively decreased
nicotine self-administration with limited effects on food-
maintained responding (Paterson et al, 2008).

The discovery and preclinical testing of highly selective
mGluR2 PAMs with good brain penetration will signifi-
cantly contribute to the discovery of novel therapeutic
treatments for different aspects of cocaine dependence.
Accordingly, we examined the effects of acute systemic
administration of the mGluR2 PAM potassium 30-([(2-
cyclopentyl-6-7-dimethyl-1-oxo-2,3-dihydro-1H-inden-5-yl)oxy]
methyl)biphenyl l-4-carboxylate (BINA; Galici et al, 2006;
Benneyworth et al, 2007) on cocaine self-administration and
cocaine seeking in rats that had short (1 h) or long (6 h) access
to cocaine. For comparison purposes, we also evaluated the
effects of LY379268, an mGluR2/3 agonist, on cocaine self-
administration in rats with short and long access to cocaine. In
addition, we examined the effects of BINA on food-maintained
responding and food-seeking behavior to assess the selectivity
of BINA on cocaine- vs food-maintained behavior. Finally, we
examined the effects of BINA on ICSS reward thresholds under
baseline conditions and on cocaine-induced reward enhance-
ment, reflected in the ICSS procedure. Before behavioral
testing, the selectivity of BINA for mGluR2 vs mGluR3 and the
efficacy of BINA after systemic administration were evaluated
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using various in vitro and in vivo assays, including pharmaco-
kinetic properties and blood–brain barrier penetration.

MATERIALS AND METHODS

Subjects

Male Wistar rats (Charles River, Raleigh, NC), weighing
300–350 g at the beginning of the experiments, were housed
two per cage in a temperature- and humidity-controlled
vivarium on a reversed 12 h–12 h light–dark cycle (lights on at
2000 h). All behavioral testing took place during the dark phase
of the light–dark cycle. Rats had unlimited access to water and
food except during food training when food was restricted to
20 g/day per rat. All animals were treated in accordance with
the guidelines of the National Institutes of Health regarding the
principles of animal care. Animal facilities and experimental
protocols were in accordance with the Association for the
Assessment and Accreditation of Laboratory Animal Care.

Drugs

Cocaine hydrochloride (National Institute on Drug Abuse,
Bethesda, MD) was dissolved in sterile physiological saline.
Experimenter-administered cocaine was injected intraperito-
neally (i.p.) in a volume of 1 ml/kg, with a pretreatment time
of 10 min. The cocaine solution for intravenous self-admin-
istration was filtered through a 0.22mm syringe filter (Fisher
Scientific, Pittsburgh, PA) for sterilization purposes. The
mGluR2/3 agonist LY379268 ([-]-2-oxa-4-aminobicyclo[3.1.0]
hexane-4,6-dicarboxylate) was custom synthesized according
to the synthesis described elsewhere (Monn et al, 1999) and
purchased from ANAWA (Wangen, Switzerland). LY379268
was dissolved in sterile water, pH-adjusted to 7.4 with sodium
hydroxide, and administered subcutaneously in a volume of
1 ml/kg, with a pretreatment time of 30 min, consistent with
previous work with this compound (Baptista et al, 2004;
Bossert et al, 2004; Liechti et al, 2007). BINA was synthesized
in the laboratory of one of the authors (NC). The experi-
mental procedures for the large-scale preparation of BINA
and the spectroscopic data for BINA and the synthetic inter-
mediates are provided in the Supplementary Materials and
methods. BINA was dissolved in sterile water and adminis-
tered i.p. in a volume of 5 ml/kg, with a pretreatment time of
60 min. All doses are defined as the BINA potassium salt.

In Vitro Cell Culture and Thallium Flux Assays

Human embryonic kidney (HEK-293) cell lines co-expressing
rat mGluR2 or rat mGluR3 and G protein-coupled inwardly
rectifying potassium (GIRK) channels (Niswender et al, 2008)
were used for in vitro evaluation of compound activity
through thallium flux assays. Full experimental procedures
for cell culture conditions, preparation of rat mGluR2 or rat
mGluR3 GIRK cell lines, and thallium flux assay protocols are
provided in the Supplementary Materials and methods.

Absorption, Distribution, Metabolism, and Excretion
(ADME) and Pharmacokinetic Studies

A full description of experimental procedures, evaluating
BINA absorption, metabolism, and excretion as well as

pharmacokinetic studies are provided in the Supplementary
Materials and methods.

Behavioral Procedures

Food training and food-maintained responding. Rats were
placed under food restriction (20 g/day per rat) and trained
to lever press for 45 mg food pellets (Research Diets, New
Brunswick, NJ). Training started on a fixed-ratio 1 time-out
1 s (FR1 TO 1 s) schedule of reinforcement, which then
increased to FR1 TO 20 s. Only the active lever was used
during food training. Successful acquisition of the food
response was defined as earning 100 pellets during a 60-min
session. The training period lasted approximately 5 days.
An identical training procedure was used for both the food-
maintained responding subjects and the rats that later were
allowed to self-administer cocaine.

Cocaine self-administration procedure. Methodological
details of catheter construction, surgery, and apparatus
have been described previously (Semenova and Markou,
2003a). Rats were prepared with intravenous catheters
inserted into the right jugular vein under isoflurane
anesthesia (1–1.5% isoflurane/oxygen mixture). Cocaine
self-administration training began after 7 days of recovery
from surgery during daily 1 h self-administration testing
sessions. These sessions were initiated by extension of both
the active and inactive levers. Responses at the active lever
were reinforced under an FR1 schedule of reinforcement by
an intravenous injection of cocaine (0.5 mg/kg per infusion
salt) delivered over a 2-s period in a volume of 0.05 ml.
On completion of the operant response for cocaine delivery,
a cue light above the lever was turned on for 20 s and
signaled the time-out period, during which responses had
no consequences. Responses at the inactive lever were
recorded but had no scheduled consequences. All rats were
trained to self-administer cocaine for 10 days. The criteria
for showing stable performance (410 infusions per session;
o20% variation over three consecutive sessions) were
reached by all rats during this 10-day period. On day 11, two
groups of rats, balanced for body weight and cocaine intake,
were formed. One group of rats continued to have access to
cocaine for a daily short 1 h (ShA) session, whereas the
second group of rats had access to cocaine for a long 6 h
(LgA) session for an additional 20 days (ie, ‘escalation’
phase for the LgA rats).

Extinction procedure. After completion of the ‘escalation’
phase of cocaine self-administration and the assessment of
the effects of the various pharmacological manipulations
(see below), all rats underwent 7 days of cocaine abstinence
followed by seven consecutive daily extinction testing days.
Similarly, rats assigned to food responding underwent seven
consecutive daily extinction sessions after food training was
completed; the latter took approximately 7 days. Responses
at both the inactive and active lever were recorded but had
no consequences (ie, no cue light illumination, no infusion/
no food, and no syringe pump activation noise). In
addition, during the seven extinction sessions, rats were
not attached to the tubing or the metal leads while in the
operant chamber to minimize the cues associated with
cocaine administration. During these seven extinction
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sessions, all rats reached the extinction criteria (ie, o30% of
baseline responding during the last two extinction sessions
compared with the mean of the last 3 days of cocaine self-
administration).

