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Cystine/Glutamate Exchange Regulates Metabotropic
Glutamate Receptor Presynaptic Inhibition of Excitatory
Transmission and Vulnerability to Cocaine Seeking
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Withdrawal from chronic cocaine reduces extracellular glutamate levels in the nucleus accumbens by decreasing cystine/glutamate
exchange (xc-). Activating xc- with N-acetylcysteine restores extracellular glutamate and prevents cocaine-induced drug seeking. It was
hypothesized that the activation of xc- prevents drug seeking by increasing glutamatergic tone on presynaptic group II metabotropic
glutamate receptors (mGluR2/3) and thereby inhibiting excitatory transmission. In the first experiment, the capacity of glutamate
derived from xc- to regulate excitatory transmission via mGluR2/3 was determined. Physiological levels of cystine (100 –300 nM) were
restored to acute tissue slices from the nucleus accumbens or prefrontal cortex. Cystine increased glutamate efflux and decreased
miniature EPSC (mEPSC) and spontaneous EPSC (sEPSC) frequency as well as evoked EPSC amplitude. These effects of cystine were
presynaptic, because there was no change in mEPSC or sEPSC amplitude, and an increase in the evoked EPSC paired-pulse facilitation
ratio. The cystine-induced reduction in EPSCs was reversed by blocking either xc- or mGluR2/3. In the second experiment, blocking
mGluR2/3 prevented the ability of N-acetylcystine to inhibit the reinstatement of drug seeking in rats trained to self-administer cocaine.
These data demonstrate that nonsynaptic glutamate derived from xc- modulates synaptic glutamate release and thereby regulates
cocaine-induced drug seeking.

Key words: cystine/glutamate exchange; mGluR; cocaine; accumbens; EPSC; glutamate

Introduction
Plasticity in excitatory transmission in the nucleus accumbens
(NA) is induced by chronic administration of drugs of abuse
(Thomas et al., 2001; Kalivas et al., 2005). One important afferent
to the NA in this regard is from the prefrontal cortex (PFC).
Changes in PFC-NA glutamate transmission occur after chronic
cocaine administration, including reduced basal levels of extra-
cellular glutamate (Pierce et al., 1996; Hotsenpiller et al., 2001;
McFarland et al., 2003). In the NA, the basal levels of extracellular
glutamate are maintained primarily by the exchange of extracel-
lular cystine for intracellular glutamate via system cystine/gluta-
mate exchange (xc-) (Baker et al., 2002). This heteroexchanger
belongs to a superfamily of glycoprotein-associated amino acid
transporters, catalyzes the Na�-independent exchange of extra-
cellular cystine for intracellular glutamate in a 1:1 stoichiometric
ratio (McBean, 2002), and is functionally expressed in the brain
as a heterodimer (Sato et al., 2002).

The reduction in extracellular glutamate by withdrawal from co-
caine is a result of compromised xc- (Baker et al., 2003). Restoring
extracellular glutamate with systemic administration of cysteine

prodrugs prevented the reinstatement of cocaine seeking. Group II
metabotropic glutamate receptor (mGluR2/3) agonists also inhibit
the reinstatement of cocaine- or heroin-seeking behavior (Baptista
et al., 2004; Bossert et al., 2004). Stimulating mGluR2/3 is a well
established method for reducing glutamate release, EPSCs, and in-
ducing long-term depression (LTD) (Manzoni et al., 1997; Dietrich
et al., 2002; Otani et al., 2002; Robbe et al., 2002), and in vivo admin-
istration of mGluR2/3 agonists has potent behavioral effects (Kenny
and Markou, 2004). Therefore, a mechanism that may account for
the ameliorative effect of cysteine prodrugs on cocaine seeking is that
the increase in extracellular glutamate produced by activating xc-
restores tone on presynaptic mGluR2/3 and thereby reduces synap-
tic glutamate release.

