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Relapse to drug use can be initiated by drug-associated cues. The intensity of cue-induced relapse is correlated with the induction
of transient synaptic potentiation (t-SP) at glutamatergic synapses on medium spiny neurons (MSNs) in the nucleus accumbens
core (NAcore) and requires spillover of glutamate from prefrontal cortical afferents. We used a rodent self-administration/
reinstatement model of relapse to show that cue-induced t-SP and reinstated cocaine seeking result from glutamate spillover,
initiating a metabotropic glutamate receptor 5 (mGluR5)-dependent increase in nitric oxide (NO) production. Pharmacological
stimulation of mGluR5 in NAcore recapitulated cue-induced reinstatement in the absence of drug-associated cues. Using NO-
sensitive electrodes, mGluR5 activation by glutamate was shown to stimulate NO production that depended on activation of
neuronal nitric oxide synthase (nNOS). nNOS is expressed in �1% of NAcore neurons. Using a transgene strategy to express and
stimulate designer receptors that mimicked mGluR5 signaling through Gq in nNOS interneurons, we recapitulated cue-induced
reinstatement in the absence of cues. Conversely, using a transgenic caspase strategy, the intensity of cue-induced reinstatement
was correlated with the extent of selective elimination of nNOS interneurons. The induction of t-SP during cued reinstatement
depends on activating matrix metalloproteinases (MMPs) and selective chemogenetic stimulation of nNOS interneurons recapit-
ulated MMP activation and t-SP induction (increase in AMPA currents in MSNs). These data demonstrate critical involvement of
a sparse population of nNOS-expressing interneurons in cue-induced cocaine seeking, revealing a bottleneck in brain processing
of drug-associated cues where therapeutic interventions could be effective in treating drug addiction.
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Introduction
Addiction is a chronic relapsing disorder characterized by loss of
control over drug use. Drug-associated cues can initiate drug use,

even after protracted abstinence, and the nucleus accumbens core
(NAcore) serves as a portal whereby cue-induced activity in cor-
tical and limbic projections initiates goal directed behaviors, in-

Received Aug. 22, 2016; revised Nov. 16, 2016; accepted Nov. 30, 2016.
Author contributions: A.C.W.S., M.D.S., C.D.G., D.N., H.A.B., and P.W.K. designed research; A.C.W.S., M.D.S.,

J.A.H., C.D.G., D.N., D.J.R.-W., S.S., C.G.K., N.M.S., R.J.S., N.P.A., M.R.L., W.C.G., and H.A.B. performed research;
A.C.W.S., M.D.S., J.A.H., C.D.G., D.N., and P.W.K. analyzed data; A.C.W.S., M.D.S., J.A.H., C.D.G., D.N., and P.W.K.
wrote the paper.

This work was funded in part by the National Institutes of Health (Grants DA003906, DA012513, DA015369, and
DA007135).

*A.C.W.S., M.D.S., J.A.H., and C.D.G. contributed equally to this work.
Correspondence should be addressed to Peter Kalivas, Ph.D., Department of Neuroscience, Medical University of

South Carolina, 173 Ashley Ave., BSB410, Charleston, SC 29425. E-mail: kalivasp@musc.edu.
DOI:10.1523/JNEUROSCI.2673-16.2016

Copyright © 2017 the authors 0270-6474/17/370742-15$15.00/0

Significance Statement

Relapse to cocaine use in a rat model is associated with transient increases in synaptic strength at prefrontal cortex synapses in the
nucleus accumbens. We demonstrate the sequence of events that mediates synaptic potentiation and reinstated cocaine seeking
induced by cocaine-conditioned cues. Activation of prefrontal inputs to the accumbens by cues initiates spillover of synaptic
glutamate, which stimulates metabotropic glutamate receptor 5 (mGluR5) on a small population of interneurons (�1%) express-
ing neuronal nitric oxide synthase. Stimulating these glutamate receptors increases nitric oxide (NO) production, which stimu-
lates matrix metalloprotease-2 (MMP-2) and MMP-9 activity in the extracellular space. Manipulating the interaction between
mGluR5, NO production, or MMP-2 and MMP-9 pharmacologically or genetically is sufficient to recapitulate transient synaptic
potentiation and reinstate cocaine seeking.
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cluding drug seeking (Cardinal and Everitt, 2004; Koob and
Volkow, 2010). Accordingly, synaptic plasticity within these glu-
tamatergic projections to the NAcore strongly contributes to
drug relapse vulnerability (Conrad et al., 2008; Ma et al., 2014;
Pascoli et al., 2014). A common rodent model of cocaine relapse
is the self-administration reinstatement model, in which rats or
mice are trained to press a lever to receive an intravenous infusion
of cocaine (Shaham et al., 2003). During self-administration,
drug infusions are paired to discrete light and tone cues and these
cues become conditioned stimuli through Pavlovian learning.
After self-administration, the rodent enters a period of extinction
training in which lever pressing has no programmed conse-
quences and drug-seeking behavior decreases rapidly. Relapse is
then modeled by reintroducing the conditioned stimulus, ro-
bustly reinstating drug-seeking behavior without achieving drug
access. Using this model, after extinction of cocaine or nicotine
use, cortico-accumbens synapses exist in a persistently potenti-
ated state and show impaired LTP or LTD under some experi-
mental conditions (Conrad et al., 2008; Moussawi et al., 2009;
Gipson et al., 2013b). However, presenting drug-associated cues
elicits transient synaptic potentiation (t-SP) in NAcore medium
spiny neurons (MSNs) that is required for cues to reinstate drug,
but not sucrose seeking (Anderson et al., 2008; Shen et al., 2011;
Gipson et al., 2013a; Gipson et al., 2013b). Importantly, the mag-
nitude of t-SP is positively correlated with the extent of cocaine-
seeking behavior (Gipson et al., 2013a). Recently, we found that,
akin to electrically stimulated LTP in the hippocampus (Huntley,
2012), cue-induced t-SP and reinstated drug seeking require
activating matrix metalloproteinase-2 (MMP-2) and MMP-9
(Smith et al., 2014). However, it remains unknown how present-
ing drug-conditioned cues activates MMPs to induce the t-SP
necessary for reinstating drug seeking.

The induction of t-SP and drug seeking by conditioned cues
requires activity in the prelimbic prefrontal cortex (PL-PFC;
Gipson et al., 2013a; Stefanik et al., 2016), and reinstated drug-
seeking is associated with the spillover of synaptic glutamate in
the NAcore that is prevented by inhibiting neuronal activity in
the PL-PFC (McFarland et al., 2003; LaLumiere and Kalivas,
2008). This poses the possibility that the spillover of synaptic
glutamate in the NAcore activates MMPs and thereby induces
t-SP and reinstated behavior. Consistent with this possibility,
synaptic glutamate spillover is a mechanism for extrasynaptic
communication and recruiting interneuronal microcircuits
(Coddington et al., 2013) and can stimulate extrasynaptic
metabotropic glutamate receptors (mGluRs) known to regulate
drug seeking (Mitrano et al., 2010; Kupchik et al., 2012). Sup-
porting a mechanistic linkage between glutamate spillover and
t-SP as a critical mediator of relapse, many of the cue-induced
synaptic events (e.g., glutamate spillover, t-SP, and/or MMP ac-
tivation) are shared across classes of addictive drugs, including
cocaine, methamphetamine, heroin, alcohol (Smith et al., 2011),
and nicotine (Van Den Oever et al., 2010; Kupchik et al., 2012;
Natarajan et al., 2013; Shen et al., 2014; Smith et al., 2014).

Here, we sought to further characterize the sequence of cellular
events initiated in the NAcore by a drug-conditioned cue that leads
to reinstated drug seeking. Specifically, we explored the mechanistic
linkage between cue-induced synaptic glutamate spillover and acti-
vation of MMPs and t-SP in rats and mice trained to self-administer
cocaine. We found that cue-induced glutamate spillover caused
transient mGluR5-dependent production of nitric oxide (NO) in
the sparse population of NAcore interneurons expressing neuronal
nitric oxide synthase (nNOS). Moreover, the increase in NO acti-

vated MMP-2 via S-nitrosylation and thereby initiated t-SP and re-
instated cocaine seeking.

Materials and Methods
Animal housing
Both rats and mice were single housed in a humidity- and temperature-
controlled environment. Male Sprague-Dawley rats (250 g; Charles River
Laboratories) and NOS1-Cre-transgenic mice (�25 g; Jackson Labora-
tories #017526 B6.129- Nos1tm1(cre_Mgmj/J; RRID MGI:4947130) were in-
dividually housed with a 12:12 h dark/light cycle. All experiments
occurred during the dark phase and rats/mice were allowed to acclimate
to the vivarium environment for at least 4 d before surgery.