Reinstatement procedure. The reinstatement phase started
1 day after the last extinction session. All conditions during
the reinstatement sessions were the same as during the
cocaine or food self-administration testing sessions, with
the exception that responses at the active lever resulted in
contingent presentation of the previously cocaine- or food-
associated cue light and the delivery of a saline infusion
instead of cocaine in the cocaine group. The reinstatement
session was initiated by the delivery of one noncontingent
presentation of the cue light identical in all parameters
to the previously presented cue light during the self-
administration phase of the experiment (ie, 20-s cue light
presentation). The reinstatement session duration was 1 h
for both cocaine- and food-responding groups. For the
cocaine groups, four reinstatement sessions were conducted
every third day (days 1, 4, 7, and 10 of the reinstatement
phase), separated by two extinction sessions (cue and
cocaine absent) to re-extinguish responding. There were
two reinstatement sessions after vehicle administration: one
vehicle reinstatement session was part of the Latin-square
design and another vehicle reinstatement session occurred
after the completion of the Latin square. This last
reinstatement session after vehicle administration allowed
us to assess the persistence of the reinstatement effect and
the feasibility of using a within-subjects design for the
cocaine studies. The food-responding rats had a single
reinstatement test session because a between-subjects
design for the factor drug dose was used (see below).

ICSS procedure. Methodological details of surgery,
apparatus, and the ICSS procedure are described in detail
elsewhere (Markou and Koob, 1992; Harrison et al, 2002;
Semenova and Markou, 2003b), as well as in the Supplemen-
tary Materials and methods. Briefly, subjects were prepared
with stainless steel bipolar electrodes in the posterior lateral
hypothalamus (anterior/posterior, �0.5 mm from bregma;
medial/lateral, ±1.7 mm; dorsal/ventral, �8.3 mm from dura;
incisor bar set 5 mm above the interaural line; Pellegrino
et al, 1986) under isoflurane/oxygen vapor mixture (1–1.5%
isoflurane) anesthesia. Subjects were trained to respond for
electrical stimulation under a discrete-trial current-threshold
ICSS procedure, modified from Kornetsky et al (1979). Each
test session typically lasted 30–40 min and provided two
dependent variables for behavioral assessment: threshold and
response latency (Markou and Koob, 1992; Harrison et al,
2002; Semenova and Markou, 2003b).

Behavioral Experimental Designs

Experiment 1: effects of BINA and LY379268 on cocaine
self-administration and food-maintained responding.
After completion of the ‘escalation’ phase of cocaine self-
administration, drug treatments were initiated. BINA and
LY379268 were administered according to two sequential
within-subjects Latin-square designs. First, BINA (0, 10,
20, and 40 mg/kg, i.p.; 60 min pretreatment time) was
administered to ShA (n¼ 12) and LgA (n¼ 15) groups. One

rat from the LgA group initially showed unstable perfor-
mance and was not included in the BINA experiment, but
this rat established stable performance at a later time-point
and was included in the LY379268 experiment. After
completion of the BINA experiment, the catheters of four
LgA rats lost patency, and these subjects were excluded
from the LY379268 experiment. After completion of the
BINA experiment, the ShA (n¼ 12) and LgA (n¼ 12) rats
were treated with 0, 0.3, 1, and 3 mg/kg LY379268 (i.p.)
30 min before testing. The highest LY379268 dose (6 mg/kg)
was administered to all rats after completion of the Latin
square. At least 3 days elapsed between drug/vehicle
injections to re-establish stable self-administration behavior
(o20% variation over 3 days).

To assess possible nonspecific actions of BINA and
LY379268, the effects of BINA (0, 10, 20, and 40 mg/kg, i.p.)
and LY379268 (0, 0.3, 1, 3, and 6 mg/kg, i.p.) were also
assessed in animals trained to lever press for food during
1-h sessions. The FR1 TO 20 s schedule of reinforcement
used for food-maintained responding was identical in all
parameters to the schedule under which cocaine was self-
administered.

Experiment 2: effects of BINA on cue-induced reinstate-
ment of cocaine- or food-seeking behavior. Rats from
experiment 1 were also used to analyze the effects of BINA
on the reinstatement of extinguished cocaine self-adminis-
tration. After completion of the two sequential Latin squares
with BINA and LY379268 administration (experiment 1),
LgA (n¼ 13) and ShA (n¼ 12) rats underwent 7 days of
abstinence from cocaine self-administration with no hand-
ling or behavioral testing. Starting on day 8 of cocaine
abstinence, rats underwent extinction training during seven
1-h daily extinction testing sessions, as described above.
Four doses of BINA (0, 10, 20, and 40 mg/kg) were injected
60 min before each 1-h reinstatement test session according
to a within-subjects Latin-square design.

To assess possible nonspecific actions of BINA, the effects
of BINA were also assessed on food-seeking behavior. A
between-subjects design was used because cue-induced
food-seeking behavior shows rapid extinction with repeated
reinstatement testing, prohibiting the use of a within-
subjects design (Bespalov et al, 2005). Thus, four indepen-
dent groups of naive rats (n¼ 10 per group) responding
for food were tested with different doses of BINA (0, 10, 20,
and 40 mg/kg, i.p.) in a single reinstatement test session
after a 7-day extinction period. Cue-induced responding
was calculated as the total number of responses emitted on
the active lever, including the responses emitted during the
20-s time-out period when the cue light was presented.

Experiment 3: effects of BINA administration on brain
reward function and cocaine-induced reward enhance-
ment. Naive rats (n¼ 11) were prepared with ICSS
electrodes and trained in the ICSS procedure. After
establishment of stable ICSS thresholds, the effects of BINA
alone and combined with cocaine on thresholds and res-
ponse latencies were assessed according to two sequential
Latin-square designs. First, BINA (0, 10, 20, and 40 mg/kg,
i.p., 60 min pretreatment time) was administered under
baseline conditions with at least 3 days between each BINA
administration, during which time rats were tested in the
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ICSS procedure without treatment. The same rats then
received BINA (0, 10, 20, and 40 mg/kg, i.p., 60 min pre-
treatment time) combined with cocaine (10 mg/kg, i.p.,
10 min pretreatment time) according to a Latin-square
design. Our previous studies have shown that cocaine at
a dose of 10 mg/kg induced maximal threshold lowering
without affecting the rats’ performance in the ICSS
procedure (Markou and Koob, 1992).

Statistical Analyses

Quantification of BINA in plasma and brain samples was
accomplished by comparison with a standard curve created
using Shimadzu LabSolutions software and Microsoft Excel.
Pharmacokinetic parameters were determined by noncompart-
mental analysis using PK Solutions version 2.0 software
(Summit Research Services). Statistical analyses of the
behavioral experiments were conducted using the Statistical
Package for the Social Sciences version 15.0 (SPSS, Chicago, IL).

