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Understanding the neurobiological processes that incite drug craving and drive relapse has the potential to help target efforts to treat
addiction. The NAc serves as a critical substrate for reward and motivated behavior, in part due to alterations in excitatory synaptic
strength within cortical-accumbens pathways. The present studies investigated a causal link between cocaine-induced reinstatement of
conditioned place preference and rapid reductions of cocaine-dependent increases in NAc shell synaptic strength in male mice. Cocaine-
conditioned place preference behavior and ex vivo whole-cell electrophysiology showed that cocaine-primed reinstatement and synaptic
depotentiation were disrupted by inhibiting AMPAR internalization via intra-NAc shell infusion of a Tat-GluA23Y peptide. Furthermore,
reinstatement was driven by an mGluR5-dependent reduction in AMPAR signaling. Intra-NAc shell infusion of the mGluR5 antagonist
MTEP blocked cocaine-primed reinstatement and corresponding depotentiation, whereas infusion of the mGluR5 agonist CHPG itself
promoted reinstatement and depotentiated synaptic strength in the NAc shell. Optogenetic examination of circuit-specific plasticity
showed that inhibition of infralimbic cortical input to the NAc shell blocked cocaine-primed reinstatement, whereas low-frequency
stimulation (10 Hz) of this pathway in the absence of cocaine triggered a reduction in synaptic strength akin to that observed with cocaine,
and was sufficient to promote reinstatement in the absence of a cocaine challenge. These data support a model in which mGluR5-
mediated reduction in GluA2-containing AMPARs at NAc shell synapses receiving input from the infralimbic cortex is a critical factor in
triggering reinstatement of cocaine-primed conditioned approach behavior.
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Introduction
Drug relapse following periods of abstinence is a major obstacle
in our ability to effectively treat addiction. Preceding relapse,

many addicts experience intense craving precipitated by drug
reexposure, or exposure to drug-associated contextual cues (Jaffe
et al., 1989; Ehrman et al., 1992; Childress et al., 1999; Bossert et
al., 2013). However, our limited understanding of how neural
plasticity evoked by exposure to relapse-linked stimuli elicits
relapse-related behavior has hampered our ability to effectively
confront addiction.

The NAc is critically involved in the attribution of incentive
motivation and acquisition and expression of reward-dependent
behavior (Kalivas and Volkow, 2005; Hyman et al., 2006). The
principal cells in the NAc are GABAergic medium spiny neurons
(MSNs), which receive convergent dopaminergic and glutama-
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Significance Statement

These studies identified a sequence of neural events whereby reexposure to cocaine activates a signaling cascade that alters
synaptic strength in the NAc shell and triggers a behavioral response driven by a drug-associated memory.
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tergic input arising from numerous brain regions (O’Donnell
and Grace, 1995; Finch, 1996; Zahm, 2000; Horvitz, 2002; Flo-
resco, 2007; Britt et al., 2012). Repeated exposure to psycho-
stimulants drives an enduring increase in excitatory synaptic
strength onto NAc MSNs, mediated by AMPA-type glutamate
receptors (Kourrich et al., 2007; Conrad et al., 2008; Dobi et al.,
2011; Pascoli et al., 2011, 2014; Rothwell et al., 2011; Britt et al.,
2012; Jedynak et al., 2016; Ebner et al., 2018). Accumulating evi-
dence supports the idea that this plasticity, which is accompanied
by an upregulation of AMPAR surface expression (Boudreau and
Wolf, 2005; Boudreau et al., 2007; Conrad et al., 2008), is a key
neural adaptation underlying the development and persistence of
addiction-related behavior (Pierce and Wolf, 2013); reexposure
to psychostimulants or relapse-linked stimuli, such as stress dur-
ing abstinence, produces a rapid reduction of AMPAR signaling
and effectively reverses this potentiation, suggesting the possibil-
ity that this experience-dependent AMPAR plasticity may act as a
synaptic trigger for driving relapse (Kourrich et al., 2007; Famous
et al., 2008; Rothwell et al., 2011; Jedynak et al., 2016; Ebner et al.,
2018).

The shell region of the NAc plays a critical role in developing
conditioned drug associations that can drive relapse to cocaine
seeking (Rogers et al., 2008; Pierce and Wolf, 2013) Excitatory
synapses on NAc shell MSNs are capable of activity-dependent
long-term plasticity via decreases in AMPAR signaling (Thomas
et al., 2000, 2001; Brebner et al., 2005; Pascoli et al., 2011, 2014;
Creed et al., 2015). While the existence of this plasticity was first
established with exogenous electrical stimulation, it is now
known that reduced synaptic strength in the NAc shell is a com-
mon synaptic adaptation induced by multiple experiences known
to cause reinstatement, including stress, drug, or drug-paired cue
reexposure (Thomas et al., 2001; Kourrich et al., 2007; Rothwell
et al., 2011; Jedynak et al., 2016; Ebner et al., 2018). Reductions in
synaptic strength produced by a cocaine priming injection have
been shown, ex vivo, to involve reductions in AMPAR signaling,
an effect that was blocked by antagonism of the Group 1 metabo-
tropic glutamate receptor, mGluR5 (Jedynak et al., 2016). NAc
shell mGluR5 activation has also been shown to play a significant
role in drug-induced reinstatement of cocaine seeking (Schmidt
et al., 2013). Reinstatement of drug seeking was also associated
with increased phosphorylation of the GluA2 AMPAR subunit at
Ser880, a PKC phosphorylation site that is known to promote
endocytosis of GluA2-contianing AMPARs (Schmidt et al.,
2013). These studies independently suggest that reinstatement of
drug seeking relies on a rapid mGluR5-dependent endocytosis of
AMPAR signaling; however, a direct causal link between
mGluR5-dependent reductions in AMPAR signaling, AMPAR
endocytosis, and behavior induced by a cocaine challenge injec-
tion has yet to be investigated. The present study combined
targeted pharmacological manipulation of mGluR5 signaling,
optogenetics, and whole-cell electrophysiology to directly exam-
ine the causal link between cocaine-induced bidirectional plastic-
ity in the NAc shell and the reinstatement of reward-seeking
driven by conditioned contextual associations.

Materials and Methods
Animals. Adult (P48-P60) male C57BL/6J mice (The Jackson Labora-
tory) were group housed on a 12 h light/dark cycle with food and water
available ad libitum. All experiments were approved by the University of
Minnesota Institutional Animal Care and Use Committee.

Stereotaxic intracranial cannula implantation. Before surgery, mice
were anesthetized with a mixture of ketamine and xylazine (100 and 10
mg/kg, respectively, i.p.). Depth of anesthesia was assessed before the
subject being placed in the stereotaxic frame (Kopf Instruments). After

exposure of the skull, cranial landmarks were identified, the skull was
leveled with respect to bregma and lambda, and the points of implant
were identified (for NAc shell targeting: 1.50 anteroposterior, �1.45 me-
diolateral; for NAc core targeting: 1.35 anteroposterior, �2.1 mediolat-
eral; all in mm with respect to bregma or midline). Single-barrel guide
cannulae (26 gauge, 5 mm pedestal, 3.5 mm projection; C315GS-5/SP,
Plastics One) were implanted at a 14° angle, lowered to a depth of �4.0
mm ventral to skull, cranial screws were attached to skull, and the can-
nulae were cemented in place using Geristore (DenMat). Mice were then
moved to the recovery area for observation. Behavioral testing started
7–17 d after surgery.