Rat surgery, drug self-administration, and reinstatement
Rats were anesthetized with a combination of ketamine HCl and xylazine
and received ketorolac for analgesia. All rats received intrajugular cathe-
ters and, for microinjection experiments, intracranial cannula were tar-
geted 2 mm above the NAcore for rats (mm relative to bregma �1.8 A/P,
�2.1 M/L, �5.5 D/V; Paxinos and Watson, 2007). Rats were food re-
stricted to 25 g of rat chow per day, given an NSAID (ketorolac 2 mg/kg,
i.p.) and antibiotics (Cefazolin 200 mg/kg, i.v., and topical triple antibi-
otic ointment), and allowed to recover for 4 – 6 d. All methods used
comply with the National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal
Care and Use Committee at the Medical University of South Carolina.
After 5 d of recovery from surgery, rats underwent one overnight
(12 h) food training session. The next day, rats began daily 2 h self-
administration (SA) sessions. During SA, cocaine was delivered using an
FR1 schedule with a 20 s timeout after each infusion. Active lever presses
that resulted in cocaine infusion simultaneously resulted in presentation
of a compound light (above the active lever) and tone (2900 Hz) condi-
tioning stimulus. An inactive lever was also provided to control for non-
motivated responding. After 10 SA sessions at �10 infusions/d, rats
began extinction training, during which all programmed consequences
were removed from lever pressing. Extinction training lasted at least 10 d,
or until two consecutive days �25 active lever presses. Reinstatement was
induced by presentation of light/tone cues after an active lever press.
Microinjections of N-propyl L-arginine hydrochloride (NPLA), (RS)-2-
chloro-5-hydroxyphenylglycine (CHPG; 10 �g), clozapine N-oxide
(CNO) (1 �g), or vehicle were given 15 min before beginning reinstate-
ment in most cases, or 15 min before gel infusion for zymography exper-
iments. For behavioral experiments, a within-subject crossover design
was used. In this paradigm, each rat received each condition according to
a Latin square design. Rats were required to meet extinction criteria
before each reinstatement test. Reinstatement sessions lasted 120 min in
the behavioral experiment, and for zymography experiments reinstate-
ment sessions were 15 min long, at which point rats were anesthetized
with 100 mg of pentobarbital, then transcardially perfused with 4% para-
formaldehyde for further measurements. For Western blotting experi-
ments, rats underwent 15 min reinstatement sessions and then were
killed via rapid decapitation.

Mouse surgery, drug self-administration, and reinstatement
Mice (25–30 g) were anesthetized with isofluorane (induction 3–5% v/v,
maintenance 1–2% v/v) and implanted with an indwelling jugular cath-
eter connected to a head mounted entry port as described previously
(Griffin et al., 2007). AAV viral vector (AAV2-hSyn-DIO-hM4Dq-
mCherry; titer 6 � 10 12 or AAV2-Flex-taCasp3-TEVp; titer 1.8 � 10 12)
was infused in the nucleus accumbens (in mm, relative to bregma: �1.5
A/P, �1.3 M/L, �4.4 D/V) based on (Paxinos and Franklin, 2012). For
microinjection experiments in mice intracranial cannula were targeted 1
mm above the NAcore (�1.5 A/P, �1.3 M/L, �3.6 D/V). Mice were
given NSAID (carprofen 5 mg/kg s.c.) and antibiotics (Cefazolin 200
mg/kg i.v. and topical triple antibiotic ointment) and were allowed to
recover for 4 – 6 d. Catheters were maintained by flushing twice daily with
heparinized saline throughout the procedure and catheter patency was
checked at the end of the self-administration phase for all mice using
Brevital (0.2 mg, i.v.). Mice in which apparent signs of hypnosis were not
observed within 3 s were excluded from the study. Mice were trained for
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10 –15 d on active cocaine self-administration until they reached the
criterion of at least 3 d of 15 cocaine infusions. During the first two
sessions, mice were mildly food restrained to stimulate exploration of the
operant box. During daily 2 h training sessions, presses on the active lever
resulted in the infusion of cocaine (�1 mg/kg/infusion in saline) paired
with a compound cue stimulus (2 s tone � light, 20 s time out). After
self-administration, mice were extinguished for at least 6 d until criterion
was reached (2 d �15 presses on the active lever) and given the following
tests in a counterbalanced within-subject design with at least 2 d of ad-
ditional extinction in between. Before each reinstatement test, mice were
given an injection of CNO or vehicle (3 mg/kg, i.p., dissolved in 0.5%
DMSO) and placed into their home cages for 30 min. Cue induced rein-
statement tests involved the reintroduction of the compound stimulus
and extinction tests involved placing the mice back into the extinguished
context.

Drugs
Drugs used include NPLA (Tocris Bioscience; nNOS Ki � 57 nM 3158-
fold selectivity over iNOS, 149-fold specificity over eNOS); CHPG (Toc-
ris Bioscience); and CNO, 3-((2-methyl-4-thiazolyl)ethynyl)pyridine
(MTEP; Tocris Bioscience).

In vivo microdialysis
Microdialysis probes were constructed as described previously (Pierce et
al., 1996) except both the inlet and outlet tubing consisted of fused silica.
The active region of the dialysis membrane was between 2 mm in length
and �0.25 mm in diameter. After cocaine self-administration and ex-
tinction, the probes were inserted through the guide cannulae into the
NAcore the night before the reinstatement trial. Subjects were housed
overnight in the operant chamber after insertion of the dialysis probe.
Dialysis buffer [artificial CSF (aCSF); 5 mM glucose, 140 mM NaCl, 1.4
mM CaCl2, 1.2 mM MgCl2, and 0.15% phosphate buffer saline, pH 7.4)
was advanced through the microdialysis probes at a rate of 0.2 �l/min
overnight and advanced to 2 �l/min in the morning. Two hours later,
four 20 min baseline samples were collected (samples 1– 4). Two addi-
tional 20 min samples were then collected with the addition of MTEP
(100 �m) or LY379268 (100 �M) to the dialysis buffer (samples 5– 6).
After these six samples were collected, the cue (light/tone) presentation
was restored to active lever presses (i.e., the animal underwent a cued
reinstatement trial) or active lever pressing continued to have no pro-
grammed consequence (i.e., the animal underwent an extinction trial).
Once the reinstatement or extinction trial commenced, another six 20
min dialysis samples were collected (samples 7–12). After a 2 h operant
session, an additional three samples were collected (samples 13–15). In
some cases, a liquid switch was turned back to aCSF from either
LY379368 or MTEP. After collecting the last sample, the dialysis probe
was removed and the rat underwent at least three daily extinction trials
before another dialysis experiment was conducted with a dialysis probe
being inserted in the contralateral NAcore from the first trial. The treat-
ment order of dialysis within animal was randomized and each animal
underwent a maximum of two dialysis experiments (one experiment in
each brain hemisphere). A total of 28 rats were used for data analysis and,
of a possible 56 experiments, data were used from 39. For the remainder
of the experiments, the data were not included for one of the following
four reasons: (1) one of the guide cannula was blocked, (2) the HPLC
quantification failed, (3) histology was absent, or (4) the dialysis probe
failed.

Dialysis sample quantification
Glutamate levels were analyzed using an HPLC system with electr-
ochemical detection. The mobile phase consisted of MeOH (15% v/v),
acetylnitrile (2.5% v/v), and 100 mM sodium dihydrogen phosphate
monobasic, pH 6.0. Precolumn derivatization with o-phthalaldehyde
was performed using an ESA Model 540 autosampler. Separation was
done with a Shiseido column and glutamate was detected by a spectro-
photometer (ESA). The glutamate content in each sample was analyzed
by area under the curve and compared with an external standard curve
for quantification. Of a total of 615 samples quantified from the 41 indi-
vidual dialysis experiments (i.e., 15 samples/experiment), the value of 17

samples was interpolated from the value of adjacent samples due to the
samples missing.

Locomotor activity
Locomotor activity was monitored over 5 min intervals in a photocell
apparatus (Omnitech). Motor activity was quantified as distance traveled
(determined by consecutive breaking of adjacent photobeams). Each rat
was examined only once after a bilateral microinjection of aCSF, CHPG,
NPLA, or cyclosomatostatin (c-SRIF) into the NAcore. For the CHPG
study, rats were habituated to the activity chambers the day before testing
because we hypothesized that CHPG might increase activity. Conversely,
because we hypothesized that NPLA and c-SRIF would decrease motor
activity, animal activity was quantified the first time they were exposed to
the environment. Microinjections were made 5 min before placing the
rats into the chamber and photocell beam breaks were quantified for a
total of 60 min.

Measurement of MMP activity
Because MMPs are secreted in inactive proforms and catalytically acti-
vated within the ECM, activity assays are preferable to immunoblotting
for protein content for assessing changes in MMP function (Kupai et al.,
2010). We used an in vivo zymography assay to measure MMP activity
directly. Dye-quenched gelatin is an MMP-2/MMP-9 substrate contain-
ing intramolecularly quenched FITC fluorophores that cannot fluoresce
until they are proteolytically processed by MMP-2 or MMP-9 (Bozdagi et
al., 2007). The amount of fluorescence produced forms a linear relation-
ship with incubation time and MMP activity (see Figs. 2; 3; 4; 5; 6, and 7).
Dye-quenched FITC-gelatin (Invitrogen) was reconstituted in PBS at 1
mg/ml, pH 7.2–7.4. Then, 3.0 �l of gel (1.5 �l/side) was microinjected 15
min before administering an overdose of pentobarbital (100 mg/kg, i.p.)
and beginning transcardial perfusion of 4% paraformaldehyde (PFA).
Brains were removed, placed in 4% PFA for 90 min for additional fixa-
tion, and a vibratome was used to obtain 50 �m sections through the
nucleus accumbens. Sections were mounted and coverslipped. Fluores-
cence was excited with a 488 nm argon laser, emissions filtered to 515–
535 nm, and images obtained through a 10� objective with a 0.3
numerical aperture (Leica confocal microscope). Only slices in which the
injection site and anterior commissure could be visualized in the same
frame were imaged. ImageJ software was used to quantify images. All
quantified images contained the anterior commissure, which was
masked to prevent being quantified, but provided a landmark for the
NAcore. MMP activity is induced as part of the acute inflammatory
response to tissue damage from the microinjector, so the microinjector
tract was readily visible in all quantified sections due to equivalent high
fluorescence in all treatment groups. This tract was also masked to elim-
inate quantifying any MMP activity caused by microinjection-induced
acute damage. Fluorescence was quantified bilaterally as integrated den-
sity from four sections per rat and the integrated densities were averaged
within each rat and normalized to yoked-saline control values.

