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GluN3-Containing NMDA Receptors in the Rat Nucleus
Accumbens Core Contribute to Incubation of Cocaine Craving
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Cue-induced cocaine craving progressively intensifies (incubates) after withdrawal from cocaine self-administration in rats and
humans. In rats, the expression of incubation ultimately depends on Ca21-permeable AMPARs that accumulate in synapses onto me-
dium spiny neurons (MSNs) in the NAc core. However, the delay in their accumulation (;1month after drug self-administration
ceases) suggests earlier waves of plasticity. This prompted us to conduct the first study of NMDAR transmission in NAc core during
incubation, focusing on the GluN3 subunit, which confers atypical properties when incorporated into NMDARs, including insensitivity
to Mg21 block and Ca21 impermeability. Whole-cell patch-clamp recordings were conducted in MSNs of adult male rats 1-68d after
discontinuing extended-access saline or cocaine self-administration. NMDAR transmission was enhanced after 5 d of cocaine with-
drawal, and this persisted for at least 68d of withdrawal. The earliest functional alterations were mediated through increased contri-
butions of GluN2B-containing NMDARs, followed by increased contributions of GluN3-containing NMDARs. As predicted by GluN3-
NMDAR incorporation, fewer MSN spines exhibited NMDAR-mediated Ca21 entry. GluN3A knockdown in NAc core was sufficient to
prevent incubation of craving, consistent with biotinylation studies showing increased GluN3A surface expression, although array to-
mography studies suggested that adaptations involving GluN3B also occur. Collectively, our data show that a complex cascade of
NMDAR and AMPAR plasticity occurs in NAc core, potentially through a homeostatic mechanism, leading to persistent increases in
cocaine cue reactivity and relapse vulnerability. This is a remarkable example of experience-dependent glutamatergic plasticity evolving
over a protracted window in the adult brain.
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Significance Statement

“Incubation of craving” is an animal model for the persistence of vulnerability to cue-induced relapse after prolonged drug ab-
stinence. Incubation also occurs in human drug users. AMPAR plasticity in medium spiny neurons (MSNs) of the NAc core is
critical for incubation of cocaine craving but occurs only after a delay. Here we found that AMPAR plasticity is preceded by
NMDAR plasticity that is essential for incubation and involves GluN3, an atypical NMDAR subunit that markedly alters
NMDAR transmission. Together with AMPAR plasticity, this represents profound remodeling of excitatory synaptic transmis-
sion onto MSNs. Given the importance of MSNs for translating motivation into action, this plasticity may explain, at least in
part, the profound shifts in motivated behavior that characterize addiction.
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Introduction
Cue-induced craving for cocaine and other drugs of abuse pro-
gressively intensifies (“incubates”) in rodents after withdrawal
from extended-access drug self-administration (Pickens et al.,
2011). Incubation of craving also occurs in human drug users
during forced abstinence, arguing that the rodent model is valua-
ble for understanding the persistence of vulnerability to relapse,
a major challenge in overcoming addiction (Li et al., 2016).
Although many brain regions contribute to incubation, medium
spiny neurons (MSNs) in the core subregion of the NAc play a
critical role once cocaine craving has plateaued (Hollander and
Carelli, 2005, 2007; Guillem et al., 2014; Wolf, 2016). Heightened
activation of NAc MSNs, attributable to synaptic incorporation
of high conductance GluA2-lacking, Ca21-permeable AMPARs
(CP-AMPARs), is required for the expression of incubated co-
caine craving in late withdrawal in response to presentation of
cues previously paired with cocaine (Conrad et al., 2008; Loweth
et al., 2014).

Interestingly, CP-AMPAR plasticity has a slower onset than
incubation of cue-induced drug seeking itself. A significant
increase in cue-induced seeking is evident even during the first
week of cocaine withdrawal (Grimm et al., 2001). In contrast,
using the characteristic property of inward rectification to assess
the contribution of CP-AMPAR-mediated synaptic currents in
the NAc core after extended-access cocaine self-administration,
we observed no change in the rectification index over the first
3weeks of withdrawal, a trend toward an increase around with-
drawal day (WD) 25, and a statistically significant increase by
WD30-WD35 that was then maintained through at least WD70
(Wolf and Tseng, 2012). Biochemical evidence of increased homo-
meric GluA1 receptors was first detected on WD21 (Conrad et
al., 2008). The delay in CP-AMPAR accumulation in the
NAc core suggests a requirement for earlier waves of plas-
ticity. Here we investigated the possibility of earlier plastic-
ity involving NMDAR transmission.

NMDARs are tetramers containing two copies of the obliga-
tory GluN1 subunit plus GluN2 subunits (GluN2A-D) and/or
GluN3 subunits (GluN3A or GluN3B). They may be dihetero-
meric receptors (e.g., GluN1/GluN2B) or triheteromeric recep-
tors containing two different GluN2 subunits or a combination
of GluN2 and GluN3 subunits (Dunah and Standaert, 2003;
Hansen et al., 2018; Stroebel et al., 2018). Typically, GluN3 inclu-
sion endows NMDARs with lower conductance, reduced Ca21

permeability, and insensitivity to Mg21 block (Pachernegg et al.,
2012; Perez-Otano et al., 2016). Of particular interest is the asso-
ciation between GluN3 and addiction-related phenotypes (Chen
et al., 2018).

In preclinical studies, increased GluN3 levels contribute to
alter corticostriatal plasticity after methamphetamine self-
administration (X. Huang et al., 2017). In VTA dopamine neu-
rons, acute cocaine injection leads to synaptic incorporation of
both GluN3-containing NMDARs (GluN3-NMDARs) and CP-
AMPARs (Mameli et al., 2011; Yuan et al., 2013; Creed et al.,
2016), which in turn shifts the rules for induction of LTP
(Mameli et al., 2011). Normally, NMDARs serve as coinci-
dence detectors for Hebbian plasticity, but GluN3-NMDARs
cannot fulfill this role because of their decreased Ca21 perme-
ability and Mg21 sensitivity. CP-AMPARs provide an alter-
nate Ca21 source that enables Ca21 entry at hyperpolarized
potentials. Thus, cocaine-induced incorporation of both
GluN3-NMDARs and CP-AMPARs in dopamine neurons
favors LTP induction when presynaptic release occurs to-
gether with postsynaptic hyperpolarization (Mameli et al.,

2011). This, in turn, predicts substantial alterations for sub-
sequent synaptic plasticity and reward learning. These
results led us to wonder whether GluN3-NMDARs might be
contributing, along with CP-AMPARs, to synaptic plasticity
in the NAc core during incubation of cocaine craving.

In the striatum and NAc, GluN3B is moderately expressed
and localized to both MSNs and interneurons (Wee et al., 2008),
whereas GluN3A levels are lower (Wong et al., 2002). The func-
tional roles of GluN3 subunits in the NAc core have not been
explored. Here we used slice physiology, spine-level imaging,
biochemistry, and behavioral analyses to demonstrate time-de-
pendent NMDAR plasticity involving GluN2B and GluN3 subu-
nits in NAc core MSNs that precedes CP-AMPAR accumulation
and is required for incubation of cocaine craving.

Materials and Methods
Subjects and surgery. All experimental procedures were approved by

the Rosalind Franklin University Institutional Animal Care and Use
Committee in accordance with the US Public Health Service Guide for
Care and Use of Laboratory Animals. Adult male Sprague Dawley rats
(250-275 g on arrival) were group housed on a reverse 12 h light/dark
cycle. They were acclimated to the animal facility for;7 d before under-
going surgery for intravenous catheter implantation as described previ-
ously (Conrad et al., 2008; Loweth et al., 2014). Briefly, rats were
anesthetized via injection of a ketamine-xylazine cocktail (80-10mg/kg
i.p., respectively). A Silastic catheter (Plastics One) was inserted into the
right jugular vein and passed subcutaneously to the mid-scapular region.
Animals were administered Banamine (MWI Animal Health) for post-
surgical analgesia and allowed to recover under single housing condi-
tions for ;7 d. During recovery and self-administration training,
catheters were flushed every 24-48 h with cefazolin (15mg, IV Webster
Veterinary Supply) in sterile saline. Groups of animals assigned to
experiments involving viral knockdown of GluN2B or GluN3A subunits
underwent virus infusion;4weeks before catheter surgery (see below).

Cocaine self-administration training and tests for cue-induced co-
caine seeking. Rats were trained to self-administer cocaine or saline (con-
trol condition) using a fixed-ratio 1 reinforcement schedule during daily
6 h sessions for 10d (Conrad et al., 2008; Loweth et al., 2014). Cocaine
hydrochloride (from National Institute on Drug Abuse) was dissolved in
saline (0.5mg/kg/infusion in a 100ml/kg volume over 3 s). Self-adminis-
tration sessions occurred during the dark cycle in operant chambers
(Med Associates) equipped with two nose-poke holes. Responses in the
active hole activated an infusion pump paired with the delivery of a 20 s
light cue inside the active hole. Each infusion was followed by a 20 s
timeout period when behavioral responses were recorded but not
rewarded. Behavioral responses in the inactive hole were recorded but
had no consequence. Rats were killed if they did not learn to self-admin-
ister cocaine and/or had a faulty catheter. Following the last self-admin-
istration session, animals were placed back into their home cages where
they underwent withdrawal/forced abstinence (these terms are used
interchangeably to indicate cessation of drug availability). During the
withdrawal period, some groups of animals underwent cue-induced
seeking tests. Rats were returned to operant chambers on the specified
WD and tested for 30min under extinction conditions; that is, nose-
pokes in the active hole resulted in presentations of the light cue previ-
ously paired with cocaine infusions, but no cocaine. The number of
responses in the previously active hole was our operational measure
of cocaine seeking or craving. For experiments involving acute infusion
of 4-(2,4-dichlorobenzoyl)-1H-pyrrole-2-carboxylic acid (TK30) before
seeking tests, rats received surgical implantation of bilateral guide can-
nulae directed at the NAc core after ;3weeks of cocaine withdrawal
(;2weeks before the first of two cue-induced seeking tests) using coor-
dinates and procedures described previously (Werner et al., 2018).