Virus stereotaxic injection and fiber optic implantation. AAV8-
CaMKII�-Jaws-KGC-GFP-ER2 or AAV2-CaMKII�-ChR2(H134R)-
eYFP (UNC Vector Core, Chapel Hill, NC) was injected into the
infralimbic cortex (ILC) of mice using stereotaxic techniques described
above. Targeting coordinates were 1.75 anteroposterior, �0.4 mediolat-
eral, and �3.1 dorsoventral; all in mm with respect to bregma); 0.5 �l of
virus solution was injected into each side over 5 min. The injection needle
was left in place for 5 min after infusion and then slowly withdrawn to
reduce backflow. Approximately 6 weeks after viral infection, mice were
implanted with fiber optics (200/230 �m core/cladding, 0.66 NA) that
terminated 0.5 mm above the NAc shell. Optic fibers were restrained
using zirconia ferrules that were cemented to the skull with cranial screws
and Geristore resin.

Conditioned place preference (CPP). All CPP experiments used a two-
chamber apparatus as previously described (Wydeven et al., 2014), using
“rod” and “mesh” floor inserts as discriminative contextual cues. All data
were collected by video cameras, and exploration was analyzed by ANY-
maze software (Stoelting). Preconditioning exploration bias was deter-
mined in a 20 min “pretest.” No general chamber bias was observed, so
drug-chamber (US-CS) pairings were randomly assigned and counter-
balanced to ensure no pretest preference or aversion in each test group.
Conditioning was conducted over 4 d using daily, alternating sessions of
saline or cocaine (7.5 mg/kg; s.c, 10 ml/kg injection volume.). This pro-
vides 2 d of cocaine treatment and 2 d of saline treatment. Injections were
performed immediately before conditioning. Twenty-four hours follow-
ing the final conditioning session, mice were given a 20 min free choice
test to assess place preference. Place preference was determined by calcu-
lating the difference in time spent in the CS � (drug-paired) and CS �

(drug-unpaired) chambers during the test sessions; “preference” is de-
fined as CS � � CS � within a given test session. Following preference
testing, mice underwent 6 daily extinction sessions. On day 1, 3, and 5,
animals were confined to the CS � and CS � compartment for 20 min
each (extinction training). On day 2, 4, and 6, animals were allowed free
exploration of both compartments for 20 min, and movement was re-
corded to track extinction (extinction testing). Data obtained on extinc-
tion Test 3 were used in two-way repeated-measures ANOVA. Three of
these 2 d blocks are necessary to develop a stable neutral preference score.

Reinstatement of place preference. Experimental treatments for the re-
instatement tests were assigned after extinction training, and assign-
ments were made to ensure that treatment groups had similar preference
scores before and following extinction. Reinstatement of place prefer-
ence was performed in five different experiments.

Cocaine-primed reinstatement: Immediately before preference testing,
animals were injected with either cocaine (7.5 mg/kg, s.c.) or saline, then
placed into the test chamber. Preference behavior was recorded and an-
alyzed for 20 min.

Intra-NAc GluA2 peptide: To block endocytosis of GluA2-containing
AMPARs in the NAc shell, a fluorescently tagged (eGFP) synthetic inter-
ference peptide was intracranially infused before a cocaine or saline chal-
lenge injection for reinstatement of place preference as previously
described (Brebner et al., 2005). Mice were infused with the active or
inactive version of the peptide, referred to as Tat-GluA23Y or Tat-
GluA23A, respectively. The active Tat-GluA23Y is designed to disrupt
activity-dependent endocytosis without affecting basal receptor traffick-
ing, while the inactive Tat-GluA23A has been shown to have no effect on
AMPAR signaling or function (Brebner et al., 2005). These peptides were
diluted in ACSF and bilaterally infused into the NAc shell (75 pmol; 0.5
�l/hemisphere; 0.1 �l/min) using a 32 gauge internal cannula with 1.2
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mm projection beyond the guide. Following infusions, mice were re-
turned to their home cage for 60 min, at which point they received a
subcutaneous injection of cocaine (7.5 mg/kg) or saline, followed by
examination of preference behavior during a 20 min test. A similar ex-
periment was performed with infusions of these peptides into the NAc
core to examine the anatomical specificity for AMPAR endocytosis to
control cocaine-primed reinstatement.

Intra-NAc mGluR5 blockade/activation: In these experiments, mice re-
ceived bilateral intra-NAc shell microinfusions of the mGluR5 selective
antagonist, 3-((2-Methyl-1,3-thiazol-4-yl)ethynyl)pyridine (MTEP,
Tocris Bioscience), the mGluR5 selective agonist, (R,S)-2-chloro-5-
hydroxyphenylglycine (CHPG, Tocris Bioscience), or vehicle (ACSF) be-
fore reinstatement testing via a microinjector inserted into the indwelling
guide cannulae. In both cases, 0.5 �l/hemisphere was infused at 0.1 �l/
min, followed by a 5 min postinfusion wait period before removing the
injector, after which mice were returned to their home cage for 20 min
before receiving an injection of cocaine or saline, and preference rein-
statement testing was performed as described above. Multiple doses of
MTEP (1, 3 �g) and CHPG (0, 1, 3 or 6 �g) were tested.

In vivo optogenetic neuromodulation: For the neural inhibition (adeno-
associated virus [AAV]-Jaws) experiments, immediately before testing,
mice were connected to indwelling optical fibers for delivery of red light
via LED sources (Plexon, 630 nm, �7 mW). Mice were then given injec-
tions of cocaine (7.5 mg/kg, s.c.) or saline and placed in the test chamber.
LED lights were activated before the injection and remained on for the
duration of the test session (20 min). Test groups included cocaine in-
jected in the presence and absence of red-light stimulation of Jaws, and
well as a control group that received a saline injection and red-light
stimulation of Jaws. For neural stimulation (AAV-channelrhodopsin
[ChR2]) experiments, immediately before testing, mice were connected
to indwelling optical fibers for delivering blue light via LED sources
(Plexon, 465 nm, �10 –15 mW). All mice in these experiments received
an intra-ILC infusion of ChR2 and were divided into groups receiving
light stimulation (10 Hz, 5 ms pulse width) or no light stimulation, which
was performed in the place conditioning test chamber immediately fol-
lowing placement of animal in the chamber for the first 5 min of the 20
min test session. No saline or cocaine injections were given for these
experiments.