Protein measurements
Western blotting. Rats were rapidly decapitated after extinction of cocaine
self-administration or yoked saline or 15 or 45 min after cued or cocaine-
primed reinstatement. The NAcore was dissected and homogenized in
RIPA lysis buffer containing 1.0% SDS and protease/phosphatase inhib-
itors. Homogenate was centrifuged at 4°C for 5 min at 10,000 � g. Su-
pernatant was collected and protein concentration was determined via a
bicinchoninic acid assay (Thermo Scientific). Then, 30 �g of protein was
added to each lane of 10% Bis-Tris gels (Bio-Rad) and transferred to
nitrocellulose membranes via the Invitrogen iBlot transfer system. Pri-
mary antibodies were used for nNOS (1:1000; Millipore #AB5380; RRID
AB_91824), phospho-Ser847 nNOS (1:1000; Abcam #16650; RRID
AB_443418) and HRP-conjugated goat anti-rabbit secondary antibody
was used at 1:10,000. GAPDH was used as a loading control. A Kodak
Image Station was used to visualize and quantify protein expression.

Immunoprecipitation. Protein-A dynabeads were washed in cold PBS,
and MMP-2 (Millipore #19015, RRID AB_91089) or MMP-9 antibody
(Millipore #19016, RRID AB_91090) were added at 1:1000 dilution and
allowed to incubate for 1 h at room temperature. Beads were washed 3
times for 5 min each in cold PBS containing 0.2% Triton X-100 (PBST).
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Protein A was cross-linked to antibodies with 5 mM bis(sulfosuccinimi-
dyl)suberate (BS3) for 30 min and the cross-linking reaction was
quenched via 1 M Tris-HCl for 15 min. NAcore samples were prepared as
whole-cell lysates in RIPA buffer with protease and phosphatase inhibi-
tors. Then, 45 �g of protein was added for detection of MMP-2 or 100 �g
of protein for MMP-9 in 200 �l of RIPA buffer containing protease and
phosphatase inhibitors. Beads were washed 3 min for 5 min each in cold
PBST. Elution occurred via 50 mM glycine, pH 2.8, and samples were
heated to 50°C for 10 min. Western blotting was performed as above and
membranes were probed with an antibody against S-nitrosocysteine
(Sigma-Aldrich #N5411, RRID AB_260785). Membranes were then
stripped via RestorePLUS Western stripping buffer (Life Technologies
#46428) for 10 min at 37°C and reprobed using the same antibody that
was used for the immunprecipitation. SNO– cysteine content was nor-
malized to total protein for quantification.

Immunohistochemistry. Mice were deeply anesthetized with pentobar-
bital and perfused with PBS followed by 4% paraformaldehyde. Brains
were postfixed for 24 h, after which 100 �m brain sections were cut using
a vibratome. Free-floating sections were rinsed in PBS/Triton X-100
(0.1%) and incubated in normal goat serum and primary antibo-
dies (Anti-Cre Recombinase; Millipore #MAB3120 Clone 2D8, RRID
2085748, 1:1000; Anti-nNOS; Millipore #AB5380, RRID AB_91824,
1:1000) overnight at 4°C. Afterward, sections were rinsed in PBS-Triton
X-100 and incubated in Alexa Fluor-conjugated secondary antibodies
(Life Technologies, 1:1000). Images were taken on a confocal microscope
(Leica) using a 63� objective and deconvolved using AutoQuant X2
(MediaCybernetics, RRID SCR_002465). Cell counts were done using
ImageJ software (RRID SCR_003070).

Slice preparation for electrophysiology
Rats and mice were anesthetized with ketamine HCl (100 and 150 mg/kg
Ketaset, respectively; Fort Dodge Animal Health) and decapitated. The
brain was removed from the skull and 220-�m-thick coronal sections
were obtained using a vibratome (VT1200S Leica vibratome). Slices were
immediately placed into a vial with aCSF containing the following (in
mM): 126 NaCl, 1.4 NaH2PO4, 25 NaHCO3, 11 glucose, 1.2 MgCl2, 2.4
CaCl2, 2.5 KCl, 2.0 NaPyruvate, 0.4 ascorbic acid (AA), bubbled with
95% O2 and 5% CO2) and a mixture of 5 mM kynurenic acid and 50 �M

D-(-)-2-amino-5-phosphonopentanoic acid. Slices were incubated at
room temperature until recording.

In vitro whole-cell recording
All recordings were collected at 32°C (controlled by TC-344B; Warner
Instruments) in the dorsomedial NAcore with a Multiclamp 700 B am-
plifier (Molecular Devices). Data were acquired at 10 kHz and filtered
at 2 kHz using AxoGraph X software (AxoGraph Scientific, RRID
SCR_014284). Inhibitory synaptic transmission was blocked with picro-
toxin (100 �M). Multiclamp 700B (Molecular Devices) was used
to record EPSCs in whole-cell patch-clamp configuration. Glass micro-
electrodes (1.5–2.5 M	) were filled with cesium-based internal solution
containing the following (in mM): 128 cesium methanesulfonate, 10
HEPES potassium, 1 EGTA, 1 MgCl2, 10 NaCl, 2.0 MgATP, and 0.3
NaGTP, 1 QX-314, pH 7.2–7.4, 275 mOsm. Data were acquired at 10 kHz
and filtered at 2 kHz using AxoGraph X software (AxoGraph Scientific).
To evoke EPSCs, a bipolar stimulating electrode (FHC) was placed �300
�m dorsomedial to the recorded cell to maximize chances of stimulating
prelimbic afferents. The stimulation intensity was set to evoke an EPSC of
200 –500 pA, which was usually 30 –70% of maximal EPSC. Recordings
were collected every 20 s. Rs measured with a 2 mV hyperpolarizing step
(10 ms) given with each stimulus and holding current was always mon-
itored online. Recordings with unstable Rs or when Rs exceeded 20 M	
were aborted.

Electrophysiology: voltage clamp
Inhibitory synaptic transmission was blocked with picrotoxin (50 �M) to
isolate EPSCs in whole-cell patch-clamp configuration. Glass microelec-
trodes (1–2 M	) were filled with cesium-based internal solution con-
taining the following (in mM): 124 cesium methanesulfonate, 10 HEPES
potassium, 1 EGTA, 1 MgCl2, 10 NaCl, 2.0 MgATP, and 0.3 NaGTP, 1
QX-314, pH 7.2–7.3, 275 mOsm. To evoke EPSCs, a bipolar stimulating

electrode (FHC) was placed �300 �m dorsomedial to the recorded cell
to maximize chances of stimulating prelimbic afferents. The stimulation
intensity was set to evoke an EPSC of 200 –500 pA, which was usually
30 –70% of maximal EPSC. Recordings were collected every 20 s. Rs

measured with a 2 mV hyperpolarizing step (10 ms) given with each
stimulus and holding current was always monitored online. Recordings
with unstable Rs or when Rs exceeded 10 M	 were aborted.

AMPA/NMDA ratio measurement. Recordings started no earlier than
10 min after the cell membrane was ruptured to allow diffusion of the
internal solution into the cell. AMPA currents were first measured at �80
mV to ensure stability of response. The membrane potential was then
gradually increased to �40 mV. Recording of currents resumed 5 min
after reaching �40 mV to allow stabilization of cell parameters. Currents
composed of both AMPA and NMDA were then obtained. D-AP5 (50
�M) was bath-applied to block NMDA currents and recording of
AMPA currents at �40 mV was started after 2 min. NMDA currents
were obtained by subtracting the AMPA currents from the total cur-
rent at �40 mV.

Electrophysiology: current clamp
Glass microelectrodes (1–2 M	) were filled with potassium-gluconate-
based internal solution containing the following (in mM): 130 potassium
D-gluconate, 0.2 EGTA, 10 HEPE-K, 20 KCl, 1 MgCl, 2.0 MgATP, and 0.3
NaGTP, pH 7.2–7.3, 275 mOsm. To block potassium channels, the same
cesium-based internal solution as for the voltage-clamp experiments was
used. To perform current–voltage curves and to test the excitability of
MSNs, a series of hyperpolarizing and depolarizing current steps was
applied for 5 min after breaking in the cell. The resting membrane po-
tential was measured every 20 s.

Measurement of NO
Enzyme-based microelectrode array. R2 ceramic-based microelectrode ar-
rays (MEAs) were prepared for in vivo recordings as described previously
(Burmeister et al., 2002; Ferreira et al., 2005; Quintero et al., 2011; Onifer
et al., 2012). Briefly, recording sites were coated with Nafion (Sigma-
Aldrich) and baked at 170°C for 10 min. After a 24 h room temperature
incubation, platinum sites were electroplated (through the enzyme layer)
with an O-phenylenediamine dihydrochloride size exclusion layer
(Acros Organics) to block potential interferents such as dopamine and
AA. When a potential of �0.7 V versus a silver/silver chloride reference
electrode is applied to the MEA, NO is oxidized, resulting in the transfer
of electrons to the platinum recording surface. The resulting change in
current was amplified and digitized by a Fast Analytical Sensing Tech-
nology (FAST16 MKIII recording system; Quanteon). The FAST16
MKIII recording system saved amperometric data, time, and experi-
menter ejection marks. All traces from the MEAs were analyzed using
FAST Analysis software (Jason Burmeister Consulting).