Adeno-associated virus (AAV) construction, infusion, and behavioral
testing. For GluN2B experiments, we used an AAV2 packaged RNAi to
GluN2B (GCTGGTGATAATCCTTCTGAA) or a luciferase control
RNAi (CCTAAGGTTAAGTCGCCCTCG) described previously (J.
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Wang et al., 2018) and provided by Drs. Yan Dong and Oliver Schlüter
(University of Pittsburgh). GluN3A knockdown was achieved using
AAV5-CMV-EGFP-H1-shNR3A1185 (CTACAGCTGAGTTTAGAAA)
along with a scrambled control virus AAV5-GFP-U6-scrmb-shRNA
(CAACAAGATGAAGAGCACCAA), prepared by Vector Biolabs, based
on information for viruses previously used by Camilla Bellone and col-
leagues (Yuan et al., 2013). Virus injection into the NAc core occurred
;4weeks before catheter implantation (i.e., 5weeks before start of drug
self-administration), allowing for robust expression of the viral construct
before the onset of drug withdrawal. Rats received stereotaxic injections of
virus (0.5ml per side) into the NAc core over 5min. Injectors were left in
place for 5min. Catheter surgery and drug self-administration training were
subsequently performed as described above. Rats were tested for cue-
induced cocaine seeking on WD1, to obtain a measure of baseline seeking,
and again after protracted withdrawal (WD44-WD49).

Electrophysiology. Whole-cell patch-clamp recordings were per-
formed as described previously (Conrad et al., 2008; McCutcheon et al.,
2011; Loweth et al., 2014). Briefly, rats were anesthetized using chloral
hydrate (400-600 g/kg, i.p.), brains were rapidly removed, and coronal
slices at the level of the NAc (350mm) were cut with a vibrating micro-
tome in ice-cold sucrose-based cutting solution. They were transferred
to warm (32°C-34°C) aCSF containing the following (in mM): 122.5
NaCl, 20 glucose, 25 NaHCO3, 2.5 KCl, 0.5 CaCl2, 3 MgCl2, 1.0
NaH2PO4, 1.0 ascorbic acid. All recordings were conducted at least 1 h
after slicing. All solutions were constantly oxygenated (95% O2/5%
CO2). Whole-cell patch-clamp recordings were conducted in room tem-
perature aCSF with CaCl2 increased to 2.5 mM and MgCl2 reduced to 1.0
mM. Picrotoxin (0.1 mM) and CNQX (0.02 mM) were used to block
GABAergic and AMPAR-mediated synaptic transmission, respectively,
enabling us to isolate NMDAR-mediated currents. This was confirmed
using the NMDAR antagonist DL-2-amino-5-phosphonopentanoic acid
sodium salt (APV, 0.05 mM; data not shown). Patch pipettes (6-8 MV)
were filled with internal solution containing the following (in mM): 140
CsCl, 10 HEPES, 2 MgCl2, 5 NaATP, 0.6 NaGTP, 2 QX-314, 0.1 sperm-
ine. NAc MSNs from the core region were identified under visual guid-
ance using infrared-differential interference contrast video microscopy
with a 40� water immersion objective (Olympus BX51-WI). The image
was detected with an infrared-sensitive CCD camera and displayed on a
monitor. Whole-cell patch-clamp recordings were performed with a
computer-controlled amplifier (Axoclamp200B; Molecular Devices),
digitized (Digidata 1322a; Molecular Devices), and acquired for later
analysis with pClamp 10 (Molecular Devices) at a sampling rate of 10
kHz. The liquid junction potential was not corrected, and electrode
potentials were adjusted to zero before obtaining the whole-cell configu-
ration. Glutamatergic NAc MSN synaptic responses were elicited by
local electrical stimulation (0.2ms duration) delivered every 20 s using
concentric bipolar stimulating electrodes (FHC). Importantly, stimula-
tion intensities were adjusted between cells to levels that resulted in a
;50 pA response at –20 mV from the reversal potential (for rationale,
see first paragraph of Results). I–V responses were collected relative to the
reversal potential at –80, –40, 0mV (reversal potential), and 40 mV (also
used for measures of decay kinetics) and analyzed using Clampfit10
(Molecular Devices) and GraphPad Prism. Components of aCSF and inter-
nal solutions, as well as picrotoxin, were purchased from Sigma-Aldrich.
CNQX was purchased from Alomone Labs. (1R*,2S*)-erythro-2-(4-benzyl-
piperidino)-1-(4-hydroxyphenyl)-1-propanolhemi-(DL)-tartrate (ifenprodil)
and (R)-a-methylamino-2,3-dihydro-4-methoxy-7-nitro-g -oxo-1H-indole-
1-butanoic acid (MNI-caged-NMDA) were purchased from Tocris. TK30
was purchased fromKey Organics. DL-APVwas purchased fromAbcam.

Analysis of surface-expressed and total NMDAR subunits. Rats self-
administered saline or cocaine as described above and were killed after
2, 14, 25, or 48d of withdrawal. These groups were run between 2011
and 2013. Bilateral NAc tissue (mainly core subregion) was punched
from coronal slices prepared with a brain matrix, and NAc tissue was bi-
otinylated as detailed previously (Ferrario et al., 2011b; Loweth et al.,
2014); and then frozen at �80°C. In 2013, an aliquot of biotinylated
starting material (total protein) was retained for each rat, and the
remaining biotinylated NAc sample was processed to separate biotinyl-
ated proteins bound to NeutrAvidin beads (bound material, surface-

expressed proteins) from the nonbiotinylated (unbound) material. Total
protein and bound material were analyzed by immunoblotting in 2013
and 2014, as described under Western analysis. Self-administration data
for these rats were published previously as part of a study that used ali-
quots of their NAc tissue to study the role of Group 1 metabotropic glu-
tamate receptors and Homer proteins in the incubation of cocaine
craving (Loweth et al., 2014). Other aliquots were used to study
expression of hypocretin receptors (Plaza-Zabala et al., 2013) and
GABAA receptors (Purgianto et al., 2016). Although immunoblot-
ting for NMDAR subunits was completed in 2014, as noted above,
the data were not published at that time because we were undertak-
ing additional experiments (e.g., electrophysiology, calcium imag-
ing, array tomography, and viral knockdowns) now presented in
the current study.

Analysis of NMDAR subunits in postsynaptic density (PSD) fractions.
Male rats self-administered saline or cocaine as described above and
were killed after either 5 or 40d of withdrawal in 2017, with tissue proc-
essing and immunoblotting completed within weeks of obtaining sam-
ples. Briefly, bilateral NAc tissue (mainly core subregion) was punched
from slices prepared with a brain matrix. To obtain a Triton-insoluble
PSD fraction, we used a previously described subcellular fractionation
procedure (Davies et al., 2007, 2008; Goebel-Goody et al., 2009) that we
have validated in our laboratory (Ferrario et al., 2011a). Each NAc
sample was homogenized in 3 ml of sucrose homogenization buffer
(10 mM HEPES, 0.32 M sucrose, 5 mM NaF, 1 mM NaVO, 2 mM

EDTA, pH 7.4) in a glass grinding vessel with a rotating Teflon
pestle (Wheaton Overhead Stirrer; 3000 RPM for 12 passes). The
homogenate was centrifuged (800 � g, 10 min, 4°C) to remove the
pelleted nuclear fraction (P1). The resulting supernatant (S1) was
centrifuged (10,000 � g, 15 min, 4°C) to yield a crude membrane
fraction (P2). The P2 fraction was washed twice with sucrose ho-
mogenization buffer and resuspended in 4 ml of HEPES-buffered
sucrose containing 0.5% Triton X-100 (0.5% v/v) using a motor-
ized pellet pestle mixing/grinding rod (Kontes). The suspension
was then incubated with gentle rotation (20 min, 4°C) and centri-
fuged (32,000 � g, 20 min) to yield the insoluble pellet (PSD frac-
tion), which was washed twice before use. The PSD fraction was
resuspended in Laemmli sample treatment buffer containing 100
mM DTT. Samples were then stored at �80°C.