Intravenous self-administration and food-maintained
responding data were expressed as a percentage of the
baseline number of rewards earned, with baseline defined as
the mean number of rewards earned over the 3 days before
each drug testing session. Percent values are presented to
allow for direct comparisons of data between ShA and LgA
groups, as well as for data derived from the two different
reinforcers (ie, cocaine and food). ICSS data are expressed
as a percentage of baseline, with baseline defined as the
mean ICSS thresholds or latencies obtained over the 3 days
before each drug testing session. To analyze the changes in
cocaine intake during the escalation period, a two-way
repeated-measures analysis of variance (ANOVA) was used,
with Cocaine Access as the between-subjects factor and
Session as the within-subjects factor. Acute effects of BINA
and LY379268 on cocaine self-administration and food-
maintained responding were analyzed separately for each
drug and reinforcer using two-way repeated-measures
ANOVA, with Dose as the within-subjects factor and
Cocaine Access as the between-subjects factor. Cocaine-
and food-seeking data are expressed as the mean number of
lever presses±SEM during reinstatement sessions. The
subgroups of reinstated and non-reinstated rats were
determined based on both a median split analysis and a
predefined criterion (ie, the absolute number of active lever
presses during both reinstatement sessions after vehicle
administration being larger than the mean number of active
lever presses during the last 2 days of extinction). ANOVAs
with Dose as either the within-subjects factor (for cocaine-
seeking data) or between-subjects factor (for food-seeking
data) were used to analyze the effects of BINA on cue-
induced reinstatement of cocaine- and food-seeking beha-
vior, respectively. Acute effects of BINA on ICSS baseline
performance and cocaine-induced thresholds/latencies were
analyzed using two-way repeated-measures ANOVA, with
BINA and Cocaine as within-subject factors. Post hoc
comparisons were conducted with least significant differ-
ence (LSD) tests. To test the a priori hypothesis relating to
the differential effects of BINA and LY379268 on cocaine
intake in the ShA and LgA groups, comparisons were made
using unpaired t-tests, in addition to the post hoc tests, after
statistically significant effects in the ANOVAs. The criterion
for significance was set at the 0.05 level.

RESULTS

In Vitro mGluR Assays

We recently developed a novel assay that takes advantage
of the ability of the bg subunits of Gi and Go heterotrimers
to interact with G-protein-coupled inwardly rectifying
potassium (GIRK) channels, which leads to alterations in
the kinetics of channel opening (Niswender et al, 2008).
This assay exploits the ability of potassium channels to
conduct thallium ions (Tl + ) (Weaver et al, 2004). Using this
assay, we examined the regulation of heteromeric GIRK 1/2
channels by endogenous and transfected Gi/o-coupled G
protein-coupled receptors (GPCRs). We found that each
of the group III mGluRs (mGluRs 4, 7, and 8) coupled to the
modulation of GIRK current and that thallium flux through
GIRK channels provides a sensitive and high-throughput
screening method to examine the bg-mediated signaling
properties of agonists, antagonists, and allosteric modula-
tors of various Gi/o-linked GPCRs (Niswender et al, 2008).
The majority of studies developing positive and negative
mGluR2 allosteric modulators employ as their functional
readout either forced coupling to chimeric G-proteins, such
as Gqi5, to measure a calcium response downstream of
mGluR2 or GTPgS binding assays to detect functional
activity of mGluR3 (Galici et al, 2006; Hemstapat et al,
2007). However, these assays, particularly the GTPgS
binding assay used for mGluR3, are not readily amenable
to the high-throughput screening that is needed for detailed
pharmacological analysis and new ligand discovery.

Given the robust coupling of group III mGluRs to
modulation of GIRK current, we evaluated the ability of
group II mGluRs to couple to GIRK channels in this assay.
As we previously showed with group III mGluRs (Niswender
et al, 2008), we found that group II mGluRs readily
couple to heteromeric GIRK channels in HEK-293 cells
(Figure 1a). Glutamate induced a concentration-dependent
increase in thallium flux with an EC50 of 849±64 nM for
mGluR2 and 565±19 nM for mGluR3. To verify that GIRK
channel modulation occurs through a group II mGluR, the
mGluR2/3 orthosteric antagonist LY341495 (Johnson et al,
1999) was evaluated in the thallium flux assay. LY341495
potently inhibited the EC80 glutamate response at both
mGluR2 and mGluR3 GIRK cells in a thallium flux assay,
with an IC50 of 26.1±0.7 nM for mGluR2 GIRK and
7.1±0.4 nM for mGluR3 GIRK (Figure 1b). Having estab-
lished mGluR2 GIRK and mGluR3 GIRK functional assays,
we next evaluated the mGluR2 PAM BINA in this assay and
verified its activity as a PAM toward mGluR2 (Figure 1c).
BINA induced a concentration-dependent increase in the
EC20 glutamate response toward mGluR2 GIRK with an
EC50 of 347.6±51.4 nM and was inactive toward mGluR3
(Figure 1c), as previously described (Galici et al, 2006).
These in vitro studies established the activity of our scale-up
synthesis of BINA and provide a platform for future
mGluR2 and mGluR3 drug discovery efforts.

ADME and Pharmacokinetic Studies In Vitro and
In Vivo

As a precursor to in vivo efficacy studies, we first evaluated
BINA in a set of in vitro ADME assays and then performed
in vivo pharmacokinetic studies to determine BINA drug
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levels in plasma and brain after systemic administration
in rats. Thus, we used rat microsomal and rat plasma
stability assays to determine the likely extent of first-pass
metabolism of BINA after administration in rats. We also
evaluated BINA in an in vitro parallel artificial membrane
permeation assay to assess gastrointestinal absorption and
blood–brain barrier permeability using specific central
nervous system membrane lipids. The BINA profile in
these assays is shown in Table 1. The data suggest that BINA
has a promising in vitro ADME profile, including resistance
to microsomal degradation and plasma enzyme metabolism,
as well as very good potential for blood–brain barrier

permeability. We also assessed the plasma levels and central
nervous system penetration of BINA by direct measurement
of brain drug levels because brain penetration is a key
determinant of both systemic activity and therapeutic
efficacy for mGluR2 PAMs. The in vivo pharmacokinetic
data for BINA are shown in Tables 2 and 3, indicating that
BINA achieved excellent plasma and brain levels after
systemic (i.p.) administration in Wistar rats. The pharma-
cokinetic data were used to guide the selection of doses and
time-points for data collection for the determination of the
in vivo efficacy of BINA in the behavioral experiments.

Behavioral Experiments

No effects of dose order on cocaine self-administration,
reinstatement, or ICSS data (threshold and latency) were
revealed by ANOVA analyses for any of the experiments
(data not shown).