Electrode calibration. MEAs were calibrated to determine their sensi-
tivity to NO and selectivity against AA using constant potential amper-
ometry with a FAST16 MKIII system as described previously (Burmeister
et al., 2002; Ferreira et al., 2005; Quintero et al., 2011; Onifer et al., 2012).
Briefly, the MEA was submerged into 40 ml of a continuously stirred
solution of 0.05 M PBS titrated to pH 7.4 and allowed to reach a stable
baseline for �30 min before calibration. Phosphate buffer temperature
was maintained at 37°C using a circulating water bath (Gaymar Indus-
tries). Aliquots of freshly made 20 mM AA and 10 mM DETA-NO (a
compound that degrades resulting in the release of NO) were used to
obtain final concentrations of 250 �M AA and 0.25, 0.5, and 0.75 �M NO
for calibrations. Selectivity ratios for NO over AA were calculated in
addition to the limit of detection and linearity (R 2) for all NO MEAs. The
MEAs were also tested to compare the recording capability among the
platinum recording sites using H2O2 (8.8 �M, final concentration) as a
test substance. Electrodes that had R 2 values �0.8 and did not respond to
H2O2 were not used for recordings.

Electrode placement and recording procedures. Before implantation,
MEAs were fitted with single-barrel glass capillaries with an inner tip
diameter of �10 �m. Pipettes were embedded in modeling clay and
covered with molten wax to stabilize the assembly. The tip of the stimu-
lating pipette was positioned 50 –100 �m from the surface of the MEA
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directly in front of the platinum recording sites
(Burmeister et al., 2002; Michael and Borland,
2007). After attachment, the pipette was filled
with 10 mM glutamate, 134 mM CHPG or 875
�M CNO solution (0.3 mg/ml, 0.5% DMSO in
0.9% sterile saline). For MTEP and NPLA in-
hibition experiments, a second pipette was po-
sitioned �300 �m lateral to the central pipette,
also 50 –100 �m from the surface of the MEA
(Fig. 2A). Pipettes poised to deliver inhibitors
were filled with 100 �M MTEP, 1 mM NPLA, or
vehicle. In all cases, pipettes were connected via
tubing to a Picospritzer III (Parker Instru-
ments) for delivery of solutions.

Rats were anesthetized with 30% urethane
(5 mg/kg, i.p.) and placed in a stereotaxic ap-
paratus (David Kopf Instruments) on a heating
pad (37°C). After removal of the scalp tissue,
rats underwent a craniotomy to remove the
skull above the NAcore on both the right and
left side, leaving bregma intact. Rats were then
implanted with a NO-selective electrode into
either the left or right NAcore (in millimeters
relative to bregma: AP, �1.8 mm; ML, �1.5
mm; DV, �7 mm vs bregma). A small hole was
drilled slightly anterior to lambda and used for
placement of the silver/silver chloride refer-
ence electrode. Mouse procedures were per-
formed in a similar fashion with the following
exceptions. Mice were anesthetized with 12.5%
urethane (5 mg/kg, i.p.) and different stereo-
taxic coordinates used for electrode placement
in the NAcore were used (in millimeters rela-
tive to bregma: �1.5 A/P; �1.2 M/L; �4.2
D/V) based on Paxinos and Franklin (2012).

In dose–response experiments, after establishment of a stable baseline,
increasing amounts of glutamate, CHPG, and CNO (60 –200 nl) were
given to determine whether NO responses evoked by glutamate, CHPG,
or CNO were dose dependent. After each application of glutamate
CHPG, or CNO, the recording was allowed to reach baseline for 3–5 min.
In inhibition experiments, after establishment of a stable baseline, 100 –
200 nl of glutamate or CHPG was given to elicit an “uninhibited” NO
response. The system was allowed to reach baseline again for 3–5 min and
then the same volume of MTEP or NPLA was administered immediately,
followed by a second pulse (again using the same volume) of glutamate or
CHPG for the “inhibited” response. Maximum amplitude of the re-
sponses was used to calculate the percentage inhibition of glutamate- or
CHPG-evoked NO by MTEP and NPLA, respectively. Three to four
paired observations (uninhibited vs inhibited peaks) were averaged for
each recording across three to five rats/mice.

Statistics
All statistics were performed using GraphPad Prism (RRID
SCR_002798) version 7 software. Two-hour reinstatement sessions were
analyzed using a one-way ANOVA followed by a Sidak’s test for post hoc
multiple comparisons. Microdialysis data were evaluated using a two-
way ANOVA with a Sidak’s test for post hoc comparisons. Zymography
data were analyzed using paired t tests, with opposite hemispheres form-
ing pairs. Western blots were analyzed using a one-way ANOVA with a
Sidak’s post hoc. Electrophysiology and electrochemistry were analyzed
using Student’s t tests or two-way ANOVAs.

Results
Cue-induced glutamate spillover and mGluRs
Reinstated drug seeking is associated with an increase in extracellular
glutamate that depends on synaptic activity in PL-PFC afferents to
the NAcore (McFarland et al., 2003; LaLumiere and Kalivas, 2008).
This reinstatement-induced increase in synaptic glutamate spillover
allows glutamate to access and stimulate extrasynaptic mGluRs. In-

terestingly, the pharmacological regulation of nonsynaptic group 1
and group 2 mGluRs produces opposing effects on reinstated drug
seeking. Therefore, either blockade of mGluR5 or stimulation of
mGluR2/3 in accumbens prevents reinstated cocaine seeking (Peters
and Kalivas, 2006; Sinclair et al., 2012; Schmidt et al., 2013). In the
first series of experiments, we used microdialysis in the NAcore to
determine whether reducing cue-induced cocaine seeking by either
stimulating mGluR2/3 or blocking mGluR5 also reduced cue-
induced glutamate spillover. We hypothesized that mGluR2/3 stim-
ulation would block cue-induced reinstatement by inhibiting
glutamate spillover through activating mGluR2/3 presynaptic auto-
receptors and thereby reducing synaptic glutamate release probabil-
ity (Moussawi and Kalivas, 2010). Conversely, we hypothesized that
blocking mGluR5 would not affect glutamate spillover because cue-
induced synaptic glutamate spillover stimulates extrasynaptic
mGluR5 to reinstate cocaine seeking.

Rats were trained to self-administer cocaine, followed by extinc-
tion training (Fig. 1A). Relapse was modeled in a trial in which co-
caine-associated cues were restored to the active lever without drug
delivery to reinstate cocaine seeking simultaneously with recording
extracellular glutamate via a unilateral microdialysis probe inserted
into the NAcore (Fig. 1B). After collecting six baseline samples (20
min each), a portion of rats underwent cued reinstatement and an
additional nine 20 min samples were collected to quantify extracel-
lular glutamate. Restoring conditioned cues to active lever pressing
increased extracellular glutamate significantly in the NAcore over
the first 60 min after initiating the reinstatement trial compared with
rats undergoing dialysis during an extinction trial without cue pre-
sentation (Fig. 1C). Adding the mGluR2/3 agonist LY379268 (100
�M) to the dialysis buffer 40 min before beginning the reinstatement
trial prevented the cue-induced increase in extracellular glutamate.
Conversely, adding the mGluR5 negative allosteric modulator

Figure 1. Cue-induced increases in extracellular glutamate are antagonized by stimulating mGluR2/3, but not by blocking
mGluR5. A, Self-administration and extinction lever pressing for all rats used in the microdialysis studies. Arrow indicates switch
from 10 d of self-administration to 14 d of extinction training. B, Histological localization of the active dialysis membrane in the
NAcore, which often traversed striatal areas dorsal or ventral to NAcore. C, Cue presentation increased extracellular glutamate
significantly in the NAcore. The increase in glutamate was abolished by introducing the mGluR2/3 agonist LY379268 (100 �M), but
not the mGluR5 negative allosteric modulator MTEP (100 �M) 40 min before initiating cued reinstatement. Data are shown as the
percentage change from the average baseline value (0 – 80 min). n in each group is shown in bars in D. D, Reverse microdialysis of
either LY379268 or MTEP prevented cue-induced reinstatement. Conditioned cues were restored to active lever presses in all
groups except the extinction group. n is shown in bars and is the same for C and D. All data shown as mean � SEM. *p � 0.05,
compared with extinction using a Sidak test for multiple comparisons; �p � 0.05 comparing cue with MTEP.
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MTEP (100 �M) to the dialysis buffer potentiated the cue-induced
rise in extracellular glutamate slightly over the first 20 min after cue
presentation (two-way ANOVA with repeated measures over time,
treatment F(3,35) � 5.50, p � 0.003, time F(14,490) � 8.36, p � 0.001,
interaction F(42,490) � 4.01, p � 0.001). Neither LY379268 nor
MTEP in the dialysis buffer altered basal levels of extracellular gluta-

mate significantly in the 20 min before beginning the reinstatement
trial (extinction � 0.23 � 0.06 pmol/�l, n � 13; cue � 0.29 � 0.06,
n � 17; LY379268 � 0.24 � 0.04, n � 6; MTEP � 0.33 � 0.12,
n � 5).