Western analysis. Samples were heated at 95°C for 3min in Laemmli
sample treatment buffer with 100 mM DTT and then processed for SDS-
PAGE and immunoblotting as described previously for total and cell
surface analysis (Ferrario et al., 2010, 2011b; Loweth et al., 2014). For
PSD analysis, samples were run on 4%-12% Bis-Tris gels (Bio-Rad) and
transferred to PVDF membranes (Murray et al., 2019, 2021). For all im-
munoblotting, membranes were incubated in blocking solution (5%
evaporated milk, 1% normal goat serum in TBS-T) for 1 h at room tem-
perature and incubated in primary antibody diluted in TBS-T overnight
at 4°C. Membranes were washed in TBS-T solution, incubated at room
temperature for 60min with either goat anti-rabbit IgG (H1 L)
(1:10,000, Invitrogen, G21234) or goat anti-mouse IgG (H1 L)
(1:10,000, Invitrogen, G21040), washed with TBS-T, and then immersed
in chemiluminescence detecting substrate (GE Healthcare). Images of
immunoblots were taken using a GE HealthcareImager 600 (GE
Healthcare) and quantified using ImageQuant TL software (GE Healthcare).
Background values were obtained, and diffuse densities for bands of interest
in each lane were determined. For starting material (total protein) and the
biotinylated fraction (surface protein), loading was determined by a protein
assay. For starting material samples only, data for each protein of interest
were normalized to total protein in each lane determined by Ponceau S
staining. This correction was not performed for the biotinylated fraction, as
we have found that Ponceau S staining is unreliable in the bound (surface)
fraction (e.g., Loweth et al., 2014; Murray et al., 2021). Because the PSD sam-
ples are solubilized directly in SDS, measures of protein concentration in the
PSD fraction are unreliable. Therefore, PSD samples were loaded according
to volume, as we have done previously (Ferrario et al., 2011b). For all sam-
ples, data are presented as mean 6 SEM expressed as percent of control.
For some proteins, we were unable to quantify immunoreactivity for some
lanes because of an unclear band, smudge on the blot, or air bubble
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obstructing the signal. Therefore, the n value forWestern blotting data (pro-
vided in the figure legends) may vary from the total number of rats treated.
The following primary antibodies were used for analysis of biotinylation
experiments (starting material and biotinylated fraction), with studies vali-
dating antibody specificity listed in parentheses after each antibody: GluN1
(1:100), mouse, Novus Biologicals, NB300-118 (Garraway et al., 2009);
GluN2A (1:2000), goat, Santa Cruz Biotechnology, SC-1468 (Tezuka et al.,
1999); GluN2B (1:2500), rabbit, Calbiochem, 454582 (Snell et al., 1996;
Curras and Dao, 1998; Khan et al., 1999); GluN3A (1:1000), rabbit,
Millipore, 07-356 (Wee et al., 2008); and GluN3B (1:250), rabbit, Millipore,
07-351 (Wee et al., 2008). The following primary antibodies were used for
analysis of PSD fractions, with studies validating antibody specificity listed
in parentheses after each antibody: GluN1 (1:500) rabbit, Cell Signaling
Technology, 5704 (Y. Wang et al., 2015) and Cell Signaling Technology
Product Information; GluN2A (1:1000), rabbit, Novus Biologicals, NB300-
105 (Novus Product Datasheet, version 20.1, updated September 14, 2016);
GluN2B (1:1000), rabbit, Cell Signaling Technology, 14544 (Pietrogrande et
al., 2019; Yang et al., 2020); GluN3A (1:200), rabbit, OriGene, TA328843
(OriGene Product Information); and GluN3B (1:200), rabbit, OriGene,
TA328844 (OriGene Product Information).

2-Photon Ca21 imaging. Ca21 imaging studies were conducted simi-
larly to our previous reports (Stutzmann et al., 2003; Ferrario et al., 2012;
Briggs et al., 2013). A custom-designed video rate multiphoton system
based on an upright Olympus BX51 frame was used to image fura-2
Ca21-fluorescence signals within MSNs. Laser excitation from a Ti:
Sapphire laser (Mai Tai Broadband, Spectra-Physics) was provided by
trains of ;100 fs pulses (80MHz) at 780 nm. A resonant galvanometer
(General Scanning Lumonics) scanned the laser beam allowing rapid
(7.9 kHz) bidirectional scanning in the � axis, while a conventional lin-
ear galvanometer scanned in the y axis to provide full frame scan of
30 fps. A 40� water-immersion objective (NA= 0.8) was used to
focus the laser onto the tissue sample, and emitted fluorescence was
detected by a wide-field photomultiplier (Electron Tubes) to derive
video signals captured and analyzed by Video Savant 4.0 software (IO
Industries). Analysis of background-corrected images was conducted
using MetaMorph 7.0 software (Molecular Devices). Pseudocolored
images of fura-2 fluorescence are expressed as inverse pseudo-ratios
such that increases in [Ca21] correspond to increasing ratios of F0/DF
(F0 is the average resting fluorescence at baseline, and DF is the
decrease of fluorescence on Ca21 release). Data indicating relative
percentage changes in fluorescent intensity were calculated as percent
over baseline: (F0/DF� 1) � 100. UV flash photolysis of caged com-
pounds was accomplished using an X-Cite 120 Fluorescence Illumination
system (Photonic Solution) and a narrow UV filter cube (360-380nm) in
a light path separate from the laser input, with exposure time determined
by electronic shutters (Uniblitz, Vincent Associates) operated and
synchronized through digital outputs (Digidata 1322 A-D board) con-
trolled by pClamp 10.2. The percentage of spine heads generating an
NMDAR-mediated Ca21 response within a full image frame was deter-
mined by counting the total number of visible spines and determining
the fraction of “responding” spines, expressed as “% responding.”
The threshold for Ca21 responding was determined by a signal
temporally synchronized with the UV flash at least 10% over
baseline level with onset and decay kinetics distinguishable from
background. Groups were compared with a two-tailed t test (sig-
nificance set at p, 0.05). Experiments were performed in the pres-
ence of cadmium (100 mM), applied in circulating aCSF 10 min
before the start of baseline imaging, to eliminate contributions of
voltage-gated Ca21 channels. MNI-caged NMDA (Palma-Cerda et
al., 2012) was bath applied for 2.5 min before photo-uncaging.

Array tomography. Immunofluorescence array tomography was used
to visualize the dendrites of biocytin-filled neurons and probe for the mo-
lecular markers of interest, as in our prior studies (e.g., Neuman et al.,
2015). Slices were postfixed in 4% PFA for 3-7 d immediately following
patch-clamp experiments. Slices were washed in PBS, permeabilized, and
bathed in 1:200 dilution of streptavidin-conjugated AlexaFluor-488
(Invitrogen) for 48 h at 4°C. Slices were trimmed to include only the filled
neuron, fixed and dehydrated with microwave processing (Pelco BioWave
Pro), embedded in LR White resin (Electron Microscopy Sciences), and

cured at 52°C for 20 h. Cured blocks were hand trimmed to a rectangle
containing the immunostained neuron. Arrays of 50-150 serial ultra-
thin sections (70 nm) were collected using an ultramicrotome (Leica
Microsystems UC6) with a jumbo histo diamond knife (Diatome),
mounted onto coverslips (Aratome), and dried. Arrays were blocked,
immunostained with primary antibody overnight at 4°C, rinsed with
TBS, incubated in secondary antibodies for 30min at room tempera-
ture, rinsed with TBS, and mounted with SlowFade Diamond
AntiFade with DAPI (Invitrogen). Images were acquired with a Carl
Zeiss AxioImager.M2 system equipped with an Axiocam MRm digital
camera, AxioVision Software, and 63�/1.4 NA Plan Apochromat oil-
immersion objective lens, and mosaics were obtained with the aid of
custom-written plugins provided by Stephen Smith’s laboratory.
Immediately following imaging of the array, the antibodies were
eluted, the coverslip was washed, dried, and prepared for another ses-
sion of staining. Imaged arrays from multiple sessions were stitched,
stacked, aligned, and cropped using ImageJ software. Stacks were
deconvolved using AxioVision Software. 3D images were rendered
and analyzed using Imaris by Bitplane. The following primary anti-
bodies were used: GluA1 (1:50), rabbit, Cell Signaling, AB1504;
GluA2 (1:50), mouse, Millipore, MAB397; GluN1 (1:50), mouse,
Millipore, MAB363; GluN2B (1:100), rabbit, Sigma, SAB4300425;
GluN3A (1:100), rabbit, Millipore, 07-356; GluN3B (1:50), rabbit,
Millipore, 07-351; and PSD95 (1:50), goat, Abcam, AB12093. The
following secondary antibodies were used: Alexa-594, donkey,
Invitrogen, A21207; Alexa-647, donkey, Invitrogen, A31571; and Alexa-647,
donkey, Invitrogen, A21447. Antibodies were validated via Western blot on
mouse tissue to ensure that the antibody recognized a single band at the ap-
proximate, appropriate molecular weight for each epitope; furthermore,
each new batch of antibody was tested in two separate immunostaining ses-
sions on rat tissue, and puncta were required to have .85% concordance
on the same tissue (test-retest rate of�85%). That is, the same puncta were
required to be either negative or positive for .85% of the pixels.
Furthermore, antibodies were not used if immunofluorescence signal was
present in the nucleus.