Electrophysiology. Within 2 h of completing the last behavioral (rein-
statement) test, mice were anesthetized with isoflurane and 250 �m sag-
ittal slices containing the NAc shell were prepared as previously described
(Hearing et al., 2016). Slices recovered for at least 30 min in ACSF solu-
tion saturated with 95% O2/5% CO2 containing the following (in mM):
119 NaCl, 2.5 KCl, 1.0 NaH2PO4, 1.3 MgSO4, 2.5 CaCl2, 26.2 NaHCO3,
and 11 glucose. Electrophysiological recordings assessing AMPAR/
NMDAR (A/N) ratios and mEPSCs were performed in the presence of
picrotoxin and lidocaine, respectively, as previously described (Hearing
et al., 2016; Jedynak et al., 2016) to block GABAergic neurotransmission
and action potentials, respectively. Cells were visualized in sagittal slices
using infrared-differential contrast microscopy, and MSNs were identi-
fied by their morphology, membrane resistance, capacitance, and hyper-
polarized resting potential (�70 to �80 mV, correcting for junction
potential). Using a Multiclamp 700B (Molecular Devices), MSNs were
voltage-clamped at �80 mV using electrodes (3–5 M�) containing a
cesium-gluconate based internal solution previously described (Kour-
rich et al., 2007). Data were filtered by the amplifier at 2 kHz and digitized
at 5 kHz via custom Igor Pro software (Wavemetrics). Series resistance
(10 – 40 M�) and input resistance (�400 M�) were monitored using a
depolarizing step (4 mV, 100 ms) generated by a Master-8 stimulator. For
AMPAR/NMDAR and mEPSCs measurements, data collection and anal-
ysis were performed as previously described (Kourrich et al., 2007; Hear-
ing et al., 2016). For optogenetic experiments, light-EPSCs were evoked
with blue light pulses through a submerged 40� objected directed at the
NAc shell that was coupled to a SOLA LED Light Engine (Lumencor) and
a GFP filter. Low-frequency (10 Hz) stimulation was applied with 5 ms
light pulses, and the magnitude of LTD was determined by comparing
average sEPSCs that were recorded 10 –20 min after induction to sEPSCs
recorded immediately before induction. Optical stimulation was per-

formed in the presence of ACSF or following 10 min of bath applied
MTEP (10 �m).

Drugs. Picrotoxin and lidocaine were purchased from Sigma-Aldrich.
D-AP5, CHPG, and MTEP was purchased from Tocris Biosciences. Co-
caine HCl (Medisca) was obtained through Boynton Pharmacy (Univer-
sity of Minnesota, Minneapolis).

Histological analysis. Postmortem histological examination of cannula,
fiber, and virus targeting was done in PFA (4% in buffered saline) fixed
tissue. For tissue fixation, animals were given an overdose of pentobar-
bital (650 mg/kg, i.p.) and transcardially perfused with buffered saline
followed by PFA solution. Brains were removed, cryoprotected, and later
sliced at 40 �m. Sections were mounted, washed with buffered saline,
and coverslipped with ProLong gold antifade mounting medium (Invit-
rogen). Tissue was visualized to confirm targeting to the anticipated
regions.

Statistical analysis and notes on data presentation. AMPAR/NMDAR
ratios and mEPSCs were analyzed with a Student’s t test, one-way or
two-way ANOVA using SigmaPlot (Systat Software) or Graph Pad Prism
(GraphPad Software). Newman–Keuls post hoc tests were used for
pairwise comparisons when appropriate. Behavioral test sessions were
analyzed with one-way and two-way ANOVAs with post hoc t test com-
parisons between groups (Bonferroni or Dunnett where applicable).
Nonparametric analysis (Kruskal–Wallis with Dunn post hoc t test) was
used where data violated ANOVA assumptions of normality (Fig. 1).
Optical stimulation experiments were a two-sample comparison ana-
lyzed with a paired Student’s t test. The threshold for statistical signifi-
cance in all cases was p 	 0.05. All data are represented using standard
column graphs displaying mean � SEM, with adjacent scatter plots of
individual data points.

Results
Bidirectional changes in AMPAR-mediated synaptic
transmission in the NAc shell
Cocaine-induced plasticity at NAc shell MSNs has been shown to
exhibit bidirectional characteristics. For example, while excit-
atory synaptic strength is augmented during abstinence, this plas-
ticity is reversed by a single reexposure to cocaine (Kourrich et al.,
2007). These changes in plasticity have been linked in large part to
dynamic alterations in synaptic AMPAR-mediated signaling
(Kourrich et al., 2007; Rothwell et al., 2011; Jedynak et al., 2016).
Previous work has shown that repeated (3–5 daily injections) of
higher-dose cocaine (15–20 mg/kg) enhances synaptic strength.
Initial studies investigated whether two cocaine pairings at a
lower dose (7.5 mg/kg) of cocaine produced similar increases in
synaptic strength, and whether a challenge injection induced “de-
potentiation” that has been observed 24 h following drug reex-
posure (Boudreau et al., 2007; Kourrich et al., 2007; Pascoli et al.,
2011; Rothwell et al., 2011). This study contained three experi-
mental groups, one group conditioned with cocaine and later
receiving a cocaine priming injection before reinstatement test-
ing (Coc-Coc), a second group conditioned with cocaine and
later receiving a saline injection before reinstatement (Coc-Sal),
and a third group that only received saline injections throughout
conditioning and testing (Sal-Sal). Mice treated with cocaine
showed a robust place preference for the cocaine-paired context
(Fig. 1B; ANOVA for preference test: F(2,29) 
 7.994, p 
 0.0017),
with post hoc tests confirming a significant difference between
Coc-Coc and Sal-Sal (340.30 � 40.69 vs 50.95 � 70.35, t(29) 

4.023, p 
 0.0011) and a difference between Coc-Sal and Sal-Sal
(300.10 � 41.14 vs 50.95 � 70.35; t(29) 
 3.467, p 
 0.005). This
preference was readily extinguished in both cocaine-conditioned
groups (Fig. 1B). Each group was analyzed with an repeated-
measures ANOVA across all four tests (Coc-Coc: F(3,11) 
 16.5,
p 	 0.0001; Coc-Sal: F(3,11) 
 14.18, p 	 0.0001). Significant
differences were found in the comparison between preference
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test and extinction test for both Coc-Coc
(340.30 � 40.6 vs �37.87 � 81.21, t(11) 

5.202, p 
 0.0018) and Coc-Sal (300.10 �
41.14 vs 75.99 � 56.42, t(11) 
 3.223, p 

0.0487). Finally, effective reinstatement of
preference was observed in the animals
that received the cocaine priming injec-
tion (Fig. 1B; ANOVA for reinstatement
test: F(2,29) 
 9.98, p 
 0.0005), with post
hoc tests confirming a significant differ-
ence between cocaine primed and saline-
primed mice (263.32 � 33.55 vs 92.02 �
34.60, t(29) 
 2.91, p 
 0.0206) and a sig-
nificant difference between the cocaine-
primed group and animals receiving
saline throughout conditioning (263.32 �
33.55 vs �21.85 � 72.73, t(29) 
 4.33, p 

0.0005).

Acute brain slices were prepared
30 –90 min following the end of behav-
ioral testing. We measured the ratio of
peak AMPAR- to NMDAR-mediated
evoked synaptic currents (A/N) ratio) in
whole-cell recordings from MSNs in NAc
shell, and observed a significant increase
in the cells from cocaine-conditioned
mice receiving a saline injection before
reinstatement (Coc-Sal: 1.13 � 0.04)
compared with recordings from mice
conditioned with saline and receiving a
saline injection before testing (Sal-Sal:
0.87 � 0.06). This augmentation in A/N
ratio was significantly decreased in
cocaine-conditioned mice receiving a co-
caine injection before testing (Fig. 1C;
Coc-Coc: 0.79 � 0.03; ANOVA: F(2,18) 

16.11, p 	 0.001), suggesting that reexpo-
sure to cocaine depotentiates increased
synaptic strength observed during with-
drawal from repeated cocaine.