Rats infused with only dialysis buffer that had cues restored to
active lever pressing (the cue group) showed an increase in active

Figure 2. In vivo electrochemical evidence of glutamate acting via mGluR5 to activate nNOS. A, Schematic of the NO-sensitive electrode, the tip of which was implanted into the NAcore. The glass
pipettes were waxed to the electrode assembly such that the tips were �100 �m from the surface of the electrode to pressure puff various compounds adjacent to the recording sites. The adjacent
cresyl-violet-stained tissue shows an example of electrode placement into NAcore (note blood in electrode track). ac, Anterior commissure. Scale bar, 1 mm. B, In vitro calibration of NO electrodes
performed after stabilization of baseline electrodes by measuring the amperometric response at �0.7 V versus Ag/AgCl of a nafion/o-PD microelectrode to AA (interferent), followed by increasing
concentrations of DETA/NO (NO donor) and finally to H2O2 (positive control). C, Puffing glutamate adjacent to an NO electrode produced a dose-dependent increase in NO (n � 3). D, The effect of
glutamate was antagonized by the mGluR5-negative allosteric modulator MTEP (10 pmol). Left shows example traces and right shows group data normalized to peak amplitude of the glutamate
signal in each animal (*p � 0.05). E, Puffing the mGluR5 agonist CHPG produced a dose-dependent increase in NO (n � 3). F, Increase by CHPG (20 nmol) was inhibited by the nNOS antagonist NPLA
(100 pmol, *p � 0.05).
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lever pressing compared with rats not pre-
sented with cues that underwent an ex-
tinction trial (Fig. 1D). Inactive lever
pressing was not altered in response to
restoring cocaine-paired cues. The reduc-
tion in cue-induced extracellular gluta-
mate produced by reverse dialysis of
LY379268 was accompanied by blockade
of cue-induced active lever pressing. Even
though MTEP did not reduce cue-
induced extracellular glutamate (Fig. 1C),
it produced a similar reduction in active
lever pressing as LY379268 (Fig. 1D, two-
way ANOVA with repeated measures over
lever, treatment F(3,35) � 28.09, p � 0.001,
lever F(1,35) � 61.25, p � 0.001, interac-
tion F(3,35) � 25.02, p � 0.001). The fact
that LY379268 inhibited both the rise in
glutamate and active lever pressing is con-
sistent with the hypothesized outcome
that stimulating mGluR2/3 presynaptic
autoreceptors reduces synaptic glutamate
release probability and spillover. The dis-
sociation between behavior and extracel-
lular glutamate by MTEP is consistent
with the hypothesis that the inhibition of
cued reinstatement produced by antago-
nizing mGluR5 is not due to inhibiting
glutamate release, but rather that cue-
induced glutamate stimulates extrasynap-
tic mGluR5 to reinstate cocaine seeking.

Glutamate spillover stimulates
mGluR5 to produce NO and an
nNOS-dependent reinstatement
of cocaine seeking
Given the data presented above, we focused
on the activation of mGluR5 by glutamate
spillover as an essential component of the
mechanism for cued reinstatement of co-
caine seeking. mGluR5 is a Gq-coupled re-
ceptor that promotes the release of calcium
from intracellular stores, and is expressed by
most neurons in the NAcore (Lüscher and
Huber, 2010). However, we reasoned that
activation of mGluR5 by glutamate spillover
might be particularly important on nNOS
interneurons. This reasoning is supported
by several observations, including that the
activation of nNOS is calcium dependent
(Hayashi et al., 1999) and that the product
of nNOS activity, NO, regulates synaptic
plasticity (Hardingham et al., 2013) and
could therefore contribute to the t-SP
mediating cued reinstatement. In addition,
repeated noncontingent cocaine adminis-
tration increases NO efflux in the dorsal striatum (Lee et al., 2010)
and induces the S-nitrosylation of the AMPA glutamate receptor
trafficking protein stargazin in the accumbens shell (Selvakumar et
al., 2014). Finally, cocaine treatment downregulates mGluR5 on the
most abundant neuron type in NAcore, MSNs, and desensitizes D1-
expressing MSNs to mGluR5-endocannabinoid LTD (Fourgeaud et
al., 2004; Knackstedt et al., 2010). To examine the hypothesis that

mGluR5 stimulation of nNOS is mediating reinstated cocaine seek-
ing, we first determined whether stimulating mGluR5 in the NAcore
could promote NO production. We made in vivo measurements of
the extracellular concentration of NO by implanting an NO-
sensitive electrochemical electrode (Fig. 2A) into the NAcore of
drug-naive urethane-anesthetized rats that had been calibrated in
vitro using an NO donor (Fig. 2B; Barbosa et al., 2008). Glutamate

Figure 3. mGluR5 agonist in NAcore recapitulates cue-induced cocaine seeking by activating nNOS. A, Cocaine self-
administration and extinction responding for rats used in Figures 3, 4, and 6. Arrow indicates the switch from cocaine or yoked
saline infusions to extinction training. B, Yoked saline and extinction training for rats used to generate data in Figures 6, C–E, and
7, A and B. C, Microinjecting the mGluR5 agonist CHPG into the NAcore produced dose-dependent reinstatement of active lever
pressing in extinguished rats in the absence of cocaine-conditioned cues. The increase in lever pressing by CHPG (10 �g/side) was
abolished by coadministration of MTEP (1 �g/side). n is shown in bars. *p � 0.05, compared extinction (Ext). D, CHPG (10
�g/side) or aCSF was microinjected into the NAcore 5 min before placing the rat into a photocell box to which the animal was
preadapted. The time course revealed a significant interaction between time and treatment, but no effect of treatment.
E, Reinstated lever pressing by intra-NAcore microinjection of CHPG (10 �g/side) was abolished by coadministration of the nNOS
antagonist NPLA into the NAcore. F, Intra-NAcore microinjection of 0.1 or 1 nmol of NPLA did not alter distance traveled compared
with vehicle. G, Intra-NAcore microinjection of 0.1 or 1 nmol of NPLA reduced cue-induced active lever pressing compared with
vehicle. �p � 0.05 compared with 0 NPLA. H, Histological localization of microinjection cannula tips in the NAcore for the
behavioral data shown in Figure 3.
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was puffed near the electrode to mimic synaptic glutamate spillover
and elicited a transient dose-dependent elevation in NO that was
reduced by prepuffing MTEP, but not the MTEP vehicle (paired
Student’s t test comparing glutamate with glutamate�MTEP; t(3) �
8.08, p � 0.004; Fig. 2C,D). We then showed that stimulating
mGluR5 by puffing the mGluR5 agonist CHPG into the NAcore
induced a dose-dependent increase in NO that was reduced by an-
tagonizing nNOS with the selective nNOS inhibitor NPLA, but not
by the NPLA vehicle (paired Student’s t test comparing CHPG with
CHPG � NPLA; t(4) � 4.42, p � 0.012; Fig. 2E,F).

After demonstrating that mGluR5 stimulation promoted in
vivo production of NO, we determined whether CHPG microin-
jection into the NAcore could substitute for a cocaine cue and
reinstate active lever pressing in rats extinguished from cocaine
self-administration (Fig. 3A). Bilateral microinjection CHPG
into the NAcore 10 min before placing a rat into the extinguished
environment without discrete conditioned cues elicited a dose-
dependent increase in active lever pressing that was abolished by
co-microinjecting MTEP (Fig. 3B; two-way ANOVA with re-
peated measures over lever, treatment F(5,24) � 8.89, p � 0.001,
lever F(1,24) � 71.66, p � 0.001, interaction F(5,24) � 14.62, p �
0.001). The microinjection of CHPG produced a selective effect
on active lever pressing because there was no difference in inac-
tive lever pressing between any of the treatment groups (Fig. 3B)
and a behaviorally effective dose of CHPG (10 �g) did not in-
crease locomotor activity in a familiar open-field environment
compared with microinjection of aCSF (Fig. 3C; two-way
ANOVA with repeated measures over time, time F(11,110) �

18.27, p � 0.001; treatment F(1,10) � 1.97,
p � 0.191; interaction F(11.110) � 2.66, p �
0.005). Linking CHPG-induced reinstate-
ment to nNOS, the increase in lever press-
ing produced by CHPG was abolished in a
dose-dependent manner by coadminis-
tration of NPLA into the NAcore (Fig. 3D;
two-way ANOVA with repeated measures
over lever, treatment F(5,54) � 8.60, p �
0.001, lever F(1,54) � 21.57, p � 0.001, in-
teraction F(5,54) � 8.53, p � 0.001). The
effect of NPLA was selective for the in-
crease in active lever pressing by CHPG
because NPLA did not alter inactive lever
pressing or locomotor activity signifi-
cantly (Fig. 3D,E; two-way ANOVA,
treatment F(2,20) � 3.90, p � 0.037, time
F(11,220) � 69.28, p � 0.001, interaction
F(22,220) � 0.71, p � 0.825). Similarly, mi-
croinjection of NPLA into the NAcore
produced a dose-dependent blockade of
cue-induced reinstatement (Fig. 3F; two-
way ANOVA treatment F(3,47) � 11.93,
p � 0.001, lever F(1,47) � 103.5, p � 0.001,
interaction F(3,47) � 11.93, p � 0.001),
supporting the possibility that mGluR5
activation of nNOS mediates cued rein-
statement of cocaine seeking. Figure 3G
shows the histological localization of mi-
croinjections within the NAcore for the
CHPG and NPLA experiments.