Experimental design and statistical analyses. Rats destined for elec-
trophysiological recordings self-administered saline or cocaine and were
killed at withdrawal times ranging from 1 to 68d for preparation of brain
slices (all methods described above). A total of 133 male rats were used.
Each electrophysiological endpoint was evaluated in a minimum of 5
cells from 3 different rats; data are expressed as mean6 SEM. Student’s
t tests (paired/unpaired as noted in text) were used to compare two
groups. To compare .2 groups, we used ANOVA followed by Holm–
Sidak post hoc tests. Details of statistical design and outcomes for these
electrophysiological studies are presented in the legends to Figures 1-4.
To determine whether incubation of craving is associated with altered
Ca21 entry into MSN spines, male rats self-administered saline or co-
caine and brain slices were prepared after WD39 for 2-photon Ca21

imaging (all methods described above). We imaged 122 spines (10 cells;
4 rats) for the cocaine group and 135 spines (10 cells; 5 rats) for the sa-
line group. Details of statistical design and outcomes for these 2-photon
Ca21 imaging can be found in the legend to Figure 5. To measure sur-
face-expressed and total NMDAR subunits levels, male rats self-adminis-
tered saline or cocaine, and the NAc (mainly core) was dissected on
WD2, WD14, WD25, or WD48, time points selected to bracket the
emergence of CP-AMPARs in the NAc core (see Introduction). Tissue
was biotinylated, the biotinylated surface-expressed proteins were iso-
lated, and samples were analyzed by immunoblotting as described above.
An aliquot of starting material or biotinylated/surface fraction from the
NAc of a single rat was loaded into each lane of the gels. After eliminat-
ing lanes that could not be analyzed, the biotinylated/surface fraction of
each subunit was analyzed in 9-11 saline rats and 10-12 cocaine rats for
WD2, 10 or 11 saline rats and 11 cocaine rats for WD14, 7-10 saline rats
and 9-11 cocaine rats for WD25, and 6-8 saline rats and 6-11 cocaine
rats for WD48. Ranges are given for n values because n depends on the
subunit measured; each subunit was analyzed on separate gels, and gels
differed as to whether any lanes could not be analyzed. For starting ma-
terial, at least as many samples were analyzed for each subunit/experi-
mental group. Saline and cocaine groups were compared using a
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Student’s t test at each WD time point. Details of statistical design and
outcomes can be found in the legend to Figure 6. Because we observed
an increase in surface GluN3A on WD48 in the biotinylation experi-
ments described immediately above, we followed up by measuring
NMDAR subunit levels in PSD fractions of the NAc core. Male rats self-
administered saline or cocaine, and the NAc (mainly core) was dissected
on WD5, when GluN2B plasticity has emerged (see Results), or WD40,
when GluN3 and CP-AMPAR plasticity is established (see Results and
Introduction). PSD fractions were prepared and analyzed by immuno-
blotting. All methods are described above. An aliquot of PSD material
from the NAc of a single rat was loaded into each lane of the gels. After
eliminating lanes that could not be analyzed, each subunit was analyzed
in 10 or 11 saline rats and 9 or 10 cocaine rats for WD5, and 8 or 9 saline
rats and 6 or 7 cocaine rats for WD40 (see above for explanation of n
value ranges). Data were analyzed using a Student’s t test at each WD
time point, saline versus cocaine. Details of statistical design and out-
comes for these immunoblotting experiments can be found in the legend
to Figure 7. For high-resolution analysis of NMDAR subunits in single
NAc core spines, male rats self-administered saline or cocaine; after
WD30, slices were processed for immunofluorescence array tomogra-
phy. For the saline group, analysis was based on four cells, 12 dendrites,
and 825 spines from 3 rats (WD. 38). For the cocaine group, analysis
was based on four cells, 9 dendrites, 965 spines from 2 rats (WD46 and
WD47); this group is named WD. 39 in Figure 8 to conform with late
withdrawal groups in other figures. Details of statistical design and out-
comes for these array tomography studies can be found in the legend to
Figure 8. Further analysis of the array tomography data was performed
to determine centrality versus laterality of glutamate receptor subunit
localization relative to the PSD (defined by PSD95 staining). Details of
statistical design and outcomes can be found in the legend to Figure 9.
For GluN3A or GluN2B viral knockdown experiments, male rats

received intra-NAc infusion of viruses 5weeks before the start of cocaine
self-administration training and received cue-induced seeking tests on
WD1 and in late withdrawal (all methods described above). Between 9
and 12 rats were infused with each virus. Data were analyzed with a
three-way repeated-measures ANOVA (nose-poke hole � virus condi-
tion�WD), and the effect of viral manipulation on incubation was then
probed using planned comparisons with a Bonferroni correction. For
each target (GluN3A or GluN2B), two comparisons were made (cue-
induced seeking on WD1 vs late withdrawal for control animals and
cue-induced seeking on WD1 vs late withdrawal for active virus ani-
mals), so significance was set at p, 0.025. Additional information on
statistical design and outcomes for these knockdown experiments can be
found in the legends to Figure 10A–D (GluN3A) and Figure 11
(GluN2B). We did not quantify target knockdown in these animals
because they were used to attempt electrophysiological analysis of the
consequences of virus expression (these experiments were not success-
ful). However, while cutting slices for recordings, virus expression and
correct localization in the NAc core were confirmed for all animals
included in the behavioral analyses. Finally, to determine whether
expression of incubated craving requires activation of GluN3-
NMDARs, male rats self-administered cocaine and received cue-
induced seeking tests in late withdrawal. Vehicle or TK30 (30 mM

in 0.5 ml/hemisphere) was infused bilaterally into the NAc core 1 h
before the seeking test (a crossover design yielded 10 measures per
group). Methods are described above. Data were analyzed with
two-way ANOVA and Holm–Sidak tests. For all animals included
in the analysis, virus expression in NAc core was confirmed histo-
logically. Details of statistical design and outcomes for this experi-
ment can be found in the legend to Figure 10E–G. For all
experiments except the GluN3A and GluN2B knockdown experi-
ments described above, significance was set at p, 0.05.

Figure 1. Time-dependent regulation of NMDAR-mediated synaptic transmission in NAc core MSNs during withdrawal from extended-access cocaine self-administration. A, Training data for
rats used in electrophysiological experiments. Male rats self-administered saline (n= 41) or cocaine (n= 92) 6 h/day for 10 consecutive days. B, Whole-cell patch-clamp recordings of NMDAR-
mediated EPSCs were performed in NAc core MSNs of saline rats (23 cells/15 rats) on or after WD 16 and from cocaine rats (29 cells/22 rats) between WD39 and WD68. These saline and/or co-
caine data are reproduced for comparative purposes in Figures 2-4. Left, I–V plot of response amplitudes at different membrane holding potentials. Right, Summary data at 40 mV and –80
mV holding potentials (individual data points and mean6 SEM are shown). Cocaine cells exhibit increased response amplitudes at –80 and 40 mV compared with saline cells. –80 mV: saline
versus cocaine, unpaired t test, t(50) = 3.58, p= 0.0008; 40 mV: saline versus cocaine, unpaired t test, t(50) = 4.394, p, 0.0001; *p, 0.05. C, Representative traces of saline (black) and co-
caine WD. 39 (red) cells at 40 mV and –80 mV. Calibration: 40 mV: 50 pA � 250 ms; –80 mV: 20 pA � 250 ms. D, I–V plots of NMDAR-mediated synaptic transmission of cocaine cells at
different withdrawal time points: WD1-WD3 (15 cells/7 rats), WD4 (16 cells/8 rats), WD5 (11 cells/7 rats), and WD13-WD20 (15 cells/12 rats). E, Response amplitudes for saline and each co-
caine withdrawal group. ANOVA was used to analyze data for each holding potential, with comparisons conducted using Holm–Sidak post hoc tests. 40 mV: F(5,102) = 7.918, p, 0.0001; saline
versus WD5, p= 0.0226; saline versus WD13-WD20, p= 0.0266; saline versus WD. 39, p, 0.0001; WD1-WD3 versus WD5, p= 0.0266; WD1-WD3 versus WD13-WD20, p= 0.0298; WD1-
WD3 versus WD. 39, p= 0.0002; WD4 versus WD. 39, p= 0.0266. –80 mV: F(5,102) = 7.670, p, 0.0001; saline versus WD13-WD20, p= 0.0178; saline versus WD. 39, p= 0.001; WD1-
WD3 versus WD. 39, p= 0.0365; WD4 versus WD13-WD20, p= 0.001; WD4 versus WD. 39, p, 0.0001; *p, 0.05.
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Results
Enhanced NMDAR transmission precedes the delayed
insertion of CP-AMPAR after cocaine withdrawal
We first assessed whether pharmacologically isolated, electri-
cally evoked NMDAR-mediated EPSCs onto MSNs in NAc
core are altered after 39 d of withdrawal from cocaine self-
administration (.WD39; Fig. 1A), when CP-AMPAR trans-
mission is stably elevated (Wolf and Tseng, 2012). To opti-
mize between-group comparisons, stimulation intensities
were adjusted to elicit a ;50 pA response at –20 mV, and
changes in NMDAR EPSCs were compared at both negative
and positive potentials without normalizing the responses to

40 mV or to the reversal potential. Relative
to saline controls, recordings from cocaine
WD. 39 rats showed a higher EPSCNMDA peak
amplitude at both negative (�80 mV) and posi-
tive (40 mV) holding potentials (Fig. 1B,C).
Data obtained from earlier withdrawal times
indicate that the enhanced NMDAR response
in cocaine-treated rats begins to emerge as early
as WD5 when the EPSCNMDA peak amplitude
recorded at 40 mV matches that of WD. 39
(Fig. 1D,E). By WD13, the EPSCNMDA peak
amplitudes recorded at both negative and posi-
tive potentials are indistinguishable from those
observed after WD39 (Fig. 1D,E). Given that
the amplitude of EPSCNMDA recorded from
WD1-WD3 and WD4 did not differ from saline
controls, it is likely that the enhanced NMDAR
transmission observed after WD39 results
from withdrawal-dependent processes, rather
than cocaine self-administration alone. Of
note, the potentiation of NMDAR-EPSCs in
the cocaine WD. 39 group is not associated
with a change in EPSCNMDA reversal poten-
tial, nor did reversal potentials differ signifi-
cantly between cocaine rats recorded at the
four withdrawal times shown in Figure 1D (sa-
line: 9.86 1.4; WD1-WD3: 9.96 0.8; WD4:
11.96 0.8; WD5: 10.56 1.0; WD13-WD20:
10.66 1.6; WD. 39: 10.56 0.8; p = 0.7, one-
way ANOVA).