Figure 1 In vitro profiling of mGluR2 and mGluR3 GIRK thallium flux
assays shows that BINA has mGluR2 selective PAM activity. (a)
Concentration response curves (CRCs) of glutamate were performed on
HEK-293 cells expressing heteromeric GIRK channels and either mGluR2
(mGluR2 GIRK) or mGluR3 (mGluR3 GIRK) in a thallium flux assay. Data
are expressed as the percentage of the maximal glutamate response. EC50

values for glutamate were 849±64 nM for mGluR2 and 565±19 nM for
mGluR3. (b) CRCs of LY341495 were performed in the presence of an
EC80 concentration of glutamate on mGluR2 GIRK or mGluR3 GIRK cells in
a thallium flux assay. Data are expressed as the percentage of the glutamate
EC80. IC50 values for LY341495 inhibition were 26.1±0.7 nM for mGluR2
GIRK and 7.1±0.4 nM for mGluR3 GIRK. (c) CRCs of BINA were
performed in the presence of an EC20 concentration of glutamate on
mGluR2 GIRK of mGluR3 GIRK cells in a thallium flux assay. The EC50 for
BINA’s potentiation of the glutamate EC20 was 347.6±51.4 nM for
mGluR2 GIRK. BINA was inactive for potentiation of the glutamate EC20

for mGluR3 GIRK. All data are expressed as the mean of a minimum of
three independent experiments performed in triplicate, and error bars
represent SEM.

Table 1 BINA Characteristics Using In Vitro Assays

Metabolic
stability

Plasma
stability

PermeabilityFPAMPAa Verapamil
(BBB, GI)

(% remaining
30 min)

(% remaining
30 min) PAMPA

(BBB)
PAMPA

(GI)

19 81 �6.1 �5.7 �4.7, �3.05

Abbreviations: BBB, blood–brain barrier; GI, gastrointestinal; PAMPA, parallel
artificial membrane permeation assay.
aVerapamil was used as a highly permeable standard.

Table 2 BINA Pharmacokinetic Parameters After i.p.
Administration in Rats

Dose
(mg/kg)

t1/2 (h) Cmax

(lM/l)
AUC

(h lM/l)
Vd (l/kg) Cl (l/h)

20 4.6±1.8 9.3±2.7 31±5.0 5.9±2.6 1.3±0.21

40 1.8±0.63 31±14 114±42 1.7±0.68 0.78±0.29

Data are expressed as mean±SD. n¼ 3 (number of samples per dose).
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Experiment 1: effects of BINA and LY379268 on cocaine
self-administration and food-maintained responding. The
number of cocaine infusions during acquisition of cocaine
self-administration in ShA and LgA rats and escalation of
cocaine self-administration in LgA rats are presented in
Figure 2. Both ShA and LgA rats acquired stable cocaine
self-administration (ie, number of cocaine infusions earned)
during the initial 10 days of 1-h self-administration
sessions. During the subsequent testing phase, ShA rats
continued to show stable cocaine intake (ie, number of
cocaine infusions earned) during their 1-h testing sessions
(F19, 209¼ 1.3, n.s.), whereas LgA rats progressively in-
creased their cocaine intake during the ‘escalation phase’
(ie, when they had access to cocaine for 6 h per day) from
94.25±8.64 infusions on day 1 of the ‘escalation phase’ to
128.75±3.99 infusions on day 20 of the ‘escalation phase’
(F19, 285¼ 6.18, po0.001) (Figure 2). LSD post hoc tests
revealed that, starting from the third 6-h session onward,
cocaine intake was significantly increased above the level of
the first 6-h session in LgA rats. Similar escalation of
cocaine intake in LgA rats was observed during the first
hour of the 6-h self-administration session (F19, 285¼ 2.17,
po0.01).

In ShA rats in the BINA and LY379268 experiments,
the numbers of baseline cocaine infusions earned were

21.01±1.9 and 18.07±1.28 (mean±SEM) before each of
the two experiments, respectively. In LgA rats in the BINA
and LY379268 experiments, the numbers of baseline cocaine
infusions earned were 129.79±3.92 and 136.06±5.82
(mean±SEM) for each of the two experiments, respectively.
One-way ANOVAs on the number of baseline cocaine
infusions during the 3 baseline days before the drug
treatment days indicated no significant differences, showing
the stability of baseline self-administration in both ShA and
LgA rats during the experiment (data not shown).

Systemic BINA administration significantly decreased
cocaine self-administration in both ShA and LgA rats
during the first hour of the session (Figure 3a) and during
the entire 6-h session in LgA rats (Figure 3b). An overall
two-way ANOVA that included data from ShA rats (1-h
session) and LgA rats (6-h session) revealed main effects
for the factors Cocaine Access (F1, 25¼ 15.72, po0.01) and
BINA Dose (F3, 75¼ 44.94, po0.01) but no Cocaine Access�
BINA Dose interaction. On the basis of our a priori
hypothesis that the effects of BINA would be different in
ShA and LgA rats, we conducted separate ANOVAs on data
from the ShA and LgA rats. ANOVA analyses revealed a
significant effect of BINA Dose in both ShA (F3, 47¼ 29.54,
po0.0001) and LgA (F3, 59¼ 9.98, po0.0001) rats. LSD post
hoc tests after separate ANOVA analyses on data from
ShA and LgA rats showed a significant decrease in cocaine
intake after BINA administration at the doses of 20 mg/kg
(po0.05) and 40 mg/kg (po0.01) in both ShA and LgA rats
compared with the corresponding vehicle treatment condi-
tion. When comparing cocaine intake (ie, number of
infusions earned) during the first hour of the session in
ShA and LgA rats, a two-way ANOVA revealed a main effect
of BINA Dose (F3, 75¼ 29.52, po0.01) and Cocaine Access
(F1, 25¼ 4.76, po0.05), but no BINA Dose�Cocaine Access
interaction. LSD post hoc tests after the separate ANOVA
analyses on data from ShA (BINA Dose: F3, 47¼ 29.54,
po0.0001) and LgA (BINA Dose: F3, 59¼ 6.27, po0.001) rats
again showed a significant decrease in cocaine intake after
BINA administration at the doses of 20 and 40 mg/kg in ShA
and LgA rats (po0.05) compared with the corresponding
vehicle treatment condition. In addition, the magnitude
of the effects of BINA on cocaine intake was larger in ShA
compared with LgA at the doses of 20 and 40 mg/kg
(po0.05, unpaired t-test, Figure 3a). BINA had no effect on
inactive lever presses at any of the doses tested (data not
shown). BINA administration had no effect on food
responding (Figure 3a).