Finally, the majority of nNOS in-
terneurons express SRIF that could also be
released in response to CHPG microinjec-
tion or synaptic spillover of glutamate

(Figueredo-Cardenas et al., 1996). To test the possible involve-
ment of SRIF, the SRIF antagonist c-SRIF was microinjected into
the NAcore at doses shown previously to alter behavior (Ikeda et
al., 2009). Compared with vehicle, neither dose of c-SRIF altered
active or inactive lever pressing significantly (Fig. 4A; two-way
ANOVA, treatment F(3,47) � 8.52, p � 0.001, lever F(1,47) � 93.70,
p � 0.001, interaction F(3,47) � 10.40, p � 0.001) or locomotor
activity (Fig. 4B; two-way ANOVA, treatment F(2,22) � 1.38, p �
0.276, time F(11,242) � 71.95, p � 0.001, interaction F(22,242) �
1.02, p � 0.438). In addition, unlike activating mGluR5 with
CHPG (Fig. 3B), previously reported behaviorally effective doses
of SRIF microinjected into the NAcore in extinguished rats did
not reinstate cocaine seeking (Fig. 4C; two-way ANOVA, treat-
ment F(2,15) � 2.76, p � 0.147, lever F(1,15) � 20.88, p � 0.001,
interaction F(2,15) � 1.53, p � 0.248) and showed a trend toward
decreasing locomotor activity (vehicle � 14,063 � 1493, n � 6,
photocell counts over 60 min; SRIF-100 ng � 11,224 � 1102, n �
7; Raynor et al., 1993; Santis et al., 2009). Figure 4D shows the
histological localization of microinjections within the NAcore for
the SRIF and c-SRIF experiments.

mGluR5 and Gq stimulation in nNOS interneurons
The data so far support the hypothesis that glutamate spillover stim-
ulates mGluR5 to promote nNOS activity. nNOS-expressing
neurons constitute �1% of all neurons in the NAcore (Figueredo-
Cardenas et al., 1996). To study selectively the role of nNOS-
expressing interneurons without simultaneously activating other
NAcore neurons, we used NOS1-Cre transgenic mice, which per-

Figure 4. Lack of effect by SRIF transmission on reinstated cocaine seeking. A, Intra-NAcore microinjection of 0.1 or 1 �g of
c-SRIF did not alter cue-induced active lever pressing compared with vehicle. B, Intra-NAcore microinjection of 0.1 or 1 �g of c-SRIF
did not alter motor activity. C, Intra-NAcore microinjection of SRIF did not reinstate lever pressing. D, Histological localization of
microinjection cannula tips in the NAcore for the behavioral data shown in Figure 4.
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mitted viral expression of a Gq-coupled designer receptor exclu-
sively activated by designer drug (Gq-DREADD; AAV2-hSyn-DIO-
hM3Dq-mCherry) in NAcore nNOS interneurons (Sutton et al.,
2014). This strategy resulted in Gq-DREADD expression in nNOS-
expressing cells, as shown by double labeling for the Gq-DREADD
reporter mCherry and immunoreactive nNOS or Cre expression
(Fig. 5A). Interestingly, �20–25% of those neurons infected by
DIO-Gq-DREADD did not show significant immunoreactivity for
nNOS, indicating a low level of “leak” infection via this virus (Fig.
5A; see further discussion of leaky expression below). Stimulating
Gq-DREADD increases intracellular calcium in a manner similar to
mGluR5 (Agulhon et al., 2013), which can activate nNOS by pro-
moting binding of activated calmodulin (Hayashi et al., 1999). We
first evaluated transfected Gq-DREADD-mediated nNOS activation
directly by using an NO electrode implanted in vivo into the trans-
fection site in the NAcore to measure NO efflux in cocaine-naive
urethane-anesthetized mice (Fig. 5B). The Gq-DREADD ligand
CNO produced a dose-dependent increase in extracellular NO in the
NAcore (Fig. 5C).

To examine directly the electrophysiological properties of
nNOS-expressing interneurons and further evaluate the type of
NAcore cell transfected, we made whole-cell patch recordings from
nNOS neurons labeled with mCherry via Cre-dependent Gq-
DREADD transduction. Examining resting membrane potential
(RMP) of DREADD infected neurons (identified by mCherry fluo-
rescence) provides further evidence for the relative specificity of the
viral construct used, but also indicated �20–25% leak of mCherry
expression in non-nNOS interneurons. The resting membrane po-
tential (RMP) and input resistance distinguishes nNOS interneu-

rons from MSNs that constitute �90% of all accumbens neurons
(Kawaguchi, 1993; Fino et al., 2009). Of 19 Gq-DREADD-infected
neurons (mCherry�) recorded, 4 had RMPs ��70 mV, indicating
that 21% of infected cells are likely MSNs. In contrast, of 9 nonla-
beled neurons (mCherry�) recorded, only 1 had an RMP 
�70
mV (mCherry� RMP � �58.11 � 3.5 mV; mCherry� RMP �
�76.63 � 3.97 mV; t(26) � 3.373, p � 0.002), consistent with
�10% of neurons being non-MSN in a random sample. Further-
more, also indicative of nNOS interneurons, mCherry� cells had
significantly higher input resistance (mCherry� � 443.3 �
75.6	M; mCherry� � 168.5 � 39.1 	M; t(26) � 2.19, p � 0.023)
and lower capacitance (mCherry� � 46.2 � 6.1 F; mCherry� �
75.8 � 7.5 F; t(26) � 2.74, p � 0.011). These characteristics are
reflected in the example voltage traces showing the differential
responses of the cells types to hyperpolarizing and depolarizing
pulses (Fig. 5D). Only mCherry� fluorescent neurons showed
membrane depolarization in response to CNO activation of Gq-
DREADD, whereas nonfluorescent neurons were unresponsive
(Fig. 5E, two-way repeated-measures ANOVA treatment
F(1,258) � 71.54, p � 0.001). CNO-mediated depolarization was
masked by blocking potassium channels cesium (Fig. 5F, paired
t(7) � 0.02, p � 0.984 comparing pre-CNO vs post-CNO), con-
sistent with previously reported Gq-dependent inhibition of leak
potassium currents (Wilke et al., 2014). Supporting functional
mGluR5 expression by nNOS interneurons, stimulating group
I mGluR with bath-applied dihydroxyphenlglycol produced
membrane depolarization (paired t(7) � 2.61, p � 0.035) that was
antagonized by MTEP (paired t(3) � 1.45, p � 0.335; Fig. 5F).

Figure 5. Gq-DREADD stimulation of nNOS activity. A, Representative micrographs showing the sparse distribution of nNOS-expressing interneurons in NAcore and labeling of nNOS interneurons
with Gq-DREADD in NOS1-Cre mice (left). Also shown is double labeling of Gq-DREADD and Cre immunoreactivity (right). Arrowhead indicates double-labeled nNOS�Gq-DREADD; asterisk,
single-labeled Gq-DREADD. Scale bar, 30 �m. B, Gq-DREADD-transfected nNOS neurons near a track made by the in vivo NO electrode. ac, Anterior commissure. Scale bar, 30 �m. C, CNO puffed onto
Gq-DREADD-transfected nNOS neurons in NAcore in drug-naive NOS1-Cre mice produced a dose-dependent elevation of NO (n � 5). D, Voltage changes induced by �100 pA hyperpolarizing (blue)
or �60 pA depolarizing (red) current pulses in Gq-DREADD-transfected (mCherry�) neuron compared with a neuron that was not transfected (mCherry�). The differences in RMP, amplitude of
hyperpolarization, and firing pattern are typical of nNOS interneurons (mCherry�) compared with MSNs. E, CNO (10 �M) depolarized nNOS� neurons (n � 8), but not nNOS� neurons (n � 5).
F, Analyzing the change in RMP between 5 min before and 5 min after bath application of drug revealed CNO (10 �M) and DHPG (100 �M) depolarized nNOS� neurons and this was prevented by
blocking potassium channels with cesium (Ce) or mGluR5 with MTEP (10 �M), respectively. Number of cells/mice is shown in bars. *p � 0.05 compared with cell baseline RMP before drug
application.
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Increased NO production is required for t-SP
Because blockade of nNOS with NPLA microinjection into the
NAcore inhibited cue-induced reinstatement of cocaine seeking
(Fig. 3F), we next tested the hypothesis that NO production is
required for the induction of t-SP. Cue-induced induction of
t-SP and reinstated cocaine seeking requires MMP-2 and MMP-9
activity in the NAcore (Smith et al., 2014). We quantified cue-
induced MMP-2 and MMP-9 activity using in vivo zymography.
A FITC-quenched gelatin peptide that is proteolytically cleaved
by MMP-2 and MMP-9 was microinjected into NAcore to gen-
erate a fluorescent signal that is linearly proportional to MMP-2
and MMP-9 activity (Nagy et al., 2007). We quantified MMP-2
and MMP-9 activity in the NAcore 15 min after bilateral micro-
injection of FITC-gelatin in combination with the nNOS inhibi-
tor NPLA or vehicle in contralateral hemispheres. Rats were
trained to self-administer cocaine and were extinguished and
MMP-2 and MMP-9 activity quantified at 24 h after the last
extinction session or after 15 min of cued reinstatement. NPLA
reduced both constitutive MMP-2 and MMP-9 activity after ex-
tinction and the transient increase in MMP-2 and MMP-9 activ-
ity elicited by 15 min of cued reinstatement (Fig. 6A,B; extinction
paired t test t(3) � 3.62, p � 0.036, reinstated paired t test t(3) �
5.09, p � 0.015). This indicated that nNOS activity was required
for cue-induced stimulation of both MMP-2 and MMP-9 activity
because MMP-2 is upregulated after extinction and MMP-9 after
reinstatement (Smith et al., 2014).