Two experiments were conducted to examine the hypothesis
that glutamate derived from xc- stimulates inhibitory presynap-
tic mGluR2/3, thereby reducing synaptic glutamate release and
preventing cocaine-primed drug seeking. In the first experiment,
acute tissue slices from the NA or PFC were used to determine
whether glutamate originating from xc- inhibits miniature
EPSCs (mEPSCs), spontaneous EPSCs (sEPSCs), or evoked
EPSCs by stimulating mGluR2/3. In the second experiment,
cocaine-primed reinstatement of drug seeking was used to deter-
mine whether blocking mGluR2/3 prevents the capacity of the
cysteine prodrug N-acetylcysteine to inhibit drug seeking.

Materials and Methods
Animals. Before initiation of these studies, approval was received by the
Institutional Animal Care and Use Committee at the Medical University
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of South Carolina (MUSC). Our study conforms to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All of the rats
(Sprague Dawley-derived albinos; Harlan Laboratories, Indianapolis, IN)
used in the electrophysiology experiments were postnatal day 13 (P13) at
arrival and were delivered to the Animal Care Facility at MUSC as a litter with
the dam. Male rats used in the reinstatement studies arrived weighing 250 g
and were housed two per cage. Rats in both sets of experiments were main-
tained on a 12 h light/dark cycle (lights on at 7:00 A.M.).

Slices and recordings. All of the physiology experiments were con-
ducted using acute, coronal brain slices containing either the PFC or the
NA. Rats (P14 –P23) were anesthetized with chlorohydrate (400 mg/kg,
i.p.) and decapitated. Brains were dissected and immersed in cold (4°C)
oxygenated artificial CSF (aCSF) composed of the following (in mM): 200
sucrose, 1.9 KCl, 33 Na2HCO3, 6 MgCl2, 0.5 CaCl2, 10 glucose, and 0.4
ascorbic acid. Tissue slices (300 �m) were obtained with a vibratome and
incubated for 1 h at room temperature in aCSF containing the following
(in mM): 126 NaCl, 2.5 KCl, 25 NaHCO3, 10 glucose, 4 MgCl2, and 1
CaCl2. Slices were immersed in a recording solution composed of the
following (in mM): 126 NaCl, 3 KCl, 26 NaHCO3, 1 MgCl2, 2.3 CaCl2,
and 10 glucose, maintained at 28 –32°C at a perfusion rate of 1–3 ml/min
and viewed by differential interference contrast (DIC) optics. The core
compartment of the NA was localized using primarily the anterior com-
missure as a landmark. The prelimbic cortex of the PFC is flanked by the
corpus callosum in coronal sections and the layer V pyramidal neurons
identified under DIC optics. Borosilicate pipettes were filled with the
following (in mM): 135 CsCl, 2 MgCl2, 10 HEPES, 1 EGTA, 4 NaCl, 2
NaATP, and 0.3 Tris-GTP. N-(2,6-dimethylphenylcarbamoylmethyl)
triethylammonium chloride (2 mM) was added to pipettes during the
evoked and paired-pulse experiments to block voltage-sensitive Na �

channels generating action potentials. Pipettes were connected to the
headstage of a HEKA EPC10 amplifier (ALA Scientific, Westbury, NY),
with Ag/AgCl wire. An Ag/AgCl reference wire or pellet was placed in the
bath and, by using offset, Vm shifts were corrected. Signals were digitized
using Pulse software (ALA Scientific). Voltage-clamp recordings were
obtained in continuous single-electrode voltage-clamp mode and fil-
tered at 2.9 kHz. Series resistance and capacitance was compensated
automatically by Pulse and optimized manually. Access resistance was
monitored continuously, and a 15% change was deemed acceptable.