Systemic LY379268 administration also significantly
decreased cocaine self-administration in both ShA and
LgA rats during the first hour of the session (Figure 3c) and
during the entire 6-h session in LgA rats (Figure 3d). An
overall two-way ANOVA that included data from ShA (1-h
session) and LgA (6-h session) rats revealed a main effect of
LY379268 Dose (F4, 88¼ 28.34, po0.01), but no main effect
of Cocaine Access and no LY379268 Dose�Cocaine Access
interaction. On the basis of our a priori hypothesis that the
effects of LY379268 would be different in ShA and LgA rats,
we conducted separate ANOVAs on data from the ShA and
LgA rats. ANOVA analyses revealed a significant effect
of LY379268 Dose in both ShA (F4, 59¼ 12.39, po0.0001)
and LgA (F4, 59¼ 13.32, po0.0001) rats. LSD post hoc tests
after the separate ANOVA analyses on data from ShA and

Table 3 BINA Brain/Plasma Concentrations

Dose
(mg/kg)

Brain level
(mean, lM)a

Plasma level
(mean, lM)a

Brain/Plasma
ratio (mean)

20 2.78 (0.65–6.39) 10.54 (0.79–25.48) 0.47

40 2.30 (0.62–5.54) 7.79 (0.81–16.98) 0.44

aBrain and plasma concentration data are expressed as the geometric mean
followed in parentheses by the lower and upper limits of the mean. n¼ 5
(number of samples per dose).

Figure 2 Acquisition of cocaine self-administration under short (ShA,
1-h session) and long (LgA, 6-h session) access conditions. The graph
shows the number of infusions (mean±SEM) earned by the ShA and LgA
groups during the initial 10 days of acquisition of cocaine self-administration
and the subsequent 20 days when LgA rats had access to cocaine for 6 h
per day, whereas ShA rats continued to have access for 1 h per day. The
number of cocaine infusions earned are shown for the 1-h session for ShA
rats for the 30 days of testing and for the entire 6-h session for LgA rats
from day 20 onward, as well as for the first hour of the 6-h session for LgA
rats. ***po0.001, significant escalation of cocaine self-administration
compared with day 10 in LgA rats.
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LgA rats showed a significant decrease in cocaine intake
when LY379268 was administered at doses of 3 and 6 mg/kg
in ShA rats (po0.05) and 6 mg/kg in LgA rats (po0.05).
When comparing cocaine intake during the first hour of the
session in ShA and LgA rats, a two-way ANOVA revealed a
main effect of LY379268 Dose (F4, 88¼ 22.61, po0.01), but
no main effect of Cocaine Access and no LY379268
Dose�Cocaine Access interaction. LSD post hoc tests after
separate ANOVA analyses on data from ShA (LY379268
Dose: F4, 59¼ 12.39, po0.0001) and LgA (LY379268 Dose:
F4, 59¼ 6.83, po0.001) rats again showed a significant
decrease in cocaine intake after LY379268 administration
at doses of 3 and 6 mg/kg in ShA rats (po0.05) and 6 mg/kg
in LgA rats (po0.05). Group comparisons revealed that
there was a significant difference in cocaine intake between
LgA and ShA after LY379268 administration at the dose of
3 mg/kg (po0.01, unpaired t-test, Figure 3c). A significant
effect of LY379268 administration was found on responding
for food (F4, 39¼ 6.988, po0.05, Figure 3c). Post hoc analyses
have shown that LY379268 significantly decreased food
responding at the dose of 6 mg/kg (po0.05). LY379268 had
no effect on inactive lever presses at any of the doses tested
(data not shown).

Experiment 2: effects of BINA administration on cue-
induced reinstatement of cocaine- and food-seeking
behavior. The total number of active lever presses was

decreased significantly during the cocaine- and cue-absent
extinction sessions (Figure 4a). A two-way ANOVA revealed
a main effect of Extinction Day (F6, 138¼ 18.34, po0.05) but
no main effect of Cocaine Access and no Extinction
Day�Cocaine Access interaction. Both LgA and ShA rats
significantly decreased their responding on days 2 through
7 of the extinction phase (LSD test, po0.001 for all
comparisons, Figure 4a).

To assess the stability of cue-induced cocaine-seeking
behavior in the within-subject experimental design used for
the assessment of the effects of different doses of the
compound, two reinstatement sessions after vehicle admin-
istration were implemented (see Experimental Design and
Statistical Analyses sections above for details; briefly, one
vehicle session was conducted as part of the Latin-square
design and one after the completion of the Latin-square
design). There were no significant differences in the number
of active lever presses during these two vehicle reinstate-
ment sessions in either ShA (8.75±2.23 and 6.75±2.07) or
LgA (16.62±2.9 and 14.69±2.67) rats, indicating stable
cocaine-seeking behavior after repeated reinstatement
testing. Visual inspection of the data indicated that among
both ShA and LgA rats there were subjects that did not
reinstate cocaine-seeking after vehicle administration.
Therefore, a median split analysis was implemented to
identify subgroups of rats that reinstated or not reinstated
cocaine-seeking behavior. In the subsets of ShA (n¼ 6) and

Figure 3 The effects of the mGluR2 PAM BINA and the mGluR2/3 agonist LY379268 on cocaine- and food-maintained responding in rats. BINA
significantly decreased cocaine self-administration in both ShA and LgA rats (a, b) but not food-maintained responding (a). LY379268 decreased cocaine self-
administration in both ShA and LgA rats (c, d) and decreased food-maintained responding (c). Data are expressed as a percentage of baseline responding
(mean±SEM; see text for baseline values). *po0.05, **po0.01, significant differences from the corresponding vehicle condition (LSD post hoc test).
#po0.05, ##po0.01, significant differences between ShA and LgA rats in cocaine intake after treatment with the same dose of BINA or LY379268
(unpaired t-test).
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LgA (n¼ 6) rats that showed a number of active lever presses
during the first vehicle reinstatement session below the
median value, the number of active lever presses during this
first vehicle reinstatement session did not differ signifi-
cantly from the 2-day mean of active lever presses during
the mean of the last 2 days of extinction (ShA rats: 3.33±
0.46 and 5.42±2.34; LgA rats: 7±1.44 and 4.75±1.16,
respectively) indicating that these rats did not show cue-
induced reinstatement of cocaine seeking. Subsequent
ANOVAs showed no effect of BINA treatment (F3, 23¼ 1.58,
n.s. and F3, 23¼ 3.02, n.s., respectively) in these subgroups of
ShA and LgA rats. In subsets of ShA (n¼ 5) and LgA (n¼ 6)
rats that showed a number of active lever presses during the
first vehicle reinstatement session above the median value,
the number of active lever presses during the vehicle
reinstatement session were significantly (po0.05) higher
compared with active lever presses during the mean of the
last 2 days of extinction (ShA rats: 15.80±3.19 and
8.73±2.48; LgA rats: 25.67±2.05 and 11.67±2.43, respec-
tively) indicating that these rats showed cue-induced rein-
statement of cocaine seeking (Figures 4c and d). Subsequent
ANOVAs indicated a significant effect of BINA treatment in
these subsets of ShA and LgA rats (F3, 19¼ 5.25, po0.05 and
F3, 23¼ 8.6, po0.01, respectively). Post hoc analyses revealed
that BINA significantly reduced cue-induced reinstatement of
cocaine seeking in both ShA (po0.05) and LgA (po0.01) rats
at all doses used (Figures 4c and d).