Increased GluN2B contribution to the
enhanced NMDAR transmission after cocaine
withdrawal
We examined the relative contribution of
GluN2B transmission to the enhanced
EPSCNMDA observed after WD39 by means of
bath application of ifenprodil (5 mM, 10min).
Consistent with prior results in drug-naive
rats (Chapman et al., 2003; Kasanetz and
Manzoni, 2009), the effect of ifenprodil in
MSNs from saline control rats was apparent
only at the 40mV holding potential as
revealed by the amplitude of the evoked
EPSCNMDA (Fig. 2A,B,G). A similar effect was
observed in MSNs recorded from cocaine rats,
indicating that a GluN2B-mediated compo-
nent could contribute to the enhanced
EPSCNMDA observed at 40mV following co-
caine withdrawal at WD5 (Fig. 2C,D,G) and
WD. 39 (Fig. 2E–G). However, further analy-
ses revealed that a similar proportion of the

EPSCNMDA at 40mV was sensitive to ifenprodil in MSNs
recorded from saline rats and from cocaine WD. 39 and co-
caine WD5 rats (47.16 9.1% vs 47.36 5.7%, 45.16 4.6%,
respectively). Remarkably, ifenprodil produced a significant
reduction in EPSCNMDA at –80 mV in cocaine WD. 39 rats
(Fig. 2F), and a trend was seen in cocaine WD5 rats
(p = 0.12) (Fig. 2D). The reduction at �80mV was not appa-
rent in MSNs from saline controls (Fig. 2B). Collectively,
these results suggest that GluN2B transmission together
with other ifenprodil-sensitive currents are driving the

Figure 2. Ifenprodil, a GluN2B antagonist, reduces NMDAR-mediated EPSCs by the same relative degree in sa-
line and cocaine groups. A, B, Within-cell application of ifenprodil (5 mM) to saline cells (5 cells/4 rats) signifi-
cantly reduced response amplitudes at 40 mV (saline vs saline1ifenprodil, paired t test, t(4) = 2.88, p= 0.045),
but not –80 mV (saline vs saline 1ifenprodil, paired t test, t(4) = 0.052, p= 0.9613). These data suggest that
GluN2B-containing NMDARs are present under control conditions but only contribute at depolarized membrane
potentials. C, D, In cocaine WD5 cells (5 cells/3 rats), within-cell application of ifenprodil significantly reversed the
increased amplitudes at 40 mV (cocaine WD5 vs cocaine WD5 1ifenprodil, paired t test, t(4) = 7.101,
p= 0.0021). A trend was observed at –80 mV (cocaine WD5 vs cocaine WD5 1ifenprodil, paired t test, t(4) =
1.921, p= 0.12). E, F, In cocaine WD. 39 cells, within-cell application of ifenprodil (6 cells/5 rats) reversed the
cocaine-induced increases in response amplitudes at both negative and positive holding potentials. 40 mV: cocaine
WD. 39 versus cocaine WD. 391ifenprodil, paired t test, t(5) = 4.578, p= 0.006; –80 mV: cocaine WD. 39
versus cocaine WD. 39 1ifenprodil, paired t test, t(5) = 3.46, p= 0.018. G, Representative traces. Calibration:
40 mV, 50 pA� 250 ms; –80 mV, 20 pA� 250 ms. *p, 0.05.
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enhanced EPSCNMDA observed after
prolonged withdrawal from cocaine
self-administration.

Contribution of GluN3- and GluN2B-
containing NMDARs after cocaine
withdrawal
GluN3-mediated currents are less sensitive
to Mg21 block (Pachernegg et al., 2012;
Perez-Otano et al., 2016) and therefore
could potentially account for the increased
EPSCNMDA amplitude recorded at negative
potentials during cocaine withdrawal.
Thus, the effect of the GluN3 antagonist
TK30 (30 mM) (Kvist et al., 2013) was used
to determine the relative contribution of
GluN3 transmission to the enhanced
EPSCNMDA observed in MSNs after
WD39 from cocaine self-administration.
Recordings obtained in the presence of
TK30 revealed that the increased NMDAR
transmission observed in MSNs from co-
caine rats was attenuated, in particular at
negative potentials (Fig. 3A). These results,
along with the sequential changes in
NMDAR currents observed during with-
drawal (Fig. 1D,E) and the ifenprodil-sensi-
tive EPSCs at both positive and negative
potentials (Fig. 2E,F), suggest that at least
two populations of GluN2B-containing
NMDAR receptors with one also containing
GluN3 are incorporated into synapses dur-
ing cocaine withdrawal. To test this hypoth-
esis, the effect of ifenprodil was examined in
a subset of MSNs recorded in the presence
of TK30 (Fig. 3B,C). We found that ifenpro-
dil further reduced the attenuated
EPSCNMDAR amplitude elicited by TK30 at
both positive (40 mV) and negative
(�80mV) potentials to saline control levels.
Notably, bath application of TK30 did not
affect EPSCNMDA in saline controls (Fig.
3D), indicating that TK30 does not have
off-target effects on the predominant NMDAR subtypes expressed
in drug-naive MSNs, which include GluN2A and GluN2B subu-
nits (Landwehrmeyer et al., 1995; Chapman et al., 2003; Dunah
and Standaert, 2003; Logan et al., 2007; Kasanetz and Manzoni,
2009; Ma et al., 2009). Overall, these results support the hypothesis
that the enhanced EPSCNMDAR observed in NAc MSNs following
prolonged withdrawal from cocaine self-administration is medi-
ated by GluN2B and GluN3 transmission (Fig. 3E). We next per-
formed the reverse experiment and found that no further changes
of the reduced EPSCNMDAR amplitude elicited by ifenprodil were
observed after TK30 (Fig. 4A,B). Collectively, the data indicate
that all GluN3-containing NMDARs also contain GluN2B,
and that such receptors contribute to the enhanced NMDAR
transmission observed at negative potentials after prolonged
withdrawal from cocaine self-administration.

NMDAR-mediated Ca21 entry into NAc spines after
protracted cocaine withdrawal
Incorporation of either GluN3A or GluN3B into triheteromeric
NMDARs substantially reduces Ca21 permeability of the

receptor channel in expression systems (Pachernegg et al., 2012;
Perez-Otano et al., 2016), and the same has been observed for
GluN1/GluN2B/GluN3A triheteromeric receptors in the VTA of
cocaine-exposed rats (Yuan et al., 2013). In contrast, increased
Ca21 permeability was reported for GluN3-containing trihetero-
meric receptors in somatosensory (Pilli and Kumar, 2012) and
entorhinal (Beesley et al., 2019) cortices. To determine whether
NMDAR-mediated Ca21 entry is altered after protracted cocaine
withdrawal when GluN3-NMDARs contribute to synaptic trans-
mission, we imaged Ca21 entry into dendritic spines of NAc
core MSNs after photo-uncaging of MNI-NMDA (50 mM) in the
presence of cadmium (100 mM) to block voltage-gated Ca21

channels (Fig. 5). In saline controls, ;52% of dendritic spines
responded to NMDA uncaging with Ca21 entry, consistent with
NMDAR expression in only a portion of striatal MSN spine syn-
apses (Bernard and Bolam, 1998). Significantly fewer spines
(;38%) responded in cocaine WD. 39 rats (Fig. 5A), while the
magnitude of the Ca21 transient in responding spines was not
affected (Fig. 5B). Based on findings explained below (see
Analysis of synaptic NMDAR subunit expression using PSD
fractions and array tomography), this effect is not attributable to

Figure 3. GluN3-containing NMDARs contribute to increased NMDAR function in cocaine WD. 39 cells but not under
saline conditions. A, I–V plot of NMDAR-mediated synaptic responses of cocaine WD. 39 cells (from Fig. 1) compared
with cocaine WD. 39 cells incubated with the GluN3 antagonist TK30 (30 mM; 13 cells/10 rats). B, I–V plot of NMDAR-
mediated synaptic responses of a subgroup of TK30-incubated cocaine WD. 39 cells (6 cells/5 rats) that received subse-
quent bath application of ifenprodil (5mM). C, For cells from B, comparison of TK30 baseline EPSCs to those recorded after
ifenprodil application revealed further reductions in response amplitudes at both positive and negative holding potentials.
40 mV: cocaine WD. 391TK30 versus cocaine WD. 391TK301ifenprodil, paired t tests, t(5) = 6.01, p= 0.0018; –
80 mV: cocaine WD39 1TK30 versus cocaine WD39 1TK30 1ifenprodil, paired t tests, t(5) = 4.24, p= 0.0082.
Representative traces. Calibration: 40 mV, 50 pA � 250 ms; –80 mV, 20 pA � 250 ms. D, I–V plot showing the response
amplitudes of saline cells before and after the application of TK30. E, Comparison of response amplitudes following bath
application of TK30 and ifenprodil in cocaine WD. 39 cells. Saline data are for reference and were not included in analy-
sis. ANOVA was used to analyze data for each holding potential, with comparisons conducted using Holm–Sidak post hoc
tests: 40 mV: F(2,45) = 10.18, p= 0.0002; cocaine WD. 39 versus 1TK30 p= 0.044, cocaine WD. 39 versus 1TK30
1ifenprodil p= 0.0003; 1TK30 versus 1TK30 1ifenprodil p= 0.044. –80 mV: F(2,45) = 7.005, p= 0.0022; cocaine
WD. 39 versus1TK30 p= 0.042; cocaine WD. 39 versus1TK301ifenprodil p= 0.005. *p, 0.05.
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altered spine density. These results are consistent with incorpora-
tion of NMDARs with lower Ca21 permeability into a subset of
NAc spines after cocaine withdrawal, and with our previous
results using caged glutamate in the presence of CNQX (Ferrario
et al., 2012).