mEPSCs were collected in the presence of TTX (1 �M; Alomone Labs,
Jerusalem, Israel) and bicuculline (10 �M; Sigma, St. Louis, MO), and
sEPSCs were collected in the presence of bicuculline (10 �M) alone.
Data were collected for 60 s every 2 min during either baseline or test
periods and analyzed using Minianalysis software (Synaptosoft, Decatur,
GA). In each experiment, L-cystine (Sigma), the xc- blocker ( S)-4-
carboxyphenylglycine (CPG; Tocris Cookson, Ellsville, MO), the
mGluR2/3 antagonist (2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-
yl]-3-(xanth-9-yl) propanoic acid (LY341495; Tocris Cookson), and/or
the group I mGluR antagonist RS-1-aminoindan-1,5-dicarboxylic acid
(AIDA; Tocris Cookson) were perfused in the bath. A bipolar-
stimulating electrode (World Precision Instruments, Sarasota, FL) was
placed medial to the lateral ventricle in the prelimbic cortex, and re-
sponses were recorded in the NA. Approximately 20 min after break in,
evoked EPSC data were collected with 10 sweeps at 20 s intervals during
baseline and following 10 min of drug exposure. The pulse was 0.2 ms,
and its intensity was set to yield a stable response of 20 –150 pA. For
paired-pulse analysis, a set of two pulses was delivered with an interpulse
interval of 50 ms, and the pairs of pulses were applied every 20 s. The
amplitude of each response was compared during baseline and cystine.

Slice dialysis. The active membrane of concentric dialysis probes was
between 2 and 3 mm in length and �0.22 mm in diameter (McFarland et
al., 2003). Probes were inserted into the slice, and dialysis buffer was
advanced through the probe at a rate of 2 �l/min via a syringe pump. The
concentration of glutamate was determined using HPLC with fluoromet-
ric detection (McFarland et al., 2003).

Surgery. Before surgery, the animals were given food and water ad
libitum. Rats were anesthetized with ketamine HCl (87.5 mg/kg Ketaset;
Fort Dodge Animal Health, Fort Dodge, IA) and xylazine (5 mg/kg
Rompum; Bayer, Etobicoke, Ontario, Canada) and implanted with in-
dwelling jugular catheters. Threaded guide cannula (C313G; Plastics

One, Roanoke, VA) were attached to SILASTIC tubing inserted into the
right jugular vein (2.7–3.0 cm) and then run subcutaneously and exter-
nalized via a 3 mm biopsy hole. The catheters were flushed daily with 0.2
ml of heparin (100 IU/ml) and cefazolin antibiotic (100 mg/ml) in sterile
saline vehicle to help protect against infection and maintain patency.
After surgery, the animals were individually housed for a surgical recov-
ery period of 1 week. After the recovery period, food was limited to 20
g/d, and water was provided ad libitum.

Self-administration, extinction, and reinstatement training. Behavioral
training began at the end of the 7 d surgical recovery period and was
conducted as described previously (McFarland et al., 2003). Briefly, after
food training, the subjects began cocaine self-administration training.
Correct lever presses resulted in an infusion of cocaine (0.25 mg/kg in
0.05 ml over 3 s) and also illumination of a stimulus light over the lever.
After the 20 s timeout, the light was extinguished, and the first press on
the active lever again resulted in cocaine delivery. Sessions lasted for 2 h
or until 200 reinforcements were acquired. Rats remained in self-
administration training until they met a criterion that the average re-
sponding over three consecutive sessions varied by �10%.

During extinction sessions, responding on the active lever resulted in
illumination of the stimulus light for 20 s but no infusion of cocaine.
Sessions lasted for 1 h, followed by a 1 h break (in-house lights were off,
and the levers were retracted) and then another 1 h extinction session. This