To more fully examine the effects of the test compounds
on subgroups of rats that reinstated and did not reinstate
cocaine seeking, subgroups were also determined based on
an additional criterion. This criterion for reinstatement was

that the absolute number of active lever presses during both
reinstatement sessions after vehicle administration was
larger than the mean number of active lever presses during
the last 2 days of extinction. According to these analyses,
only three out of the 12 ShA rats showed cue-induced
reinstatement of cocaine-seeking behavior. In these three
ShA rats, BINA tended to reduce cue-induced reinstatement
(data not shown). By contrast, eight of the 13 LgA rats
showed cue-induced reinstatement of cocaine-seeking
behavior after vehicle administration. In these eight LgA
rats, BINA significantly reduced cue-induced reinstatement
of cocaine-seeking behavior (F3, 21¼ 6.40, po0.01) at the
doses of 20 and 40 mg/kg compared with the vehicle
condition (data not shown).

The total number of active lever presses was also
decreased significantly during the food- and cue-absent
extinction sessions in the food group (main effect of
Extinction Day: F6, 234¼ 70.64, po0.05, Figure 4a).
Responding for food was significantly decreased on days 2
through 7 of the extinction phase (LSD test, po0.001 for all
comparisons, Figure 4a). All food-responding rats rein-
stated during the cue-induced reinstatement session.
During subsequent reinstatement testing, presentation of
the cue light associated with food delivery reinstated food-
seeking behavior after vehicle administration (Figure 4b).
BINA administration had no effect on the number of active
lever presses (Figure 4b).

Experiment 3: effects of BINA administration on brain
reward function and cocaine-induced reward enhance-
ment. Before the initiation of administration of BINA or

Figure 4 Effects of BINA on cue-induced reinstatement of cocaine- and food-seeking behavior. (a) The number of lever presses of ShA rats, LgA rats, and
food-responding rats during 1-h daily extinction sessions. (b) BINA had no effect on food seeking in food-restricted rats. BINA blocked cocaine-seeking
behavior in LgA (c) and ShA (d) rats during cue-induced reinstatement sessions. Data are expressed as the mean number of lever presses±SEM in subsets
of LgA and ShA rats that showed and did not show reinstatement (ie, reinstated and non-reinstated rats, respectively, based on a median split analysis; see
text for details). *po0.05, **po0.01, significant differences from 0 mg/kg BINA; #po0.05, significant difference from extinction conditions (Ext). @po0.05,
significant difference from the first day of extinction in ShA rats, LgA rats, and food-responding rats.
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BINA combined with cocaine administration, the absolute
values of baseline reward thresholds were 147.78±11.08mA
and 158.89±10.34 mA, respectively, and response latencies
were 3.43±0.13 s and 3.47±0.14 s, respectively. One-way
ANOVAs on baseline threshold and latency values derived
during the baseline days of testing between the drug
treatment days indicated no statistically significant effects,
showing the stability of baseline thresholds and latencies
during the experiment (data not shown).

An overall two-way ANOVA on thresholds revealed
a significant main effect of BINA (F3, 30¼ 23.68, po0.001),
a main effect of Cocaine (F1, 10¼ 43.15, po0.01), but no
BINA�Cocaine interaction. When administered alone,
BINA significantly elevated reward thresholds at doses
of 20 and 40 mg/kg (Figure 5a). Cocaine administration
significantly lowered ICSS thresholds when co-administered
with vehicle or 10 mg/kg BINA (Figure 5a). BINA admin-
istration at the highest doses (20 and 40 mg/kg) attenuated
cocaine-induced threshold lowering (po0.05, Figure 5a).

An overall two-way ANOVA on response latencies
showed a significant main effect of BINA (F3, 30¼ 3.63,
po0.05) and a main effect of Cocaine (F1, 10¼ 10.96,
po0.01), but no BINA�Cocaine interaction. Post hoc tests
indicated that response latencies were significantly in-
creased after administration of 40 mg/kg BINA compared
with the vehicle condition (Figure 5b). Administration of
20 mg/kg BINA reversed the cocaine-induced decrease in
response latencies (po0.05, Figure 5b).

DISCUSSION

This study showed that systemic administration of the
mGluR2 PAM BINA decreased cocaine self-administration
in both ShA and LgA rats. A similar effect was observed
after administration of the mGluR2/3 agonist LY379268,
which also decreased cocaine self-administration in both
ShA and LgA rats. Importantly, BINA administration had
no effect on food-maintained responding at any of the doses
tested, whereas LY379268 decreased food responding at the
highest dose used (6 mg/kg). Furthermore, BINA adminis-
tration attenuated cue-induced reinstatement of cocaine,
but not food, self-administration in a subset of LgA rats that
showed cue-induced reinstatement of reinforcer-seeking.
Finally, acute administration of BINA elevated ICSS thresh-
olds when administered alone and attenuated the reward-
enhancing effects of noncontingent cocaine in an additive
manner.

The mGluR2 PAM BINA significantly decreased cocaine
self-administration in both ShA and LgA rats when
administered at doses of 20 and 40 mg/kg. This is one of
the first demonstrations that an mGluR2 PAM decreased the
reinforcing effects of acute cocaine, with the effects in ShA
rats tending to be more pronounced than in LgA rats when
data are expressed as either percentage of baseline (Figure 3)
or absolute values (data not shown). This finding shows the
resistance of LgA rats’ responding for cocaine to manipula-
tions that decrease the rewarding properties of cocaine in
ShA rats. Similar to BINA, administration of the mGluR2/3
agonist LY379268 at the highest dose of 6 mg/kg decreased
cocaine self-administration in both ShA and LgA rats,
whereas the lower dose of 3 mg/kg was effective only in ShA
rats. These results again indicate a trend for smaller effects
of manipulations that decrease the reinforcing effects of
cocaine in LgA rats. Our findings are consistent with
literature showing that LY379268 decreased cocaine self-
administration in ShA rats at the 3 mg/kg dose (Baptista
et al, 2004) and dose-dependently (0.3, 0.56, and 1 mg/kg)
decreased cocaine self-administration in squirrel monkeys
with an 8-month history of daily 2-h cocaine self-admin-
istration sessions (Adewale et al, 2006). In summary, the
effects of BINA on cocaine self-administration were more
robust in ShA rats than in LgA rats, and higher doses of
LY379268 were needed to decrease cocaine intake in LgA
compared with ShA rats. This pattern of results may be
attributed to a shift of stability state in reward or aversion
processes with the development of drug dependence
(Koob et al, 2004). Consistent with this possibility, LgA
rats showed tolerance to the psychomotor effects of a
cocaine challenge after a period of abstinence compared
with ShA rats (Ben-Shahar et al, 2005). Furthermore, LgA

Figure 5 Effects of BINA on (a) brain reward thresholds and (b)
response latencies under baseline conditions and after co-administration
with cocaine. Data are expressed as a percentage of baseline ICSS
thresholds and response latencies (mean±SEM) before each drug
administration (see text for baseline values). *po0.05, significant
differences from the vehicle condition when BINA was administered
either alone (ie, baseline conditions) or combined with cocaine; #po0.05,
significant differences between values after BINA administration alone and
values after administration of BINA combined with cocaine.
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rats showed more pronounced cocaine withdrawal signs
compared with ShA rats, reflected in elevations in brain
reward thresholds, after prolonged exposure to cocaine self-
administration (Ahmed et al, 2002), and a two- to threefold
increase in stress reactivity measured by the defensive
burying behavior (Aujla et al, 2008).