We used Western blotting to evaluate the phosphorylation of
nNOS and found evidence of a role for nNOS activity in both

constitutive and transient MMP-2 and MMP-9 activity. Dephos-
phorylation of serine 847 increases NO production by facilitating
calmodulin binding to nNOS (Rameau et al., 2004; Rao et al.,
2008) and, after extinction or 15 min of cued reinstatement, Ser-
847 phosphorylation was reduced in NAcore compared with
yoked-saline controls (Fig. 6C, one-way ANOVA F(2,20) � 16.50,
p � 0.001). The altered phosphorylation state of nNOS after
cocaine self-administration and extinction is consistent with the
constitutive increase in NO production previously observed in
the striatum of rats pretreated with daily noncontingent cocaine
injections (Lee et al., 2010). One mechanism for physiologically
activating MMP-2 and MMP-9 is by S-nitrosylation of a cysteine
residue within the protein prodomain (Gu et al., 2002). To mea-
sure S-nitrosylation, MMP-2 and MMP-9 were immunoprecipi-
tated and probed for S-nitroso-cysteine via Western blotting.
MMP-2 S-nitrosylation was increased after cued reinstatement
(Fig. 6D; one-way ANOVA F(2,18) � 4.69, p � 0.023). Although
no change was detected in the S-nitrosylation of MMP-9 (Fig.
6E), it is possible that S-nitrosylation and activation of MMP-2
induced the proteolytic activation of MMP-9 (Toth et al., 2003).

We next used in vivo zymography in cocaine-naive NOS1-Cre
mice to show that nitrergic signaling induced by CNO in NAcore
activated MMP-2 and MMP-9. NOS1-Cre mice were microin-
jected with Gq-DREADD in NAcore, followed by a bilateral
microinjection of either CNO or vehicle in contralateral hemi-
spheres 3 weeks later. CNO microinjection activated MMP-2 and
MMP-9 robustly, as indicated by increased fluorescence around
the injection site (Fig. 7A). Moreover, the increase was abolished

Figure 6. Chronic cocaine exposure increases nNOS activity, S-nitrosylation of MMP-2, and MMP activity. A, Representative examples of gelantinolytic fluorescence corresponding to MMP-2 and
MMP-9 activity. Each of two groups, extinguished from cocaine self-administration or cocaine-extinguished plus 15 min of cued reinstatement were microinjected bilaterally into the NAcore with
FITC-quenched gelatin in combination with either NPLA (1 nmol) or vehicle into contralateral hemispheres. Tissue was obtained 15 min after microinjection and 100 �m sections were analyzed for
fluorescence. Scale bar, 1 mm. Dashed lines outline microinjection track and anterior commissure (ac), both of which were masked out for quantification. B, NPLA reduced both constitutive MMP-2
activity in extinguished (Ext) and transient MMP-9 activity (Smith et al., 2014). C, nNOS serine-847 was dephosphorylated after extinction and cued reinstatement of cocaine seeking. D, E, MMP-2
S-nitrosylation was increased after 15 min of cued reinstatement (D), but MMP-9 was not (E). *p � 0.05 compared with vehicle (B) or yoked saline (C–E). n is shown inside each bar.
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by inhibiting nNOS with NPLA (Fig. 7B,
left, CNO paired t(4) � 3.02, p � 0.039;
right, paired t(4) � 2.97, p � 0.041). Cue-
induced MMP-2 and MMP-9 activity
drives t-SP in NAcore MSNs (Smith et al.,
2014) and we used whole-cell patch-
clamp electrophysiology to show that the
nitrergic signaling and activation of
MMP-2 and MMP-9 induced by CNO
also elicited t-SP. As a measure of t-SP in-
duction, the AMPA/NMDA ratio was
quantified in MSNs 20 min after systemic
injection of CNO (3 mg/kg, i.p.). CNO
treatment elevated the AMPA/NMDA
ratio significantly in Gq-DREADD-tran-
sfected, drug-naive NOS1-Cre mice com-
pared with vehicle administration (Fig.
7C; unpaired t(19) � 2.21, p � 0.040), in-
dicating that Gq activation of nNOS pro-
duced t-SP.

Gq stimulation of nNOS activity
recapitulates cue-induced
reinstatement of cocaine seeking
Finally, we used Gq-DREADD-tran-
sfected NOS1-Cre mice to show that stim-
ulating nNOS interneurons was sufficient
to reinstate cocaine seeking. After extin-
guishing mice from cocaine self-
administration (Fig. 8A), systemic
administration with CNO (3.0 mg/kg,
i.p.) reinstated lever pressing in the ab-
sence of a conditioned cue (Fig. 8B; two-
way repeated-measures ANOVA,
treatment F(2,16) � 18.80, p � 0.001, lever
F(1,8) � 9.61, p � 0.015, interaction F(2,16) � 7.35, p � 0.005).
Moreover, CNO potentiated cue-induced reinstatement mark-
edly (Fig. 8C; two-way repeated-measures ANOVA, treatment
F(2,16) � 19.65, p � 0.001, lever F(1,8) � 19.25, p � 0.002, inter-
action F(2,16) � 9.96, p � 0.002). Although CNO treatment pro-
duced a trend toward increasing inactive lever pressing, the effect
was not statistically significant and mice continued to distinguish
significantly between the active and inactive lever.

We also conducted the converse experiment with NOS1-Cre
mice and used a genetic strategy to ablate NAcore nNOS neurons
selectively (Yang et al., 2013). Using the genetically engineered
caspase-3 viral vector taCasp3-TEVp, the expression of which com-
mits the cell to apoptosis, we successfully killed nNOS-expressing
neurons in the site of virus injection (Fig. 8D–G). This specific con-
struct limits toxicity to Cre-expressing cells by triggering cell-
autonomous apoptosis. Indeed, immunoreactive nNOS neurons
were reduced in number without altering the amount of signal ob-
tained from surrounding cells using a nonspecific fluorescent signal
for DNA, TO-PRO-3 iodide (Fig. 8F). The extent of nNOS neuron
ablation was quantified by counting nNOS-immunoreactive cells in
the NAcore from three to four sections containing evidence of a
visible injection tract in each hemisphere to obtain an animal average
(Fig. 8D,E). The loss of nNOS neurons did not affect cocaine self-
administration and extinction, although the loss of nNOS neurons
was variable across mice, ranging from no apparent loss to complete
depletion. However, this extent of depletion was positively corre-
lated with the amount of reinstated active lever pressing (Fig. 8G; r2

� 0.699, p � 0.019, n � 7). Therefore, mice with near complete loss

of nNOS expression showed no reinstatement, whereas mice with
the smallest lesions showed normal levels of cue-induced
reinstatement.

Discussion
Cue-induced reinstatement of cocaine seeking is a widely used
animal model of cocaine relapse that requires spillover of syn-
aptically released glutamate and the activation of t-SP in NA-
core. Here, we uncovered a cellular sequence of events
whereby spillover of synaptic glutamate elicited by presenting
cocaine-conditioned cues induces t-SP and reinstates cocaine
seeking (Fig. 9). We show that extrasynaptic glutamate acti-
vated mGluR5 to stimulate NO production by the sparse pop-
ulation of NAcore interneurons that express nNOS. The
increase in NO then caused S-nitrosylation and activation of
MMP-2, which is required for inducing MMP activity and t-SP
and ultimately for reinstating cocaine seeking (Gipson et al.,
2013a; Smith et al., 2014).

Glutamate spillover
A shared characteristic of withdrawal from many classes of addic-
tive drug is downregulation of glial glutamate uptake via GLT-1
in the NAcore (Sari et al., 2011; Fischer-Smith et al., 2012; Gipson
et al., 2013b) or decreased coverage of synapses by synaptic astro-
cytic processes (Scofield et al., 2016). Glial glutamate uptake via
GLT-1 is the prepotent physiological mechanism for clearing glu-
tamate from the extracellular space (Danbolt, 2001). Therefore,
constitutive downregulation of GLT-1 or reduced proximity of

Figure 7. Chemogenetic stimulation of nNOS-expressing interneurons induces MMP activity and t-SP. A, Representative mi-
crographs showing FITC-gelatin fluorescence in the vicinity of the cannula track in NAcore. Drug naive NOS1-Cre mice were
transfected with Gq-DREADD and microinjected with vehicle or CNO (3 nmol) into opposite hemispheres in combination with
FITC-gelatin and tissue was obtained 15 min later. In a second experiment, CNO was microinjected into both hemispheres in
combination with vehicle or NPLA (1 nmol) and FITC-gelatin. Dashed lines indicate anterior commissure (ac) and cannula track that
were masked out for quantification. Scale bar, 1 mm. B, Mice were microinjected into contralateral hemispheres with CNO or
vehicle (left) or CNO � NPLA (right) and data were evaluated within each panel using a paired Student’s t test comparing CNO with
vehicle or CNO � NPLA between hemispheres. Data are shown normalized to the CNO treatment. CNO increased MMP-2 and
MMP-9 activity in the NAcore of drug-naive mice compared with vehicle (left) and this effect was abolished by treatment with
NPLA (right). C, CNO stimulation of Gq-DREADD in nNOS-expressing interneurons potentiated the AMPA/NMDA ratio at glutama-
tergic synapses on NAcore MSNs. n shown in bar represents the number of cells/mice.
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GLT-1 to glutamatergic synapses after using addictive drugs cre-
ates a scenario whereby cue-induced synaptic release of gluta-
mate from PL-PFC afferents to the NAcore spills excessively
outside of the synaptic cleft and gains access to extrasynaptic
regions of the neuropil. In the extrasynaptic space, glutamate has
access primarily to mGluR and NMDA glutamate receptors that
are localized outside of the synaptic cleft. Stimulating group II
(mGluR2/3) mGluRs is well characterized to produce a Gi-
signaling mediated decrease in release probability at glutam-
atergic synapses (Moussawi and Kalivas, 2010). In contrast,
stimulating either Gq-coupled group I mGluR1/5 or NMDA re-
ceptors increases intracellular calcium and thereby initiates a va-
riety of cellular actions, including activating nNOS (Hayashi et
al., 1999; Hardingham et al., 2013).