Figure 1. Bidirectional changes in AMPAR-mediated synaptic transmission in the NAc shell. A, Schematic of behavioral testing
and electrophysiology timeline. B, Place preference results showing no Pretest chamber bias (Pre test), significant induction of
place preference (Pref. Test), subsequent extinction of preference (Ext. Test), and reinstatement (RI Test) in cocaine-conditioned
mice receiving a cocaine injection before reinstatement (Coc-Coc; red) compared with saline-conditioned controls (Sal-Sal, white)

4

and cocaine mice receiving a saline injection (Coc-Sal, gray),
and reinstatement (RI Test) in cocaine mice receiving a cocaine
injection compared with in cocaine-conditioned mice (gray,
red) compared with saline controls (N 
 8 –12 mice/group).
**p 	 0.01 versus Sal-Sal controls (Dunn post hoc t tests). C,
Cocaine exposure promotes bidirectional changes in synaptic
strength as measured by AMPAR/NMDAR ratios (A/N ratio),
with synaptic strength increased in cocaine-conditioned
mice receiving a saline injection before reinstatement
(Coc-Sal, gray, N/n 
 5/8) compared with those receiving
cocaine (Coc-Coc, red, N/n 
 5/7) and saline only controls
(Sal-Sal, white, N/n 
 3/5). ***p 	 0.001, Sal-Sal versus
Coc-Sal. ###p 	 0.0001, Coc-Sal versus Coc-Coc (New-
man–Keuls multiple comparison). D, Example evoked
NMDAR- (black) and AMPAR-current (gray, black, red)
traces. Calibration: 100 pA, 50 ms. E, Example mEPSC
traces under each test condition. Calibration: 20 pA, 100
ms. F, Changes in mEPSCs reflect the same bidirectional
changes in synaptic transmission observed with the
evoked currents. **p 	 0.01, Sal-Sal versus Coc-Sal.
***p 	 0.001, Sal-Sal versus Coc-Sal. ###p 	 0.001, Coc-
Sal versus Coc-Coc (Newman–Keuls post hoc t test).
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To further examine the plasticity responsible for the bidi-
rectional shift in synaptic strength produced by a cocaine chal-
lenge, we assessed alterations in AMPAR-mediated mEPSCs
(Fig. 1F ). Cocaine-conditioning produced a significant in-
crease in mEPSC amplitude compared with saline controls
(amplitude (pA): Coc-Sal (14.26 � 0.39); Sal-Sal (10.50 �
0.47) that was reversed by cocaine reexposure (Coc-Coc:
11.02 � 0.66; ANOVA: F(2,22) 
 14.16, p 	 0.001). Post hoc
analysis revealed that the frequency (Hz) of mEPSC events was
increased in Coc-Sal (6.96 � 0.91) mice compared with Sal-Sal
controls (3.11 � 0.66), but not compared with cocaine-
reexposed mice (Coc-Coc: 4.67 � 1.08; ANOVA: F(2,22) 

4.48, p 	 0.03). Together, these data indicate that two condi-
tioned exposures to a lower dose of cocaine are sufficient to
augment AMPAR signaling that was previously observed with
3–5 daily injections of 15–20 mg/kg cocaine, and that reexpo-
sure to cocaine reverses select aspects of AMPAR signaling
(i.e., mEPSC amplitude) (Kourrich et al., 2007; Rothwell et al.,
2011; Jedynak et al., 2016).

Inhibiting endocytosis of AMPARs in the NAc shell prevents
cocaine-primed reinstatement of place preference
Inhibiting endocytosis of NAc GluA2-containing AMPARs has
been shown to disrupt amphetamine-induced sensitization and
attenuate cocaine-induced reinstatement of cocaine-seeking
(Brebner et al., 2005; Famous et al., 2008), suggesting that depo-
tentiation of synaptic AMPAR signaling is a critical step in driv-
ing cocaine-related behavior following drug reexposure.
Therefore, we next examined whether the cocaine-induced depo-
tentiation of AMPAR signaling involves receptor endocytosis and
whether this plasticity is causally involved in reinstatement of
reward behavior. In these experiments, all mice were initially
conditioned with cocaine. One hour before a cocaine or saline
reinstatement injection, mice were intracranially infused with the
active (Tat-GluA23Y) or inactive (Tat-GluA23A) isoform of a syn-
thetic peptide which specifically blocks synaptic activity-
dependent, but not constitutive, AMPAR endocytosis (Brebner
et al., 2005). Cocaine-primed reinstatement of preference was
inhibited by blocking AMPAR endocytosis with Tat-GluA23Y

(Fig. 2B). Two-way ANOVA revealed a significant interaction of
drug treatment � peptide treatment (F(1,68) 
 8.183, p 

0.0056). Post hoc analysis showed that mice infused with the in-
active Tat-GluA23A peptide (Coc-Tat-GluA23A) displayed a ro-
bust reinstatement of preference when given a cocaine injection
compared with a saline injection (Sal-Tat-GluA23A) (300.7 �
57.7 vs 35.1 � 62.2; t(68) 
 3.093, p 
 0.0172). Alternatively, mice
infused with the active Tat-GluA23Y peptide receiving a cocaine
injection (Coc-Tat-GluA23Y; 24.7 � 65.9) showed significant in-
hibition of reinstatement of preference compared with their in-
active peptide control counterparts, Coc-Tat-GluA23A (t(68) 

3.376, p 
 0.0073). Approximately 30 –90 min following testing,
ex vivo analysis of mEPSCs (Fig. 2D,E) showed that cocaine
reexposure produced a significant reduction in MSN mEPSC am-
plitude in mice infused with the inactive peptide (Coc-Tat-
GluA23A: 10.29 � 0.34), but not in those infused with the active
Tat-GluA23Y (Coc-Tat-GluA23Y: 15.00 � 0.94) compared with
mice infused with the active Tat-GluA23Y peptide receiving an
injection of saline (Sal-Tat-GluA23Y: 13.95 � 0.47; ANOVA:
F(2,38) 
 11.57, p 	 0.001). No significant effect was observed on
mEPSC frequency.

As we have previously shown that a cocaine challenge injec-
tion also promotes depotentiation of synaptic strength within the

NAc core following abstinence (Jedynak et al., 2016), we next
examined whether this plasticity also plays a role in reinstatement
of place preference (Fig. 2F). Unlike the NAc shell, mice receiving
either the inactive and active Tat-peptide showed significant
reinstatement following a cocaine challenge injection com-
pared with saline controls (two-way ANOVA: main effect of
drug: F(1,42) 
 14.26, p 
 0.0005). Together, these data indi-
cate that internalization of GluA2-containing AMPARs in the
NAc shell are required for cocaine challenge-induced depoten-
tiation of synaptic strength, and that this plasticity selectively
within the NAc shell drives cocaine-induced reinstatement of
place preference.