In addition to cocaine self-administration, systemic
or central administration of LY379268 also decreased
nicotine (Liechti et al, 2007) and alcohol (Backstrom
and Hyytia, 2005) self-administration, whereas it had no
effect on heroin self-administration (Bossert et al, 2005).
These findings indicate that activation of mGluR2/3 may
be effective specifically against the reinforcing properties
of psychostimulants, but not opiates. The effects of BINA
on the reinforcing effects of other drugs of abuse are not
known and merit further investigation.

In contrast to cocaine self-administration, BINA adminis-
tration had no effect on food-maintained responding. The
effects of pharmacological manipulations on lever respond-
ing are dependent on baseline response rates, and drugs
are generally more likely to decrease higher response rates
than lower rates (Sanger and Blackman, 1976). The dorsal
striatum and nucleus accumbens are critically involved
in motor control (Mogenson et al, 1980), and anatomical
studies report that these brain structures express high levels
of mGluR2 and mGluR3 (Ohishi et al, 1998; Tamaru et al,
2001). However, low or high response rates during baseline
performance are unlikely to account for the present results.
BINA specifically decreased cocaine self-administration in
ShA (22 responses per 1 h) and LgA (25 responses per 1 h or
129 responses per 6 h) rats but had no effect on food
responding (100 responses per 1 h). These results indicate
that BINA did not alter the rewarding value of food in food-
restricted rats or their motor ability to perform the task.
Alternatively, food-maintained responding may be less
sensitive to the effects of BINA because in food-restricted
rats the motivation to respond for food and/or a food-paired
cue may be greater than the motivation to respond for
cocaine and/or a cocaine-paired cue. However, in contrast
to the effects of BINA and consistent with our previous data
(Liechti et al, 2007), LY379268 decreased responding for
food pellets in food-restricted rats, indicating that the
differential effects of BINA and LY379268 were independent
of hunger state in food-restricted rats. This decrease in
food responding by LY379268 suggests that administration
of the mGluR2/3 agonist, but not the mGluR2 PAM,
decreased motivation for a natural reinforcer. Nevertheless,
other literature reports that LY379268 (1 or 3 mg/kg) had no
effect on sucrose intake in free-fed rats (Baptista et al, 2004)
or condensed milk intake in food-restricted rats (Bossert
et al, 2006b). These findings suggest that higher doses of
LY379268 may be needed to decrease responding for food in
less motivated free-feeding rats or for palatable reinforcers.

To evaluate possible differential effects of BINA on
cocaine-seeking behavior in LgA and ShA rats, in this
study rats were contingently presented with a cue light
associated with cocaine infusion during 1-h reinstatement
test sessions. Interestingly, subgroups of ShA and LgA rats
that reinstated or did not reinstate cocaine-seeking behavior
after vehicle administration were identified based on a
median split, as well as a predefined criterion. According to
the predefined criterion (see Materials and methods, and

Results for details), 61% (8 out of 13) of LgA rats showed
cue-induced cocaine-seeking behavior after vehicle admin-
istration, whereas only 25% (3 out of 12) of ShA rats showed
significant reinstatement of cocaine self-administration. In
other studies, a more effective compound cue light + tone
(Kippin et al, 2006; Lu et al, 2007) or discrete discrimina-
tory cues (CS + vs CS�) associated with cocaine availability
vs saline (Baptista et al, 2004) were used to reinstate
cocaine self-administration in LgA or ShA rats during 2-h
reinstatement sessions. Somewhat consistent with our
results, previous studies have shown that, compared with
ShA rats, LgA rats showed more robust reinstatement
of cocaine self-administration when being subjected to
cocaine-associated compound cues (Kippin et al, 2006)
and noncontingent cocaine injections (Mantsch et al, 2004;
Ferrario et al, 2005; Ahmed and Cador, 2006; Knackstedt
and Kalivas, 2007), or when re-exposed to extended 6-h
cocaine self-administration sessions after abstinence
(Ahmed and Koob, 1998). In addition, LgA rats that self-
administered heroin showed greater levels of stress-induced
reinstatement of heroin-seeking behavior than ShA rats
(Ahmed et al, 2000). Altogether these findings suggest that
LgA rats showed higher motivation for cocaine self-
administration after exposure to cocaine-associated cues
compared with ShA rats. This interpretation is consistent
with our previous work showing that LgA rats showed
increased motivation to self-administer cocaine compared
with ShA rats, reflected by increased breakpoints for
cocaine under a progressive-ratio schedule of reinforcement
(Paterson and Markou, 2003). Furthermore, presentation
of an aversive CS suppressed cocaine seeking in ShA, but
not LgA, rats (Vanderschuren and Everitt, 2004).

Interestingly, the mGluR2 PAM BINA, at all doses used,
significantly attenuated cue-induced reinstatement of co-
caine-seeking behavior in subsets of both ShA and LgA rats
that showed cue-induced reinstatement according to the
median split subgrouping. Furthermore, when the other
criterion of reinstatement that involved comparison with the
number of lever presses during the last days of extinction
was used for subgrouping of the subjects, BINA significantly
attenuated cue-induced reinstatement of cocaine-seeking
behavior in LgA rats at the doses of 20 and 40 mg/kg. Thus,
the present data showed clear decrease in cue-induced
cocaine seeking after BINA administration. Similar to the
effects of systemic BINA administration, systemic and
central nucleus of the amygdala injections of LY379268
attenuated cue-induced cocaine-seeking behavior in LgA
rats after 21, but not 3, days of abstinence from cocaine
(Lu et al, 2007). In addition, LY379268 attenuated cue-
(Baptista et al, 2004; Lu et al, 2007) and cocaine- (Adewale
et al, 2006; Peters and Kalivas, 2006) induced reinstatement
of cocaine self-administration in ShA rats. Moreover,
LY379268 administration attenuated heroin- (Bossert
et al, 2004, 2005, 2006a), nicotine- (Liechti et al, 2007),
and alcohol- (Backstrom and Hyytia, 2005; Zhao et al,
2006) seeking behavior in rats with limited access to drug
self-administration.