Figure 1. Cystine regulates glutamate levels and excitatory transmission. A, Cystine in-
creased extracellular glutamate in NA slices, as revealed by microdialysis (n � 5 per dose). The
1/10 �M dose is pooled data for perfusion of 1 �M (n � 2) and 10 �M (n � 3). Data were
normalized to the average of the three baseline samples and are shown as mean � SEM
percentage change. Basal levels of glutamate (picomoles per sample) are as follows: 0 �
0.176 � 0.023; 0.1 � 0.134 � 0.016; 0.3 � 0.125 � 0.019; 1/10 � 0.136 � 0.040. B,
Cystine (0.3 �M) reduced mEPSC (n � 11; 0.9 � 0.2 Hz) and sEPSC (n � 9 baseline; 0.8 � 0.2
Hz) frequency in medium spiny cells (Vm � �80 mV) in the NA. Data are presented as a
percentage change from baseline � SEM. C, Cystine (0.1 �M) increased extracellular glutamate
in prefrontal cortex slices (n � 6). Data were normalized to percentage change from baseline;
the basal level was 0.084 � 0.015. D, Cystine (0.1 �M) reduced mEPSC (n � 12, 2.3 � 0.6 Hz)
and sEPSC (n � 8; 4.9 � 0.8 Hz) frequency in PFC slices. *p � 0.05, comparing cystine treat-
ment to the average baseline value using a one-way ANOVA with repeated measures and least
significant difference post hoc comparison.
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extinction training protocol continued until subjects met the criterion
(�15% of self-administration responding) for three consecutive days.

Reinstatement of drug-seeking behavior was assessed following a chal-
lenge injection of cocaine (10 mg/kg, i.p.) or saline (0.9%; 1 ml/kg). Four
hours before systemic cocaine or saline injection, some subjects received
injections of N-acetylcysteine (60 mg/kg, s.c.) or saline vehicle. Rats in
select groups received injections of LY341495 (1 mg/kg, i.p.) or saline
vehicle. Reinstatement testing lasted for 2 h. During this 2 h period, active
lever presses were counted but resulted in saline, not cocaine, delivery.

Statistical analysis. Analysis of mEPSC and sEPSC was performed off-
line using Minianalysis software (Synaptosoft). The root mean square
(RMS) of the noise was computed for each set of data. Data were analyzed
manually, and events two SDs above the RMS were used in the analysis.
Each detected event was visually inspected to prevent the inclusion of
false data. The mean sEPSC and evoked data were compared using an
ANOVA with repeated measures and least significant difference post hoc
test using Statistica version 5.5 (Statsoft, Tulsa, OK). Kolmogorov–Smir-
nov tests were used for comparing cumulative probability histograms
using Minianalysis software (Synaptosoft). Paired-pulse data were com-
pared using a paired t test ( p � 0.05). Microdialysis data were normal-
ized to percentage change from the average of the last three baseline
samples and evaluated using a two-way ANOVA with repeated-measures
over time.

Results
Cystine increases
extracellular glutamate
Restoring physiological levels of extracel-
lular cystine (100 –300 nM) (Baker et al.,
2003) to PFC or NA tissue slices promoted
glutamate efflux as measured by a micro-
dialysis probe inserted into the slice (Fig.
1A,C). It is unlikely that the rise in extra-
cellular glutamate was attributable to cell
death, because stable glutamate levels were
observed throughout the experiment
when the slices were bathed in aCSF (Fig.
1A). Interestingly, when the concentra-
tion of extracellular cystine was raised out-
side of the physiological range to 1 or 10
�M, no increase in extracellular glutamate
was measured (Fig. 1A).

Cystine decreases EPSCs
To assess the effect of cystine-induced ele-
vations in extracellular glutamate on vesic-
ular excitatory transmission, the fre-
quency of mEPSCs was measured in the
NA and PFC. Cystine caused a significant
reduction in the frequency of mEPSCs
(Fig. 1B,D) without affecting mEPSC am-
plitude (PFC baseline, 13 � 1.2 pA; cys-
tine, 12 � 1.2 pA; NA baseline, 17 � 1.7
pA; cystine 16 � 1.7 pA).