Analysis of surface-expressed NMDAR subunits
To determine whether the observed NMDAR plasticity was de-
tectable biochemically, we began by measuring cell surface and
total NMDAR subunit levels using NAc tissue (primarily core)
from saline and cocaine rats (WD2, WD14, WD25, and WD48)
that had been prepared and biotinylated for use in prior studies
(Loweth et al., 2014). These withdrawal times either precede any
plasticity (WD2), coincide with the onset of GluN3 plasticity but
precede any change in AMPAR subunit composition (WD14),
target the period when CP-AMPARs begin to emerge (WD25),
or target a period when both NMDAR and CP-AMPAR plas-
ticity are well established (WD48). GluN1, GluN2A, GluN2B,
and GluN3A were analyzed for all WDs. Gels for GluN3B

were run after the other subunits; by this time, the only sam-
ples remaining were surface fractions from WD48 saline and
cocaine rats. No significant group differences were observed
for cell surface GluN1, GluN2A, or GluN2B at any with-
drawal time, and there was no difference in GluN3B surface
expression on WD48 (Fig. 6). For GluN3A, there was a sig-
nificant increase in surface expression in the cocaine group
on WD48; on WD14 and WD25, the mean GluN3A surface
expression in the cocaine group was similar to that of WD48
but did not achieve significance because of greater variability
(Fig. 6). Considering these trends, this parallels the time
course of GluN3A’s contribution to synaptic transmission as
determined with electrophysiology (Figs. 1 and 3). Total pro-
tein measured in starting material did not differ between sa-
line and cocaine groups for any subunit at any of the
withdrawal time points (data not shown). We note that a
prior study reported alterations in GluN1 levels in NAc ho-
mogenates during incubation of cocaine craving, but these
results are difficult to compare to ours because a core 1 shell
homogenate was studied and because control rats self-
administered sucrose (Lu et al., 2003).

Analysis of synaptic NMDAR subunit expression using PSD
fractions and array tomography
To more selectively analyze the synaptic compartment, we meas-
ured NMDAR subunit protein levels in a Triton-insoluble PSD
fraction prepared from the NAc (primarily core subregion) of

different cohorts of saline and co-
caine rats (WD5 and WD40) than
those used for biotinylation studies.
In light of biotinylation results, we
were surprised that PSD fractions
from saline and cocaine groups con-
tained similar levels of GluN3A;
GluN1, GluN2A, GluN2B, and
GluN3B were also unchanged in the
PSD fraction (Fig. 7).

To study NMDAR subunits with
higher anatomic resolution, we used
array tomography paired with serial
antibody labeling of dendritic seg-
ments (Neuman et al., 2015).
Individual NAc core MSNs in slices
from saline rats (WD. 38) and co-

caine rats (WD46-WD47) were labeled with biocytin, and tissue
was then processed under experimenter-blind conditions to seri-
ally stain ultrathin sections with antibodies to GluA1, GluA2,
GluN1, GluN2B, GluN3A, and GluN3B (Fig. 8A). Analysis
revealed that saline and cocaine rats did not differ in total spine
density in the NAc core (we did not quantify spine subtypes clas-
sified based on morphology) (Fig. 8B). We then performed spot
analysis. A spot is a continuous collection of immunopositive
pixels that colocalizes with the spine-head. Using this informa-
tion, we conducted pairwise analysis of colocalization, defined as
the percent of time that spots for two subunits are within 0.2mm.
An increase in colocalization defined in this manner is inter-
preted as an increase in proximity of receptors containing each
subunit, rather than an increase in tetramers containing both
subunits. The cocaine group exhibited a trend (p= 0.10) toward
reduced spots/spine for GluA2 (Fig. 8C), as well as significantly
decreased colocalization of GluA1 and GluA2 (Fig. 8D). These
results are consistent with a smaller relative contribution of
GluA2-containing AMPARs to synaptic transmission after

Figure 4. NMDAR subunit composition revealed by sequential application of GluN2B and
GluN3 antagonists. A, I–V plot of cocaine WD. 39 data (for reference) and cocaine
WD. 39 cells incubated with ifenprodil (5 mM) followed by TK30 (30 mM) application (5
cells/5 rats). B, TK30 application following ifenprodil produces no further decrease in
response amplitude at 40 mV [cocaine WD. 39 1ifenprodil vs cocaine WD. 39
1ifenprodil 1TK30, paired t test, t(4) = 0.20, p= 0.85] or –80 mV [cocaine WD. 39
1ifenprodil vs cocaine WD. 39 1ifenprodil 1TK30, paired t test, t(4) = 0.91, p= 0.41].
These data suggest that all GluN3-containing NMDARs in cocaine WD. 39 cells also contain
GluN2B (GluN1/GluN2B/GluN3 receptors), whereas data from Figure 3 suggest that these cells
also express a population of NMDARs containing GluN2B but not GluN3.

Figure 5. Fewer MSN dendritic spines respond to photo-uncaging of MNI-NMDA after prolonged withdrawal from cocaine self-
administration. A, Percent of spines responding to MNI-NMDA (50 mM) in cocaine rats (n= 122 spines; 10 cells; 4 rats) versus saline
rats (n= 135 spines; 10 cells; 5 rats) [unpaired t test, t(255) = 2.290, p= 0.023]. B, The magnitude of Ca21 responses [(F0/DF� 1)
�100] in “responding” spines did not differ between treatment groups [unpaired t test, t(114) = 0.113, p= 0.91]. C, Representative
images showing Ca21 influx in a dendritic segment from a cocaine animal in response to MNI-NMDA uncaging. *p, 0.05
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incubation of cocaine craving (Conrad et al., 2008). Cocaine rats
also demonstrated an increased average number of spots/spine
for GluN3B (Fig. 8C) and increased colocalization in spines of
GluN2B and GluN3B and of GluN3A and GluN3B (Fig. 8D).

Because spot analysis is not sensitive to changes in spot size,
we also analyzed the total volume of immunoreactive puncta that
colocalize with the spine for each subunit. These results are
expressed as average puncta volume (Fig. 8E) as well as fre-
quency histograms for each subunit (Fig. 8F–J). Based on the av-
erage of all antibodies (Fig. 8E, far-right bar) and histograms for
GluA1, GluA2, GluN2B, and GluN3A (Fig. 8F–I), puncta vol-
umes tended to be smaller after incubation, which might indicate
that smaller, thin spines are more prevalent. The exception is
GluN3B, which showed a rightward shift after incubation (Fig.
8H). Overall, these results and results presented above on overall

spine density (Fig. 8B) are generally consistent with our prior
study of spines in the NAc core over 2months of withdrawal
from the same cocaine regimen; the only change detected was an
increase in thin spines between WD25 and WD39, which
reversed by WD60 (Christian et al., 2017). We note that spine
density in the NAc shell is differently regulated during incuba-
tion of cocaine craving (Wright et al., 2020).

It is interesting that GluN3 data across different experiments
parallels what we have found previously for GluA1 in the NAc
core of “incubated” rats (Conrad et al., 2008; Ferrario et al.,
2011b), namely, detection of a clear contribution to synaptic
transmission in electrophysiological studies (for GluN3 subunits
in general) and an increase in cell surface levels (GluN3A only)
but no significant change in abundance in PSD fractions
(GluN3A and GluN3B). For GluA1, these and other biochemical

Figure 6. Cell surface expression of GluN3A, but not other NMDAR subunits, is altered after withdrawal from extended-access cocaine self-administration. NAc tissue from saline and cocaine
rats killed on WD2, WD14, WD25, or WD48 was biotinylated to selectively label cell surface proteins and those biotinylated proteins were recovered and analyzed by immunoblotting as
described in Materials and Methods. Dissected tissue was primarily from the core subregion. Left, Summary data (mean6 SEM) comparing surface-expressed levels of each NMDAR subunit at
different withdrawal times (data normalized to saline control groups). Right, Representative immunoblots are shown for each subunit at each withdrawal time. Arrows indicate band analyzed
(GluN1 ;120 kDa, GluN2A ;180 kDa, GluN2B ;200 kDa, GluN3A ;125 kDa, GluN3B ;100 kDa). With the exception of a significant increase in surface GluN3A in the cocaine group on
WD48 (t(15) = 2.44, p= 0.028), NMDAR subunit protein levels did not differ between cocaine and saline groups at any withdrawal time. The number of tissue samples included in data analysis
for each group is indicated within the bars. These values are sometimes smaller than the number of lanes shown because imperfections in the gel/blot interfered with analysis of a particular
lane. Blots were cut to enable us to probe for a high molecular weight protein on one half and a low molecular weight protein on the other. Not all gels were cut at the same place; rather,
they were cut to optimize the testing of more than one antibody based on the molecular weight of target proteins. *p, 0.05, Student’s t test at each WD time point, saline versus cocaine.
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results were interpreted to indicate that homomeric GluA1 CP-
AMPARs contributing to synaptic transmission are loosely teth-
ered to the PSD (possibly located at its margins) and are lost
during preparation of PSD fractions (Ferrario et al., 2011b). A
similar location for GluN3-NMDARs would not be surprising
given the close interactions between homomeric GluA1
AMPARs and GluN3-NMDARs found in the VTA (Yuan et al.,
2013). To explore this, we performed additional analyses of our
array tomography data to estimate centrality versus laterality of
glutamate receptor subunit expression in the PSD, taking advant-
age of the fact that all spines were stained for PSD95. First, we
identified spine heads that exhibited punctae positive for both
PSD95 and GluA1 (77 and 80 for saline and cocaine groups,
respectively), PSD95 and GluN3A (52 and 41), or PSD95 and
GluN3B (31 and 51). Using PSD95 staining as a marker for the
PSD, we then determined the average percent of GluA1,
GluN3A, or GluN3B punctae that spatially overlapped .50%
(central expression) or ,50% (lateral expression) with PSD95
punctae, and compared the balance of expression between cen-
tral and lateral compartments (Fig. 9). In saline rats, GluA1 was
mainly central, whereas GluN3A and GluN3B were evenly dis-
tributed; but after cocaine withdrawal, GluA1 and GluN3B were
significantly more lateral than central, whereas GluN3A did not
exhibit a significant difference in its distribution. Next, we com-
pared the percent lateral expression for each subunit between sa-
line and cocaine groups (Fig. 9). Compared with spines from
saline rats, those from cocaine rats showed a significant increase
in lateral GluA1 and lateral GluN3B, but no significant change
for GluN3A. In summary, GluA1 and GluN3B are more often
located laterally relative to PSD95 in cocaine animals compared
with saline controls. The relative increase in lateral GluA1,