Importantly, our results have shown that BINA speci-
fically decreased cue-induced cocaine-seeking behavior,
without affecting cue-induced food-seeking behavior.
By contrast, LY379268 reduced cue-induced food pellet-
(Peters and Kalivas, 2006), condensed milk- (Baptista et al,
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2004), and sucrose- (Bossert et al, 2006b) seeking behavior,
without impairing locomotion (Cartmell et al, 1999, 2000;
Bossert et al, 2006b). These findings indicate that indepen-
dent of hunger level, administration of an mGluR2/3 agonist
decreased motivation for a natural reinforcer in both free-
fed (Baptista et al, 2004) and food-restricted (Peters and
Kalivas, 2006; Bossert et al, 2006b) rats, whereas the
mGluR2 positive modulator BINA specifically decreased
cue-induced cocaine-, but not food-, seeking behavior,
suggesting an improved behavioral profile of BINA
compared with mGluR2/3 agonists.

Although BINA had no effect on food-maintained
responding, it significantly decreased the rewarding effects
of electrical brain stimulation, another non-drug reinforcer,
reflected by significantly elevated ICSS thresholds.
In addition, response latencies were significantly increased
after BINA (40 mg/kg) administration compared with
vehicle. Similar effects have been reported for the
mGluR2/3 agonists LY379268 (Liechti and Markou, 2007)
and LY314582 (Harrison et al, 2002), indicating mild
aversive or anhedonic effects. Furthermore, BINA attenu-
ated the threshold-lowering effect of noncontingent cocaine,
although this effect of BINA was additive rather than
interactive because the same BINA doses when adminis-
tered alone mildly impaired brain reward function. It
should be noted that the brain stimulation study was
conducted in animals that were cocaine naı̈ve and did not
have self-administration experience. As cocaine adminis-
tration has been shown to alter mGluR2 function (for
reviews, see Gass and Olive, 2008; Knackstedt and
Kalivas, 2009), there is a possibility that the effects of BINA
on cocaine-induced enhancement of brain reward function
may be altered in rats with extensive exposure to cocaine.
Nevertheless, the present data set suggests that perhaps
BINA decreased the reinforcing effects of cocaine partly
because of its mild anhedonic effect and/or because of
blockade of cocaine-induced reward enhancement.

Repeated cocaine exposure results in long-lasting mole-
cular and cellular adaptations in the corticostriatal circuit
that contributes to behavioral changes associated with
cocaine addiction (for review, see Hyman et al, 2006;
Feltenstein and See, 2008). A decrease in basal glutamate
levels was found after cocaine self-administration accom-
panied by an increased release of glutamate during
reinstatement (for reviews, see Gass and Olive, 2008;
Knackstedt and Kalivas, 2009). Multiple pools of extra-
cellular glutamate have been identified. In addition to
synaptic glutamate, maintained by vesicular release, extra-
synaptic glutamate is sustained by nonvesicular release that
regulates neurotransmission by mGluR2/3 stimulation
(Madayag et al, 2007; Knackstedt and Kalivas, 2009). Thus,
the reduction in extracellular glutamate levels in the nucleus
accumbens may be attributable to desensitization of
presynaptic mGluR2/3, and thus decreased inhibition of
glutamate release by these receptors (Swanson et al, 2001; Xi
et al, 2002b; Xie and Steketee, 2008, 2009). Electrophysio-
logical findings have shown that in the prefrontal cortex,
mGluR2/3 agonists suppressed the induction of excitatory
postsynaptic potentials/currents (Marek et al, 2000), and
this effect was potentiated by BINA (Benneyworth et al,
2007), further indicating a presynaptic mechanism for
mGluR2 in suppressing glutamate release. In addition, in

the nucleus accumbens, basal extracellular glutamate levels
are regulated by the glutamate cysteine–glutamate anti-
porter (xc system), which exchanges extracellular cysteine
for intracellular glutamate (Baker et al, 2002; Knackstedt
and Kalivas, 2009). The xc system may be critical in the
capacity of extrasynaptic glutamate to regulate cortico-
striatal signaling in both normal and pathological addictive
states (Madayag et al, 2007; Knackstedt and Kalivas, 2009).
That is, nonvesicular release from cysteine–glutamate
exchange maintains basal extracellular glutamate in the
nucleus accumbens (Baker et al, 2002; Xi et al, 2002b),
thereby regulating the extent of mGluR2/3 stimulation
(Baker et al, 2002; Melendez et al, 2005; Moran et al, 2005).
Administration of mGluR2/3 agonists reduced extracellular
glutamate levels, whereas mGluR2/3 antagonists increased
extracellular glutamate (Xi et al, 2002a; Xie and Steketee,
2008), suggesting that mGluR2/3 in the prefrontal cortex
tonically inhibited mesocorticolimbic glutamate transmis-
sion. Repeated cocaine administration downregulated the xc
system, resulting in reduced basal and increased cocaine-
evoked glutamate in the nucleus accumbens of cocaine-
withdrawn animals (Baker et al, 2003). Furthermore,
blockade of cysteine–glutamate exchange mimicked the
effects of withdrawal from repeated cocaine on extracellular
glutamate (Baker et al, 2003). By contrast, administration of
N-acetylcysteine, a cysteine pro-drug, restored basal gluta-
mate levels and prevented both cocaine-primed reinstate-
ment and the increase in extracellular glutamate observed
during reinstatement of cocaine-seeking behavior (Baker
et al, 2003; Madayag et al, 2007). Similarly, our previous
findings with nicotine showed that nicotine self-adminis-
tration downregulated mGluR2/3 function in corticolimbic
brain sites 24 h after the cessation of nicotine self-
administration (Liechti et al, 2007), and the cysteine–
glutamate exchanger and the glial glutamate transporter
were downregulated after nicotine self-administration
(Knackstedt et al, 2009). Accordingly, N-acetylcysteine
reduced the number of cigarettes smoked in a small
double-blind clinical trial when alcohol consumption was
taken into account (Knackstedt et al, 2010). Finally,
LY379268 blocked the increased overflow of glutamate
and dopamine in the nucleus accumbens induced by
repeated exposure to another psychostimulant, ampheta-
mine (Kim et al, 2005). Altogether, these data indicate that
psychostimulant-induced neuroadaptations in glutamate
system function include a combination of reduced baseline
glutamate levels coupled with decreased mGluR2/3 func-
tion, with the latter contributing to loss of regulatory
feedback control on synaptic glutamate release during
activation induced by additional drug administration or
exposure to environmental stimuli that lead to reinstate-
ment of drug seeking (Kalivas, 2004; Markou, 2007; Gass
and Olive, 2008; Knackstedt and Kalivas, 2009).

In summary, the present findings suggest a specific role
for mGluR2 in cocaine-related behaviors, such as cocaine
self-administration and cue-induced reinstatement of
cocaine seeking, without affecting behaviors motivated by
a natural food reinforcer. Furthermore, mGluR2 PAMs may
block/counteract the reward-enhancing effects of drugs of
abuse, and thus remove an additional source of motivation
to use drugs, such as cocaine. The specificity of the effects of
BINA on cocaine responding and cocaine seeking, but not
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food responding or food seeking, suggests that mGluR2
PAMs are a promising new approach for the treatment of
different aspects of cocaine dependence and warrant further
exploration in both the preclinical and clinical domains.
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