Activation of nNOS and MMPs
Here, we show that glutamate spillover stimulates nNOS interneu-
rons bearing mGluR5. We also found that enduring dephosphory-
lation of nNOS at serine 847 was produced after extinction from
cocaine self-administration and this posttranslational modification
leaves the enzyme hyperresponsive to mGluR5-induced increases in
intracellular calcium (Rao et al., 2008). Accordingly, stimulation of
mGluR5 or Gq-DREADD expressed selectively in nNOS interneu-
rons increases NO synthesis robustly. Finally, stimulation of this
signaling sequence in nNOS interneurons induced MMP-2 and
MMP-9 activity, at least in part via S-nitrosylating MMP-2, which in
turn initiated t-SP in MSNs and reinstated cocaine seeking. In addi-
tion to activating MMP-2, withdrawal from noncontingent cocaine
administration increases S-nitrosylation of stargazin constitutively

Figure 8. Selective activation or destruction of nNOS interneurons in NAcore produces opposite effects on reinstated cocaine seeking. A, NOS1-Cre transgenic mice were trained to self-administer
cocaine for 10 d before undergoing extinction training for 10 d. B, Activation of nNOS-expressing interneurons with CNO (3 mg/kg, i.p.) reinstated cocaine seeking in extinguished NOS1-Cre mice in
the absence of cocaine cues. C, CNO also potentiated cue-induced reinstatement markedly compared with vehicle. D, Immunostaining showing example animal with large nNOS depletion after
genetic activation of the caspase 3 apoptosis cascade (taCasp3-TEVp). *nNOS immune-positive cell. ac, Anterior commissure. Scale bar, 100 �m. E, nNOS immunostaining for animal sustaining only
partial nNOS depletion. F, Animal sustaining large depletion of nNOS-immunoreactive neurons (green) with blue counterstaining for DNA (TO-PRO-3 iodide) showing that the loss of nNOS-
immunoreactive neurons did not alter overall cell staining. G, Number of cue-induced active lever presses was positively correlated with the number of surviving nNOS cells at the site of lesion
(average over four sections per mouse). Letters by data point correspond to mice shown as examples in D and E. *p � 0.05 compared with extinction; �p � 0.05 comparing active with inactive
lever presses.

Figure 9. Model of how a cocaine cue induces synaptic glutamate (Glu) spillover from PL-PFC synapses in NAcore and reinstates cocaine seeking. (1) Cocaine-induced downregulation of glial
glutamate transporters (GLT-1) allows cue-induced release of synaptic glutamate from PL-PFC afferents to (2) spillover into the extracellular space. The increase in extrasynaptic glutamate (3)
stimulates mGluR5 in nNOS interneurons and activates nNOS to increase the production of NO. Diffusion of NO into the extracellular space (2) activates MMP-2 and MMP-9 (4), which is necessary to
induce t-SP in NAcore MSNs and reinstate behavior.
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in the shell subcompartment of the nucleus accumbens (Selvakumar
et al., 2014). Although this study showed no change in NAcore, given
its role to chaperone AMPA receptors into the postsynapse, it is
tempting to speculate that S-nitrosylation of stargazin or another
protein by cue-induced NO synthesis could contribute to the in-
crease in AMPA signaling associated with t-SP.

DREADD activation of nNOS interneurons
Our data show that, even in the absence of conditioned cues, the
intrinsic microcircuit shown in Figure 9 is sufficient for inducing
cocaine seeking. Therefore, activating mGluR5- or Gq-DREADD-
induced activity in nNOS-expressing interneurons reinstated active
lever pressing in mice even in the absence of restoring conditioned
cues to lever pressing. We propose that the behavioral effect of Gq-
DREADD activation results from increased NO production because
we measured the capacity of CNO to increase extracellular NO (Fig.
5C) alongside increased sensitivity of nNOS to intracellular calcium
that results from enduring cocaine-induced dephosphorylation of
serine-847. (Fig. 6C; Rao et al., 2008). Furthermore, stimulation of
MMP2,9 activity is a prerequisite for cue-induced reinstatement
(Smith et al., 2014) and antagonizing nNOS with NPLA prevented
MMP-2 and MMP-9 activation by CNO (Fig. 6A,B), as well as cue-
induced reinstatement (Fig. 3F). Finally, SRIF is a transmitter fre-
quently colocalized in nNOS interneurons (Figueredo-Cardenas et
al., 1996) and we found that neither activation nor inhibition of SRIF
receptors in NAcore altered reinstated or extinguished lever pressing
(Fig. 4A,C). Nonetheless, it remains possible that GABA release
from nNOS cells in response to the Gq-mediated increase in cell
firing could influence cue-induced reinstatement. In addition, the
spillover of synaptic glutamate would be expected to stimulate other
glutamate receptors on neurons and glia in addition to the 1% of
interneurons expressing nNOS. Therefore, in addition to an un-
tested role for GABA release from nNOS interneurons, the mGluR5-
nNOS signaling described herein may not necessarily be a complete
description of how the NAcore contributes to translating a cocaine-
conditioned cue into reinstated drug seeking. Perhaps most reveal-
ing that a mechanism(s) parallel to activating nNOS interneurons
may contribute to cued reinstatement is that, whereas NPLA com-
pletely abolished reinstatement and MMP-2 and MMP-9 activity
elicited by stimulating mGluR5, it did not appear to reduce cue-
induced reinstatement to extinction levels of lever pressing (Fig. 3F).

Alternative circuitry
Although we did not uncover this hypothesized parallel pathway
for cued reinstatement, two possibilities are consistent with the
literature. When mGluR5 was knocked down selectively in D1-
expressing MSNs, cue-induced reinstatement of cocaine seeking
was reduced, but not abolished, posing mGluR5 on this popula-
tion of accumbens neurons as a parallel reinstatement pathway to
nNOS interneurons (Novak et al., 2010). However, if this were
the case, then NPLA should not have completely abolished rein-
stated cocaine seeking produced by CHPG microinjections
(Fig. 3D). Alternatively, because reinstated cocaine seeking was
not associated with measureable increases in S-nitrosylation of
MMP-9, activation of MMP-9 may be an insertion point for a
parallel signaling mechanism. For example, whereas MMP-9 can
be stimulated by activated (S-nitrosylated) MMP-2 (Toth et al.,
2003), MMP-9 is also activated indirectly by proteases such as
tissue or urokinase plasminogen activator (tPA or uPA), which
act independently of S-nitrosylation (Huntley, 2012). Interest-
ingly, cocaine and other psychostimulants increase tPA or uPA
synthesis in corticostriatal neurons (Hashimoto et al., 1998) and
manipulating tPA or uPA pharmacologically or genetically alters

the behavioral effects of acute and chronic cocaine use (Bahi and
Dreyer, 2008).

Summary
The intrinsic nitrergic circuit revealed in our study identifies
mGluR5 stimulation on nNOS interneurons as a key mechanism
for activating NO production and stimulating t-SP and reinstat-
ing cocaine seeking. Although cue-induced glutamate spillover
into the extracellular space from PL-PFC synapses in the NAcore
is one likely mechanism for stimulating mGluR5-bearing nNOS
neurons, it is possible that direct glutamatergic input to nNOS
cells could also contribute. Particular intriguing along these lines,
nNOS neurons receive glutamatergic synaptic input from the
ventral hippocampus (French et al., 2005) and ventral hippocam-
pal inputs to the NAcore are known to contribute to reinstated
cocaine seeking (Rogers and See, 2007). Nonetheless, activation
of the mGluR5-nNOS-MMP pathway by glutamate spillover ex-
plains how preventing cue-induced spillover in the NAcore phar-
macologically by restoring the glial glutamate transporters with
N-acetylcysteine or ceftriaxone inhibits cue-induced reinstate-
ment to many addictive drugs (Kalivas and Volkow, 2011;
Moussawi et al., 2011; Sari et al., 2011). Importantly, using
N-acetylcysteine to restore glutamate transport has also been a
successful strategy in pilot clinical trials for reducing cocaine and
marijuana craving and use (Kalivas and Volkow, 2011; Gray et al.,
2012). Our discovery here that a sparsely distributed population
of nNOS-expressing interneurons is a bottleneck in how gluta-
mate spillover induced by drug-conditioned cues stimulates re-
lapse points to a potential new target for developing cell-specific
therapeutic interventions for drug addiction.
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