The EPSC evoked by stimulating gluta-
matergic afferents to the NA (Fig. 2A) and
the frequency of sEPSC (Fig. 2D) were
both reduced by cystine. In parallel with
the dialysis data (Fig. 1A), the effect of cys-
tine was biphasic with respect to dose, with
0.1 and 0.3 �M producing significant ef-
fects but 0.01 and 1.0 �M without effect
(Fig. 2B,E). When cells exposed to 0.3 �M

cystine were washed with control buffer,
the amplitude of the EPSC and frequency
of the sEPSC remained below baseline

(Fig. 2A,D). Cumulative probability plots demonstrate the re-
duction in sEPSC frequency by cystine (0.3 �m) occurred without
a change in sEPSC amplitude (Fig. 2F,G). Thus, the effect of cystine
on excitatory transmission appears to be via a presynaptic mecha-
nism, because cystine changed mEPSC and sEPSC frequency inde-
pendent of amplitude. Also, consistent with a presynaptic action,
cystine produced a significant increase in the paired-pulse facilita-
tion ratio (Fig. 2C).

Cystine/glutamate exchange regulates synaptic transmission
by activating mGluR2/3
To determine the underlying mechanism(s) responsible for the
cystine-induced reduction in excitatory transmission, an inhibi-
tor of xc- (CPG; 1 �M) was bath applied to the slices. The exper-
iment in Figure 3, A and B, replicated the reduction in EPSC
amplitude and sEPSC frequency by cystine (0.3 �M) in NA tissue
slices. Although CPG alone did not influence the sEPSC fre-
quency or the magnitude of evoked EPSCs in the NA, it blocked
the capacity of cystine to reduce sEPSC frequency and evoked
EPSC amplitude (Fig. 3C,D). At higher concentrations, CPG also
inhibits group I mGluRs (Schoepp et al., 1999). Figure 3, E and F,

Figure 2. Cystine inhibition of excitatory transmission is concentration dependent. A, Evoked EPSCs were normalized to the
average of baseline (2–10 min) and are shown as mean percentage change. Legend and n at each dose are shown in B. Cells in the
0.3 �M group were exposed to a wash period (22–30 min). Representative traces are from a single cell during baseline, cystine,
and wash. Calibration: 60 pA, 10 ms. B, Data presented in A are presented as mean � SEM percentage change from baseline
(samples 8 –10) by cystine (samples 18 –20). Symbols correspond to A, and n at each dose is shown below the symbol. C, Cells
exposed to 0.3 �M cystine (Cys) exhibit enhanced paired-pulse facilitation. The data are expressed as a percentage change in the
ratio of the second response to the first. D, Normalized sEPSC during baseline and cystine. See E for legend and n at each
concentration of cystine. A representative 1 s current trace from a single cell after 10 min of baseline, cystine (0.3 �M), and wash
is shown. Calibration: 20 pA, 200 ms. E, Data in D presented as mean � SEM percentage change from baseline (samples 8 –10) by
cystine (samples 18 –20). Symbols corresponding to D and n at each dose are shown below the symbol. F, The distribution of time
intervals between successive sEPSC during baseline (10 min) and cystine (20 min). G, Distribution of sEPSC amplitude during
baseline (10 min) and cystine (20 min). The asterisk denotes a significant difference from baseline ( p � 0.05).
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shows that although coadministration of the selective group I
mGluR antagonist AIDA (1.0 mM) produced a trend toward a
reduction in current, it did not inhibit the capacity of cystine (0.3
�M) to reduce sEPSCs or EPSCs. Extracellular glutamate derived
from xc- might regulate synaptic glutamate release by stimulating
presynaptic mGluR2/3 (Conn and Pin, 1997; Robbe et al., 2002).
Although bath application of the mGluR2/3 antagonist
LY341495 (300 nM) alone did not alter sEPSCs or EPSCs, it pre-
vented the effects of cystine (0.3 �M) (Fig. 3G,H).