mGluR5 signaling is required for the induction of cocaine-
primed reinstatement and depotentiation of NAc shell
AMPAR signaling
In the NAc shell, activation of mGluR5 receptor signaling in-
creases phosphorylation of the endocytosis-linked Ser880 residue
of GluA2 AMPARs and is sufficient to evoke cocaine-seeking
(Schmidt et al., 2013). While these data strongly indicate a role
for mGluR5-dependent AMPAR synaptic depression in driving
reinstatement behavior, direct evidence connecting this plasticity
is lacking. In these experiments, all mice were conditioned with
cocaine and received an injection of cocaine before reinstatement
testing (Fig. 3A). Cocaine-conditioned mice were divided into
treatment groups receiving a bilateral intra-NAc shell infusion of
vehicle (Veh) or MTEP (1.0 or 3.0 �g/side) 15 min before chal-
lenge with saline. MTEP produced a dose-dependent decrease in
cocaine primed reinstatement [Fig. 3C; two-way ANOVA (drug
infusion � drug injection interaction): F(2,52) 
 3.317, p 

0.0441], which showed a significant reduction in place preference
in the cocaine-primed mice receiving an infusion of 3.0 �g/side
compared with vehicle infusion (MTEP 3.0: 100.4 � 67.4 vs Veh:
314.0 � 42.6; t(52) 
 2.67, p 
 0.03). No reduction in cocaine-
primed reinstatement was observed with the 1.0 �g/side infusion
of MTEP.

MTEP (3.0 �g) blockade of reinstatement coincided with
blockade of cocaine challenge-induced depotentiation of A/N
ratios (one-way ANOVA: F(4,27) 
 5.53, p 
 0.003) at NAc shell
MSN synapses (Fig. 3C). Cocaine increased ratios in cells from
cocaine-conditioned mice receiving a vehicle infusion and saline
reinstatement injection (Coc/Veh/Sal: 1.23 � 0.05) compared
with saline-conditioned controls (Sal/Veh/Sal: 0.871 � 0.06) and
cocaine-treated mice receiving vehicle and a cocaine reinstate-
ment injection (Coc/Veh/Coc: 0.79 � 0.03). Ratios from
cocaine-conditioned mice receiving an infusion of MTEP (3 �g/
side) followed by a saline (Coc/MTEP/Sal: 1.18 � 0.14) or co-
caine injection (Coc/MTEP/Coc: 1.17 � 0.06) were also elevated
compared with Sal/Veh/Sal and Coc/Veh/Coc groups. Examina-
tion of mEPSCs indicated that the effects of MTEP are largely due
to inhibition of challenge-induced reductions in AMPAR trans-
mission, as mEPSC amplitude (Coc/Veh/-Coc: 9.37 � 0.34; Coc/
MTEP/Coc: 12.85 � 0.33; t(15)
 �6.75, p 	 0.001) and
frequency (Coc/MTEP/Coc: 8.43 � 1.48; Coc/Veh/Coc: 9.37 �
0.33; t(15)
 �5.01, p 
 0.028) were significantly elevated in
cocaine-treated mice receiving an infusion of MTEP compared
with vehicle. These data show that activation of mGluR5 signal-
ing in the NAc shell is necessary for cocaine challenge-induced
depotentiation of AMPAR signaling and reinstatement of co-
caine place preference.
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Selective activation of mGluR5 in the
accumbens shell reinstates cocaine
place preference and depotentiates
AMPAR signaling
We next assessed whether select activation
of mGluR5 signaling in the NAc shell is
sufficient to reinstate place preference in
the absence of a cocaine-priming injec-
tion. In a separate experiment, all mice
were conditioned with cocaine and re-
ceived a subsequent intrashell infusion of
vehicle, or the selective mGluR5 agonist,
CHPG (1, 3, or 6 �g/side) immediately
before being placed into the place pref-
erence testing apparatus (Fig. 4A).
CHPG reinstated place preference in
a dose-dependent manner (Fig. 4B;
ANOVA: F(3,45) 
 2.884, p 
 0.046),
with significant preference observed
only with a 6 �g dose compared with the
vehicle infusion (CHPG 6.0: 396.1 �
102.1 vs Veh: �2.5 � 116.4; q(45) 

2.673, p 
 0.028). As individual mice
received only one infusion, electrophys-
iological analysis of AMPAR-dependent
mEPSCs was performed 30 –90 min fol-
lowing reinstatement testing to assess
whether reinstatement coincided with
reductions in AMPAR signaling. Infu-
sion of CHPG 6 �g/side produced a sig-
nificant reduction in mEPSC amplitude
(CHPG: 9.81 � 0.43, VEH: 13.97 �
0.93; Mann–Whitney U 
 4.00, p 	
0.001) and frequency (CHPG: 3.95 �
0.35, VEH: 5.76 � 0.66; Mann–Whitney
U 
 24.00, p 
 0.018) compared with
vehicle controls (Fig. 4D). Combined
with the above data, these findings
demonstrate that activation of mGluR5
signaling is not only necessary, but suf-
ficient to drive depotentiation of synap-
tic AMPAR signaling and promote
reinstatement of cocaine place prefer-
ence, even in the absence of cocaine.

Figure 2. Inhibiting endocytosis of AMPARs in the NAc shell prevents cocaine-primed reinstatement of place preference. A,
Schematic of behavioral testing and electrophysiology timeline. All animals in this experiment were given cocaine during condi-
tioning. B, Behavioral results for the reinstatement test showing significant preference in the cocaine-injected mice receiving the
inactive (Tat-GluA23A, red open) peptide and blockade of cocaine-primed reinstatement by the active (Tat-GluA23Y, red filled)
peptide (N 
 15–20/group). *p 	 0.05, Coc-Tat-GluA23A versus Sal-Tat-GluA23A (Bonferroni post hoc t test). **p 	 0.01,
Coc-Tat-GluA23Y versus Coc-Tat-GluA23A (Bonferroni post hoc t test). All drug treatments indicated in figures refer to those
performed immediately before reinstatement testing. C, Depiction of the cannulation and injection strategy and image
illustrating the cannula path and fluorescent peptide localization (left) with an example atlas image indicating the target-
ing of the NAc shell for injection and physiological records (right; orange represents NAc shell). D, Example traces showing
the mEPSCs under each test condition. Calibration: 10 pA, 100 ms. E, In vivo infusion of the Tat-GluA23Y

4

peptide blocked cocaine evoked depotentiation of the am-
plitude (N 
 4 –7/group, n 
 9 –18/group), with no ef-
fect on frequency of mEPSCs. ###p 	 0.001, Sal-Tat-
GluA23Y versus Coc-Tat-GluA23A (Newman–Keuls post hoc
t test). ***p 	 0.001, Coc-Tat-GluA23A versus Coc-Tat-
GluA23Y (Newman–Keuls post hoc t test). F, Behavioral re-
sults for the reinstatement test showing no effect of either
the inactive (Tat-GluA23A) peptide or active (Tat-GluA23Y)
peptide infused into the NAc core on cocaine-primed rein-
statement. *p 	 0.05, Coc versus Sal within Tat-GluA23A