combined with increased cell surface and total GluA1 protein
levels after incubation (Conrad et al., 2008; Ferrario et al.,
2011b), supports the addition of homomeric GluA1 CP-
AMPARs at the periphery of the synapse after incubation. The
relative increase in lateral GluN3B, combined with no change in
surface or total GluN3B levels, may suggest a shift of GluN3B
from central to lateral regions of the synapse or a redistribution
from extracellular pools to lateral synaptic regions. Finally,
although not statistically significant, there was a small shift to-
ward central GluN3A after incubation (saline: 51.7% central; co-
caine: 59.7% central) that could be functionally significant.

Collectively, the array tomography experiments reveal
NMDAR subunit alterations at the level of dendritic spines that
were not detectable with Western analysis of PSD fractions.
These alterations involve the same subunits (GluN2B and GluN3
subunits) implicated by electrophysiological results (Figs. 2-4),
although the adaptations revealed by array tomography are more
complex than might have been expected based on the electro-
physiological results and clearly warrant further investigation.

GluN3A is required for incubation of cocaine craving
Next, we determined whether GluN3 NMDAR plasticity is
required for incubation. We focused on GluN3A because this
isoform was identified as mediating acute cocaine-induced
increases in GluN3-NMDARs and CP-AMPARs in VTA dopa-
mine neurons (Yuan et al., 2013) and because we observed
increased GluN3A surface expression, but no change in GluN3B
surface expression, after incubation of craving (Fig. 6). Viral vec-
tors expressing the active construct used previously (Yuan et al.,
2013) or a control sequence were injected into the NAc core
;5weeks before cocaine self-administration. This timing was

Figure 7. NMDAR subunit protein levels in PSD fractions are unaltered after withdrawal from extended-access cocaine self-administration. A, Self-administration training data for all animals
included in this experiment. B–F, Triton-insoluble PSD fractions were prepared from the NAc of saline and cocaine rats killed on WD5 or WD40, as described in Materials and Methods.
Dissected tissue was primarily from the core subregion. Summary data (mean 6 SEM) and representative immunoblots are shown for each subunit. Arrows indicate band analyzed (GluN1
;120 kDa, GluN2A ;180 kDa, GluN2B;200 kDa, GluN3A;125 kDa, GluN3B ;100 kDa). NMDAR subunit protein levels did not differ between cocaine and saline groups at either with-
drawal time. The number of tissue samples included in data analysis for each group is indicated within the bars. These values are sometimes smaller than the number of lanes shown either
because imperfections in the gel/blot interfered with analysis of a particular lane or because behavioral data (analyzed after gels were run) revealed that rats did not reach criteria for discrimi-
nation of active versus inactive holes or stable self-administration during training. Blots were cut to enable us to probe for a high molecular weight protein on one half and a low molecular
weight protein on the other. Not all gels were cut at the same place; rather, they were cut to optimize the testing of more than one antibody based on the molecular weight of target proteins.
Student’s t test at each WD time point, saline versus cocaine, NS.
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used to ensure robust expression in early withdrawal. We verified
virus expression and target knockdown using drug-naive rats
(Fig. 10C,D). Cocaine self-administration was not altered by
GluN3A constructs compared with control viruses (Fig. 10A)
and was comparable with our typical results (e.g., Fig. 1A). After
the completion of training, each rat received a cue-induced seek-
ing test (30min; responding in previously active hole delivers
cue but no cocaine) on WD1 to establish baseline craving and

again on WD44 to assess incubation. Whereas rats receiving the
control construct exhibited significantly increased responding on
WD44 versus WD1, rats in the active shRNA group did not,
indicating that GluN3A knockdown prevented incubation of
craving during withdrawal (Fig. 10B). Then, using a different
cohort of rats that underwent incubation of cocaine craving but
did not receive virus infusion, we acutely blocked GluN3-
NMDARs via intra-NAc infusion of TK30 (30 mM in 0.5ml/

Figure 8. Array tomography analysis of AMPAR and NMDAR subunits in spines of NAc core MSN after saline or cocaine self-administration and protracted withdrawal. A, Representative labeling
for each epitope in MSN dendrites after saline or cocaine self-administration. B, Spine density, determined from biocytin labeling, did not differ between groups (unpaired t test, t(19) = 0.43). C,
Average number of spots/spine was elevated for GluN3B (unpaired t test, t(19) = 3.20, p= 0.0047) but not for other subunits (p. 0.05). A spot is defined as a continuous collection of immunopos-
itive pixels that colocalizes with the spine. D, Colocalization of spots (defined as spots within 0.2mm of each other) was altered for some NMDAR subunit pairs in the cocaine group (unpaired t tests,
saline vs cocaine: GluA1/GluA2, t(19) = 2.686, p= 0.0146; GluN2B/3B, t(19) = 2.137, p=0.046; GluN3A/3B, t(19) = 2.283, p=0.0340) but interestingly was not altered for GluN2B/3A (t(19) = 0.4658,
p= 0.6467). Other subunit pairs were analyzed but are not shown (all p values. 0.05). E, As spot analysis is not sensitive to changes in spot size, we also measured volume of immunoreactive
puncta for each subunit. Shown here is the average puncta volume for each subunit. Far-right bar represents the average for all antibodies (All ABS), which provides an estimate of spine volume
(unpaired t tests, saline vs cocaine: GluA2, t(19) = 2.496, p=0.0219; All ABS, t(103) = 2.002, p= 0.0479; for all other subunits, p. 0.05). F-J, Frequency distribution plots of puncta volume for each
subunit. X2 tests were used for statistical comparison of saline and cocaine relative frequency: GluA1, X2(5) = 6.22, p=0.2859.; GluA2, X2(5) = 25.81, p= 0.000098; GluN2B, X2(4) = 7.94,
p= 0.0938; GluN3A, X2(5) = 15.91, p=0.0071; GluN3B, X2(5) = 28.24, p=0.000033. *p, 0.05. **p, 0.01. ****p, 0.0001. Saline group (.WD38): 3 rats, 4 cells, 12 dendrites, 825 spines.
Cocaine group (WD46-WD47): 2 rats, 4 cells, 9 dendrites, 965 spines.
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hemisphere) just before a cue-induced seeking test in late with-
drawal. There was no effect of TK30 on the expression of incu-
bated cocaine seeking (Fig. 10E). Nose-pokes in the inactive hole
and locomotor activity during the test were also unaffected (Fig.
10F,G). For all rats included in behavioral analysis, virus expres-
sion and location in the NAc core were confirmed as described
in Experimental design and statistical analysis. Overall, these
results suggest that GluN3 is a key component for incubation of
craving but that, once incubation has occurred, GluN3 is not
essential for its expression. In light of array tomography data
indicating cocaine-induced plasticity involving GluN3B, future
experiments should address the behavioral impact of its knock-
down. It will also be important to determine whether GluN3A
plasticity is required for the accumulation of CP-AMPARs dur-
ing the incubation of cocaine craving.

Although there was no difference in the relative contribution
of GluN2B to NMDAR currents recorded at 40mV in the saline
and cocaine groups (Fig. 2) and no significant change in surface
GluN2B after incubation (Fig. 6), our electrophysiological results
suggest that GluN2B may assemble with GluN3 subunits (Figs. 3
and 4). Thus, we examined whether GluN2B in the NAc core
was required for incubation of craving using a previously vali-
dated GluN2B RNAi (J. Wang et al., 2018). We verified virus
expression and target knockdown using drug-naive rats (Fig.
11C,D). Viral infusions, drug self-administration, and training
were performed as described above (Fig. 11A), with cue-induced
seeking tests conducted on WD1 and WD49 in both control and
GluN2B RNAi rats (Fig. 11B). We found that GluN2B knock-
down in NAc core before cocaine self-administration did not
affect incubation (Fig. 11B), raising the interesting possibility of
GluN3 assembly with other subunits under conditions of
GluN2B depletion. For all rats included in behavioral analysis, vi-
rus expression and location in the NAc core were confirmed as
described in Experimental design and statistical analysis.