mGluR2/3 is essential for activation of cystine/glutamate
exchange to prevent cocaine-primed reinstatement
To determine whether the stimulation of mGluR2/3 by glutamate
derived from xc- contributed to the capacity of the procysteine
drug N-acetylcystine to inhibit cocaine-primed reinstatement
(Baker et al., 2003), animals were trained to self-administer co-
caine, and their behavior was extinguished to criterion. As ex-
pected, a cocaine injection (10 mg/kg, i.p.) reinstated active lever
pressing, and this effect was blocked by pretreatment with
N-acetylcysteine (60 mg/kg, s.c.) (Fig. 4). Coadministration of
the mGluR2/3 antagonist LY341495 (1 mg/kg, i.p.) together with
N-acetylcysteine prevented the blockade of cocaine-induced re-
instatement by N-acetylcysteine (Fig. 4). Importantly, LY341495
alone did not alter the reinstatement of lever pressing by a
cocaine-priming injection.

Discussion
The elevation of extracellular glutamate produced in NA tissue
slices by restoring physiological levels of extracellular cystine was
shown to inhibit excitatory synaptic activity by stimulating
mGluR2/3. Moreover, xc- regulation of synaptically released gluta-
mate was shown to be functionally relevant in vivo using the rein-
statement model of cocaine seeking. Thus, activation of xc- with
N-acetylcysteine inhibits cocaine-induced reinstatement (Baker et
al., 2003), and this effect was prevented by blocking mGluR2/3.

Extracellular, nonsynaptic glutamate in the NA arises primar-
ily from xc- (Baker et al., 2002). Two previous studies indicate
that glutamate derived from nonvesicular stores modulates glu-
tamate transmission. Jabaudon et al. (1999) demonstrated an
increase in NMDA currents following blockade of glutamate
transport that was independent of synaptically released gluta-
mate. Warr et al. (1999) showed that extracellular glutamate de-
rived from stimulating xc- with high concentrations of cystine (1
mM) elicits postsynaptic NMDA currents in cerebellar slices.
Although these studies point to the possible involvement of xc-
derived glutamate in stimulating postsynaptic glutamate recep-

Figure 3. xc- and mGluR2/3 regulate excitatory transmission in the NA. A, C, E, G, Data were
normalized to the average of baseline and are shown as mean � SEM percentage change. Data
in B, D, F, and H were collapsed during 8 –10, 18 –20, and 28 –30 min of each experiment and
compared with baseline (n is shown in the first bar). A, B, Cystine (0.3 �M) reduced sEPSC
frequency and evoked EPSC amplitude after 20 min of baseline. Evoked EPSC traces from a single
cell (calibration: 300 pA, 10 ms) and 1 s current traces from the same cell during aforementioned
treatments are shown. C, D, The xc- antagonist CPG (1 �M) prevented cystine (0.3 �M) from
reducing sEPSC frequency and EPSC amplitude. Evoked EPSC traces from a single cell (calibra-
tion: 200 pA, 10 ms) and 1 s current traces from the same cell during aforementioned treatments
are shown. E, F, Cystine (0.3 �M) reduces sEPSC frequency and EPSC amplitude in the presence
of the group I metabotropic glutamate receptor antagonist AIDA (1 mM). Evoked EPSC traces
from a single cell (calibration: 100 pA, 10 ms) and 1 s current traces from the same cell during
aforementioned treatments are shown. G, H, The mGluR2/3 antagonist LY341495 (LY) (0.3 �M)
prevented cystine (0.3 �M) from reducing sEPSC frequency and EPSC amplitude. Evoked EPSC
traces from a single cell (calibration: 100 pA, 10 ms) and 1 s current traces from the same cell
during aforementioned treatments are shown. *p � 0.05, comparing cystine treatment with
the average baseline value using a one-way ANOVA with repeated measures and least signifi-
cant difference post hoc comparison.