and Tat-GluA23Y groups (Bonferroni post hoc t test). All
drug treatments indicated in figures refer to those per-
formed immediately before reinstatement testing. G, De-
piction of the cannulation and injection strategy and
image illustrating the cannula path and fluorescent pep-
tide localization (left) with an example atlas image indi-
cating the targeting of the NAc core for injection and
physiological records (right; orange represents NAc core).
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Infralimbic cortex-to-NAc shell neural activity controls
changes in synaptic strength and triggers reinstatement
The ability of mGluR5 activation and antagonism to promote
and prevent reinstatement of place preference, respectively, iden-
tifies this plasticity as a potential mechanism underlying the ex-
pression of conditioned reward. However, an essential step in
determining the functional role of this plasticity is elucidating the
selectivity of these adaptations for specific afferent populations.
While MSNs of the NAc shell receive coordinated glutamatergic
input from numerous brain regions (Zahm, 2000), recent work
has highlighted plasticity within afferent projections arising from
the ventromedial region of the mPFC in behavioral plasticity
induced by cocaine (Pascoli et al., 2011). To investigate the extent
to which this pathway is involved in AMPAR-mediated depoten-
tiation and reinstatement, we applied ex vivo and in vivo LTD
protocols at ILC-to-NAc shell synapses using an optogenetic
strategy involving infection of ILC with ChR2-expressing AAV
and appropriately timed pulses of blue light in NAc shell (Sweis et
al., 2018). Optical stimulation parameters were derived from
electrical (Grueter et al., 2010) and optical (Pascoli et al., 2014)
approaches in NAc MSNs that were previously shown to promote
mGluR5-dependent LTD and normalization of pathway-specific
cocaine plasticity, respectively. As synaptic activity is required for
these experiments, initial ex vivo experiments examined sEPSCs
rather than mEPSCs. This approach also permitted a within-cell
examination of plasticity before and after stimulation of ILC-
to-NAc shell synapses and avoided confounds of multiple
applications of an NMDAR antagonist. Similar to previous ex
vivo (bath-applied) approaches identifying mechanisms respon-
sible for cocaine challenge-induced depotentiation of AMPAR-
mediated EPSCs (Jedynak et al., 2016), prior application of
MTEP (5 �M) blocked optically induced reductions in sEPSC
amplitude [Fig. 5 I, J; Coc/ACSF (Pre: 13.99 � 0.86, Post: 11.06 �
0.86), Coc/MTEP [Pre: 13.18 � 0.93, Post: 13.01 � 0.93); two-
way repeated-measures ANOVA (drug � stimulation interac-
tion): F(1,25) 
 5.65, p 
 0.037], indicating that 10 Hz optical
stimulation promotes an mGluR5-dependent suppression of
postsynaptic AMPAR transmission.

To test whether optogenetic protocols were efficient in nor-
malizing cocaine-evoked plasticity when applied in vivo, a similar
within-subject approach was used where mice were conditioned
with cocaine or saline and underwent 2 separate testing days, the
first of which all mice received no stimulation (light-off), fol-
lowed by Test 2, where mice received optical stimulation (465
nm, 10 Hz, 5 ms pulse width). To ensure that differences in
plasticity between saline and cocaine mice did not reflect optically
induced LTD (i.e., cocaine sufficiently upregulated transmission
at these synapses), an additional group of saline-conditioned
mice also received no stimulation on Test 2. Following reinstate-
ment Test 2, optical stimulation had no apparent effect on A/N
ratios in saline mice compared with nonstimulated counterparts;
however, stimulation in cocaine-conditioned mice resulted in

Figure 3. mGluR5 signaling is required for the induction of cocaine-primed reinstatement
and depotentiation of NAc shell AMPAR signaling. A, Schematic of behavioral testing and elec-
trophysiology timeline. B, Behavioral results for the reinstatement test showing significant
preference following cocaine treatment in the vehicle (Veh)-infused group, and a prominent
inhibition of reinstatement behavior in the cocaine-primed group infused with 3.0 �g/side of
MTEP (N 
 7–13/group). **p 	 0.001, saline versus cocaine-primed groups for the same
MTEP/vehicle treatment. *p 	 0.05, saline versus cocaine-primed groups for the same MTEP/
vehicle treatment. #p 	 0.05, Veh versus MTEP 3.0 groups that received the cocaine priming
treatment (Bonferroni post hoc t test). C, mGluR5 blockade with MTEP inhibits cocaine-evoked

4

depotentiation of synaptic strength as measured by AMPAR/NMDAR (A/N) ratios (N 
 4 – 6/
group, n 
 5– 8/group). *p 	 0.05 versus Sal-Veh-Sal. **p 	 0.01 versus Sal-Veh-Sal. #p 	
0.05 versus Coc-Veh-Coc (Newman–Keuls post hoc t test). ##p 	 0.01 versus Coc-Veh-Coc
(Newman–Keuls post hoc t test). ###p 	 0.001 versus Coc-Veh-Coc (Newman–Keuls post hoc t
test). D, Example traces showing the mEPSCs under each test condition. Calibration: 10 pA, 100
ms. E, In vivo infusion of the MTEP (3.0 �g) increased the amplitude and frequency of mEPSCs
in cells from mice primed with cocaine (N 
 5– 6/group; n 
 6 –11/group). *p 	 0.05,
Coc-MTEP-Coc versus Coc-Veh-Coc (Student’s t test). ***p 	 0.001, Coc-MTEP-Coc versus Coc-
Veh-Coc (Student’s t test).
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significantly reduced ratios compared with nonstimulated mice
[Fig. 5D,E; A/N ratio (Sal/No Stim: 0.51 � 0.10, Sal/Stim: 0.49 �
0.10, Coc/No Stim: 0.91 � 0.077, Coc/Stim: 0.50 � 0.08); two-
way ANOVA (drug � stimulation interaction): F(1,20) 
 4.61,
p 
 0.047]. Similar to in vivo pharmacological manipulations,

significant differences in A/N ratios aligned with increases and
decreases in AMPAR-mediated transmission, as the frequency
and amplitude of spontaneous EPSC were significantly greater in
cocaine mice receiving no stimulation compared with saline con-
trols and cocaine mice receiving optical stimulation [Fig. 5F,G
(amplitude: Sal/No Stim: 11.24 � 0.47; Coc/No Stim: 15.78 �
1.30; Coc/Stim: 12.58 � 0.71; ANOVA F(2,29) 
 4.94, p 
 0.015)
(frequency: Sal/No Stim: 4.16 � 0.16, Coc/No Stim: 8.86 � 1.28,
Coc/No Stim: 4.53 � 0.58; ANOVA: F(2,29) 
 7.93, p 
 0.002)].

Using the same approach, we applied optogenetic activation
protocols (ChR2) in vivo to test a causal link between drug-
evoked plasticity and reinstatement behavior. Optical stimula-
tion of mice coincided with a significantly greater preference
toward the cocaine paired side on day 2 of testing (i.e., reinstate-
ment) compared with preference exhibited in the absence of op-
tical stimulation on day 1 of testing (Fig. 5H; Opto stim: 227.3 �
64.32 vs No stim: 31.7 � 81.52; t(12) 
 3.736, p 
 0.0028). Fur-
ther, as reinstatement of drug-seeking has been shown to rely on
a transient increase in prelimbic-to-NAc core glutamate trans-
mission (Gipson et al., 2013a,b), we examined the necessity of
neural activity emanating from the ILC by injecting mice with an
AAV expressing the red light-activated inhibitory opsin, Jaws
(Chuong et al., 2014). Following cocaine conditioning and
preference extinction, terminal inhibition of ILC-to-NAc shell
activity with Jaws activation (630 nm, for 20 min) blocked
cocaine-primed reinstatement of preference (Fig. 5B; Coc-No
Stim: 391.5 � 66.5 vs Coc-Opto Stim: 87.7 � 77.8; t(37) 
 2.9, p 

0.0187), whereas activation of Jaws in the absence of cocaine
produced no discernable preference (71.9 � 77.8). Together,
these data indicate that activation of the ILC-to-NAc shell path-
way plays a critical role in cocaine-primed reinstatement by trig-
gering a transient mGluR5-dependent reduction in synaptic
strength at NAc shell MSNs.

Discussion
While repeated in vivo cocaine increases NAc AMPAR-
dependent synaptic strength (Kourrich et al., 2007; Conrad et al.,
2008; Dobi et al., 2011; Ortinski et al., 2012; Purgianto et al., 2013;
Ma et al., 2014; Terrier et al., 2016), reexposure to relapse-linked
stimuli reduces strength, suggesting a potential role for the latter
in relapse-related behavior (Kourrich et al., 2007, 2012; Pascoli et
al., 2011, 2014; Rothwell et al., 2011; Jedynak et al., 2016; Inge-
bretson et al., 2018; Ebner et al., 2018). We found that cocaine
priming during abstinence reduces synaptic strength in NAc shell
MSNs through mGluR5-dependent endocytosis of GluA2-
containing AMPARs and that this process is necessary and suffi-
cient for cocaine-primed reinstatement of CPP. Furthermore, we
found that rapid reduction of synaptic strength via direct ILC-
NAc shell stimulation reinstates conditioned reward behavior,
strengthening the case for a causal link between plasticity and
behavior.

NAc shell synaptic depotentiation is required for cocaine-
primed CPP reinstatement
Cocaine reexposure during abstinence depotentiates NAc shell
excitatory synapses as early as 30 (ex vivo) and 120 min (in vivo)
and for at least 24 h after challenge (Kourrich et al., 2007; Roth-
well et al., 2011; Jedynak et al., 2016; Ebner et al., 2018). While
cocaine priming can initiate both reinstatement and depotentia-
tion, a role for the latter in the former had not been thoroughly
investigated. Here, we made use of a Tat-GluA23Y peptide (Ah-
madian et al., 2004; Brebner et al., 2005) known to interfere with
activity-dependent LTD at excitatory synapses on NAc MSNs to

Figure 4. Selective activation of mGluR5 in the NAc shell reinstates cocaine place preference
and depotentiates AMPAR signaling. A, Schematic of behavioral testing and electrophysiology
timeline. B, Behavioral results for the reinstatement test showing dose–response relationship
for CHPG-induced reinstatement of cocaine place preference (N 
 11–14/group). *p 	 0.05,
vehicle versus 6.0 �g/side infusion group (Dunnett post hoc t test). C, Example traces showing
the mEPSCs under each test condition. Calibration: 10 pA, 100 ms. D, In vivo infusion of the CHPG
(6.0 �g/side) reduced both the amplitude and frequency of mEPSCs (N 
 3 or 4/group; n 
 10
or 11/group). *p 	 0.05, Coc-CHPG versus Coc-Veh (Student’s t test).
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test this directly. We found that delivery of Tat-GluA23Y to NAc
shell, but not core, before a cocaine-primed reinstatement test
blocked both reinstatement and depotentiation. This straightfor-
ward test of the role of NAc shell synaptic depotentiation pro-
vides a robust linkage between plasticity and behavior.

mGluR5 signaling is required for cocaine-primed CPP
reinstatement and depotentiation
Previous work established the importance of NAc shell Group 1
mGluR signaling in cocaine relapse-related behavior (Lee et al.,
2005; Bäckström and Hyytiä, 2006; Kumaresan et al., 2009;
Moussawi et al., 2009; Schmidt et al., 2013). However, a key un-
answered question has been: by what means does mGluR5 activ-

ity influence neural signaling in NAc shell to initiate relapse-
related behavior? Given our evidence for a depotentiation-
reinstatement link and the fact that Group 1 mGluRs can play a
role in LTD induction (Lüscher and Huber, 2010), we tested the
idea that the mGluR5-mediated effects on reinstatement might
be related to NAc shell depotentiation. We found that infusion of
the mGluR5 antagonist, MTEP, into the NAc shell before a
cocaine-primed CPP reinstatement test blocks depotentiation of
AMPAR-mediated EPSCs. This is consistent with data that
support a necessity for mGluR5 activation for in vitro cocaine-
induced synaptic plasticity in NAc shell MSNs from cocaine-
treated mice (Jedynak et al., 2016). Importantly, we also found
that site-specific mGluR5 activation (via CHPG) is also sufficient,

Figure 5. Infralimbic cortex-to-NAc shell neural activity controls changes in synaptic strength and triggers reinstatement. A, Schematic of surgeries, behavioral testing, and in vivo stimulation and
ex vivo electrophysiology timeline. B, Depiction of the viral infection and optic fiber implantation strategy and image illustrating optic fiber path (left) and viral fluorescence (right) in example images
with atlas overlays. C, MTEP applied to the bath blocked the ability of ex vivo light-evoked stimulation (10 Hz) of ChR2 in NAc shell acute slices to evoke decreases in postsynaptic AMPAR signaling
as measured by sEPSC amplitude (N 
 4 or 5/group; n 
 6 or 7/group). Top, Example traces are shown for each group. **p 	 0.01, prestimulation versus poststimulation (within cell) in ACSF and
MTEP groups (paired Student’s t test). D, Cocaine increases synaptic strength (optically evoked A/N ratios) at ILC-to-NAc shell synapses (Coc-No) compared with saline-conditioned controls (Sal-No),
whereas in vivo optogenetic stimulation of this pathway during reinstatement testing in the absence of a cocaine injection reduces A/N ratios (Coc-Yes) compared with no-stim controls. *p 	 0.05,
Coc-No stim versus Sal-No Stim (Newman–Keuls multiple comparison). **p 	 0.01, Coc-No stim versus Coc-stim (Newman–Keuls multiple comparison). Top, Example traces showing the optically
evoked AMPAR and NMDAR currents. Calibration: 50 pA, 50 ms. E, F, In vivo optogenetic stimulation of the ILC-to-NAc shell pathway reduces the amplitude and frequency of sEPSCs. *p	0.05, versus
Coc-No stim (Newman–Keuls multiple comparison). *p 	 0.01, versus Coc-No stim (Newman–Keuls multiple comparison). G, Activation of ILC-to-NAc shell neurotransmission (10 Hz, 5 min)
produces reinstatement of cocaine place preference. **p 	 0.01, No stim versus Stim (Student’s paired t test). H, Inhibition of ILC-to-NAc shell neurotransmission with optic activation of Jaws blocks
cocaine-primed reinstatement of preference. *p 	 0.05 versus Coc-No Stim-Coc (Dunnett’s post hoc t test).
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even in the absence of cocaine, to trigger both depotentiation and
CPP reinstatement.