Figure 4. Blocking mGluR2/3 prevents the capacity of N-acetylcysteine to inhibit cocaine-
induced reinstatement. Each rat was given injections of either N-acetylcysteine (60 mg/kg, s.c.)
or saline 4 h before a cocaine injection (10 mg/kg, i.p.). In addition, rats were given injections
once every hour after the injection of N-acetylcysteine or saline with either saline or the
mGluR2/3 antagonist LY341495 (1 mg/kg, i.p.) before the cocaine priming injection. The data
are shown as the mean � SEM total number of active lever presses during the 120 min after a
cocaine-priming injection (n � 5 for each treatment). *p � 0.05, compared with control (first
bar on the left) using a one-way ANOVA followed by a Dunnett’s test.
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tors under pharmacological conditions, the present study used
physiological concentrations of extracellular cystine (100 –300
nM) (Baker et al., 2003) to promote xc- activity. Under these
conditions, xc- mediated elevation in extracellular glutamate in-
hibited synaptically released glutamate by stimulated mGluR2/3
presynaptic autoreceptors. Although in the physiological range
and consistent with concentrations of cystine used in vivo to ele-
vate extracellular glutamate in cocaine-withdrawn rats (Baker et
al., 2003), the concentration of cystine used in the present study
was lower than the reported Km values (�2–100 �M) for [35]S-
cystine or Na�-independent [3]H-glutamate uptake via xc- in
experiments using cultured cells (Patel et al., 2004). The reason
for this difference between in vivo and in vitro physiological stud-
ies and uptake measurements made in vitro is unclear but may
reflect differences in the phosphorylation or trafficking of the
exchanger between preparations (Gochenauer and Robinson,
2001; Baker et al., 2003).

Glutamate transmission in the NA is critical for the expression
of behaviors associated with addiction, such as drug seeking and
sensitization (Kalivas et al., 2005). Specifically, release of gluta-
mate in the projection from the PFC to the NA provokes rein-
statement of drug seeking in animals trained to self-administer
cocaine (McFarland et al., 2003). Interestingly, the dependence of
drug seeking on the enhanced release of synaptic glutamate in this
projection is accompanied by reduced basal levels of extracellu-
lar, nonsynaptic glutamate in the NA (Pierce et al., 1996; Hotsen-
piller et al., 2001; McFarland et al., 2003). The reduction in ex-
tracellular, nonsynaptic glutamate results from decreased activity
of xc-, and restoration of extracellular glutamate by stimulating
xc- blocks cocaine-primed reinstatement of drug seeking (Baker
et al., 2003). The present study demonstrates that activating xc-
prevents drug seeking via increasing extracellular, nonsynaptic
glutamate tone on mGluR2/3, thereby inhibiting synaptic gluta-
mate release. Accordingly, recent studies found that mGluR2/3
agonists inhibit cue- and heroin-primed reinstatement of drug
seeking (Baptista et al., 2004; Bossert et al., 2004).

Anatomical studies reveal a presynaptic location of mGluR2/3
outside of the synaptic cleft in corticostriatal synapses (Robbe et
al., 2002), and physiological studies show that mGluR2/3 are par-
ticularly susceptible to changes in tonic levels of nonsynaptic,
extracellular glutamate (Petralia et al., 1996; Alagarsamy et al.,
2001; Dietrich et al., 2002; Bandrowski et al., 2003). Presynaptic
mGluR2/3 regulate classic forms of synaptic plasticity, such as
LTD (Robbe et al., 2002), and may contribute to cocaine-induced
synaptic plasticity in the NA (Thomas et al., 2001; Kalivas et al.,
2005). Indeed, the inability to wash out the effect of cystine on
EPSCs (Fig. 2A,D) is similar to the inability to wash the effect of
mGluR2/3 agonists and may indicate the induction of LTD by
cystine (Robbe et al., 2002).

Activation of xc- reduces excitatory transmission in NA and
PFC tissue slices by increasing the concentration of nonsynaptic,
extracellular glutamate and thereby stimulating inhibitory pre-
synaptic mGluR2/3. This mechanism for regulating excitatory
transmission is compromised after withdrawal from repeated co-
caine administration and contributes to the reinstatement of
drug seeking in rats trained to self-administer cocaine.
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