These findings add to an accumulation of evidence that
mGluR5-dependent processes in NAc shell are critical for rein-
statement of both cocaine-conditioned approach (present data)
and self-administration (Lee et al., 2005; Bäckström and Hyytiä,
2006; Kumaresan et al., 2009). Interestingly, as with CHPG, in-
fusion another glutamate receptor agonist, AMPA, directly into
NAc immediately before behavioral testing is known to reinstate
cocaine self-administration (Cornish et al., 1999; Cornish and
Kalivas, 2000; Suto et al., 2004). While AMPA application is ob-
viously a potent activator of AMPARs, it is also well known to
induce a rapid and long-lasting internalization of synaptic
AMPARs akin to LTD (Carroll et al., 1999; Lissin et al., 1999;
Beattie et al., 2000; Ehlers, 2000). Thus, though yet to be explicitly
tested, these observations draw a potential parallel to what we
have observed here with mGluR5-dependent depotentiation and
CPP reinstatement. Together, the present results strongly suggest
that an endogenous source of glutamate release during cocaine-
primed reinstatement induces plasticity that triggers relapse-
related behavior.

Depotentiation at ILC-to-NAc shell synapses reinstates
cocaine CPP
NAc shell MSNs receive glutamatergic inputs from hippocam-
pus, thalamus, amygdala, VTA, and PFC (Finch, 1996; Stuber et
al., 2010; Britt et al., 2012). Optogenetics has greatly facilitated
the identification of functional roles of specific inputs in drug-
related behavior and the conditions under which these inputs
exhibit drug-induced plasticity. For example, probing ILC-NAc
shell inputs using optogenetics provides strong evidence for po-
tentiation of these inputs onto MSNs following experimenter- or
self-administered cocaine (Pascoli et al., 2011, 2014; Britt et al.,
2012; Ma et al., 2014). Here, we extend those findings by exam-
ining a condition, after establishment and extinction of cocaine
CPP, that had not yet been tested. We find that ILC-NAc shell
synapses are also potentiated in this case, opening the opportu-
nity to directly address our central question: what is the relation-
ship between depotentiation at NAc shell glutamatergic synapses
and reinstatement of cocaine CPP?

Modest-frequency synaptic stimulation (e.g., 1–13 Hz) in-
duces LTD at glutamatergic synapses on NAc MSNs (Thomas et
al., 2000, 2001; Robbe et al., 2002; Grueter et al., 2010). The
molecular mechanisms for LTD induction differ based on stim-
ulation frequency. For example, 1 Hz-generated LTD is
NMDAR-dependent (Thomas et al., 2000), whereas 10 Hz LTD is
mGluR5-dependent (Grueter et al., 2010). To build on these lat-
ter findings, we used 10 Hz stimulation, which induces LTD at
ILC-NAc shell synapses in vivo (Sweis et al., 2018), and tested its
mGluR5 dependence. This optogenetic stimulation of ILC-NAc
shell projections induced depotentiation following cocaine CPP/
extinction that is blocked when delivered in the presence of the
mGluR5 antagonist, MTEP. Interestingly, this stimulation is also
sufficient to depress sEPSC amplitudes following in vivo and ex
vivo stimulation (Fig. 5C,E). As these events are of indetermin-
able origin (with regards to input), it is possible that ILC-NAc
shell stimulation reduces excitatory drive at ILC inputs while also
inducing plasticity at other inputs, consistent with previous find-
ings (Goto and Grace, 2005; Pascoli et al., 2014).

Having established a direct, nonpharmacological means to
induce mGluR5-dependent depotentiation in NAc shell follow-
ing in vivo cocaine, we used it to test the relationship of this
plasticity to behavior. Plasticity was induced as each subject was

placed in the CPP apparatus, which is important for two reasons.
First, we aimed to best approximate the timing of plasticity in-
duction by either cocaine or the mGluR5 agonist to test our cen-
tral hypothesis. Second, LTD induction via optogenetic ILC-NAc
shell synaptic stimulation before testing addiction-related behav-
ior can interfere with this behavior (Pascoli et al., 2011, 2014;
Hearing et al., 2016). Here, we found that optogenetic stimula-
tion of ILC-NAc shell inputs induced plasticity during reexpo-
sure to the CPP apparatus and reinstated cocaine CPP in the
absence of drug, similar to what we observed with CHPG expo-
sure, thus providing additional direct evidence linking NAc shell
depotentiation to concurrent reinstatement of cocaine CPP.

A requirement for ILC-NAc shell activation for
cocaine-primed reinstatement?
It is clear that glutamatergic neurotransmission is required for
cocaine-primed reinstatement after extinction based on results
with mGluR5 antagonists (Kumaresan et al., 2009; Schmidt et al.,
2013) and AMPAR antagonists (Cornish et al., 1999; Cornish and
Kalivas, 2000; Park et al., 2002). What is the key source of this
glutamate under cocaine-priming conditions? The mPFC, in-
cluding ILC, seems the most likely candidate. For example, Park
et al. (2002) found that a cocaine injection directly into an mPFC
region containing ILC reinstated cocaine self-administration, but
failed to do so with concurrent AMPAR antagonist infusion into
NAc shell. Here, we tested this directly by silencing ILC-NAc shell
inputs via the inhibitory opsin, Jaws (Chuong et al., 2014). With
optogenetic inhibition during cocaine injection and subsequent
behavioral testing, CPP reinstatement was prevented, consistent
with the idea that ILC-NAc shell inputs are a critical source of
glutamate for drug-primed reinstatement and that activation of
these inputs (i.e., glutamate release) is necessary for triggering the
observed reduction in synaptic strength.

On one hand, the idea that silencing glutamatergic neu-
rotransmission with AMPAR antagonists or ILC-NAc shell
neurotransmission with optogenetics interferes with CPP rein-
statement seems antithetical to the idea that depotentiation of
AMPAR-mediated synaptic transmission in NAc shell drives re-
instatement. On the other hand, there are good reasons to be
cautious about assuming that diminished transmission of endog-
enous signals through a pathway (depotentiation) are equivalent
to directly silencing that pathway. For example, glutamatergic
inputs to NAc MSNs are known to functionally interact with one
another in ways that produce different types of cellular
(O’Donnell and Grace, 1995; Goto and Grace, 2005) and behav-
ioral output (Goto and Grace, 2005; Pascoli et al., 2014). In this
context, the fact that pathway silencing produces not a quantita-
tive, but a qualitative effect that differs from pathway depotentia-
tion is more logical. Clearly, the subject of information
integration between glutamatergic afferent pathways in NAc
neurons is ripe for further inquiry.

In conclusion, coupling these new data with previous findings
yields a scenario that may unify a set of seemingly incongruent
observations. A rapid, mGluR5-sensitive loss of potentiation in
ILC-NAc shell AMPAR synaptic strength, while in a context to
express reinstatement, is a strong positive modulator to cocaine
CPP-reinstatement behavior, while dissipation of this potentia-
tion under other conditions (e.g., optical stimulation to trigger
LTD before drug reexposure) (Pascoli et al., 2011) may occlude
this loss of potentiation and thus “defuse” this putative trigger for
reinstatement. While plausible, this scenario raises a host of new
questions, and future studies are needed to determine the extent
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to which these findings generalize to other drugs of abuse and
other models for relapse-related behavior.
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Lüscher C, Huber KM (2010) Group 1 mGluR-dependent synaptic long-
term depression: mechanisms and implications for circuitry and disease.
Neuron 65:445– 459.

Ma YY, Lee BR, Wang X, Guo C, Liu L, Cui R, Lan Y, Balcita-Pedicino JJ, Wolf
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