Discussion
We showed previously that expression of “incubated” craving ulti-
mately depends on CP-AMPARs that accumulate in NAc core
synapses after ;1month of withdrawal (Conrad et al., 2008;
Loweth et al., 2014; Wolf, 2016). Here, in the first study of
NMDAR transmission in NAc core during incubation of cocaine

craving, we observed two waves of NMDAR plasticity, both pre-
ceding CP-AMPAR elevation. An increase in currents mediated
by GluN2B-containing NMDARs was first detected on WD5, and
an increase mediated by GluN2B/GluN3-NMDARs was detected
;1week later. Both populations then persisted through at least
WD68. GluN3A knockdown prevented incubation, and it was the
only subunit to show an increase in cell surface expression after
incubation, consistent with prior work implicating GluN3A in
addiction-related plasticity (Yuan et al., 2013; Creed et al., 2016; X.
Huang et al., 2017). However, GluN2B and GluN3 subunit levels
remained unchanged in PSD fractions, and more robust changes
were observed for GluN3B than GluN3A at the single-spine level.
These apparent inconsistencies could suggest that functional
changes revealed by electrophysiology and Ca21 imaging are asso-
ciated with shifts in protein distribution too subtle to detect with
biochemical analyses (e.g., redistribution from subsynaptic traf-
ficking pools associated with the PSD to the synapse itself). It is
also possible that these functional changes occur only at a subset
of synapses onto MSN, and changes in protein levels in this subset
may be washed out in biochemical studies by lack of changes in
other synapses including synapses on other cell types. Finally,
there are certainly gaps that remain in our understanding of syn-
aptic plasticity associated with incubation of craving. Additional
research may shed light on our observations. In particular, data
from the dendritic spine level indicate that further study of
GluN3B is warranted (see below). It will also be important for
future research to determine whether mechanisms identified here
hold for female rats.

Consequences of combined CP-AMPAR and GluN3-
NMDAR plasticity
In VTA dopamine neurons, acute cocaine injection rapidly
increases both GluN2B/GluN3A-NMDARs and CP-AMPARs,
and the NMDAR plasticity is required for the AMPAR plasticity
(Yuan et al., 2013). Thus, we hypothesize that GluN3-NMDARs
are required for incubation because they promote the elevation
of CP-AMPARs on which incubation ultimately depends. We
showed previously that a reduction in surface-expressed metabo-
tropic glutamate receptor 1 (mGlu1) in NAc core during cocaine
withdrawal is essential for subsequent CP-AMPAR elevation
(Loweth et al., 2014), consistent with evidence for an inverse

Figure 9. Glutamate receptor subunit localization relative to the PSD, defined by PSD95 staining, is altered after incubation of craving. Additional analysis of array tomography data was per-
formed to estimate centrality versus laterality of glutamate receptor subunit expression in the PSD, focusing on spine heads exhibiting punctae positive for both PSD95 and GluA1 (77 and 80
for saline and cocaine groups, respectively), PSD95 and GluN3A (52 and 41), or PSD95 and GluN3B (31 and 51). Bar graphs represent the average percent of GluA1, GluN3A, or GluN3B punctae
that spatially overlapped.50% (central expression) or,50% (lateral expression) with PSD95 punctae. First, for each subunit in each experimental group, the balance of expression between
central and lateral compartments was compared using paired t tests: saline GluA1, t(10) = �3.97, p= 0.003; saline GluN3A, t(9) = �0.217, p= 0.83; saline GluN3B, t(9) = 0.383, p= 0.71; co-
caine GluA1, t(9) =�2.47, p= 0.04; cocaine GluN3A, t(9) =�0.93, p= 0.38; cocaine GluN3B, t(9) = 4.86, p= 0.002 (*p, 0.05). We also compared the percent lateral expression for each sub-
unit between saline and cocaine groups using one-way ANOVA: GluA1, F(1,17) = 18.3, p= 0.0005; GluN3A, F(1,16) = 0.35, p= 0.56; GluN3B, F(1,15) = 5.76, p= 0.03 (*p, 0.05). Because these
data are expressed as percent control, central locations are the inverse of lateral locations, so where there was a significant increase in laterality, there was also a significant reduction in central-
ity. For clarity, only significant changes in laterality are indicated by lines/asterisks in the figure.
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Figure 10. Viral knockdown of GluN3A in NAc core prevents incubation of cocaine craving but acute intra-NAc infusion of the GluN3 antagonist TK30 in late withdrawal does not prevent
expression of incubated craving. A, GluN3A knockdown before cocaine self-administration did not impact drug taking during the training period. Mixed-effect analysis: self-administration day,
F(9,180) = 2.329, p= 0.0167; active versus control virus, F(1,20) = 0.8108, NS; interaction (self-administration day vs active/control virus), F(9,180) = 0.8880, NS. No significant post hoc tests
(Holm–Sidak). B, GluN3A knockdown prevented incubation of craving, measured as increased cue-induced responding in the previously active nose-poke hole on WD44 versus WD1. With a
three-way repeated-measures ANOVA (nose-poke hole� virus condition� WD), we observed a significant WD� virus condition interaction (F(1,40) = 4.144, p= 0.048). In rats receiving con-
trol virus, Bonferroni-corrected planned comparisons demonstrated a significant increase in nose-pokes from WD1 to WD44 (p= 0.006). Animals in the active shRNA virus group did not show
incubation (p= 0.323). The same conclusion, namely, that the active shRNA virus blocked incubation, was supported if we conducted separate two-way repeated-measures ANOVAs for active
and inactive hole responses (active hole: significant main effects for WD [F(1,39) = 5.564, p= 0.0234] and virus condition [F(1,39) = 5.751, p= 0.0214]; inactive hole: no significant main effects).
C, Viral efficacy indicated by decreased GluN3A protein expression in NAc core of drug-naive rats. Upper bands represent GluN3A, and lower bands represent a prominent Ponceau S-stained
band from the same lane; Ponceau staining in the entire lane was our measure of protein loading. Unpaired t test: control versus GluN3 shRNA (t(16) = 2.169, p, 0.05). D, Visualization of vi-
rus expression based on GFP fluorescence in NAc core of a representative drug-naive rat. Scale bar, 50mm. E–G, Microinjection of TK30 directly into the NAc core after protracted withdrawal
from extended-access cocaine self-administration does not prevent expression of incubated cocaine seeking. Rats self-administered saline or cocaine as in previous experiments. Each rat under-
went two cue-induced seeking tests (WD35 and WD42). One hour before the first seeking test, aCSF (control) or TK30 (GluN3-selective antagonist; 30 mM in 0.5ml/hemisphere) was injected
bilaterally into the NAc core of 10 rats (5 received aCSF and 5 received TK30). Seven days later (WD42), using a crossover design, aCSF or TK30 was injected bilaterally into the NAc core of the
same rats 1 h before the second seeking test. This yielded four experimental groups: Sal aCSF, Coc aCSF, Sal TK30, and Coc TK30 (n= 10 observations per group). Compared with aCSF injection,
TK30 injection had no effect on active hole responding (E), inactive hole responding (F), or locomotor activity during the test (G) in either saline or cocaine rats; that is, cocaine rats expressed
incubation regardless of whether they were pretreated with aCSF or TK30. Thus, activation of GluN3-containing NMDARs during a seeking test is not required for the expression of incubation,
although their synaptic incorporation during cocaine withdrawal is necessary for incubation to occur (B). We note that active hole responding in the cocaine late withdrawal groups in E is lower
than for cocaine late withdrawal groups in B. This is likely because the former groups received an intracranial injection immediately before the test, which typically lowers active hole respond-
ing. E–G, Data were analyzed using one-way ANOVA with Holm–Sidak post hoc tests. E, Active hole: F(3,36) = 8.744, p= 0.0002; saline aCSF versus cocaine aCSF, p= 0.0093; saline aCSF versus
cocaine TK30, p= 0.0342; cocaine aCSF versus saline TK30, p= 0.0008; saline TK30 versus cocaine TK30, p= 0.0035. F, Inactive hole: F(3,36) = 2.034, p= 0.1265. G, Locomotor activity: F(3,36) =
2.034; p= 0.1265. *p, 0.05. **p, 0.01. ***p, 0.001.

Figure 11. Viral knockdown of GluN2B in NAc core does not influence incubation of cocaine craving during withdrawal. A, GluN2B knockdown before cocaine self-administration did not
impact drug taking during the training period. Mixed-effect analysis: self-administration day, F(9,155) = 4.476 p, 0.0001; active versus control virus, F(1,18) = 0.02696, NS; interaction (self-
administration day vs active/control virus), F(9,155) = 1.568, NS. Post hoc tests were not significant (Holm–Sidak). B, GluN2B knockdown did not prevent incubation of craving, measured as
increased cue-induced responding in the previously active nose-poke hole on WD49 versus WD1. A three-way repeated-measures ANOVA (nose-poke hole� virus condition� WD) revealed a
main effect of WD (F(1,36) = 9.477, p= 0.004) but no significant WD � virus condition interaction (F(1,36) = 0.1709, NS). In both control and active siRNA groups, there was a significant
increase in nose-pokes from WD1 to WD49 (Bonferroni-corrected planned comparisons: control WD1 vs WD49, p= 0.0168; siRNA WD1 vs WD49, p= 0.0003). C, Viral efficacy indicated by
decreased GluN2B protein expression in NAc core of drug-naive rats. Upper bands represent GluN2B, and lower bands represent a prominent Ponceau S-stained band from the same lane;
Ponceau staining in the entire lane was our measure of protein loading. Unpaired t test: control versus GluN2B siRNA (t(12) = 4.02, p, 0.001). D, Visualization of virus expression based on
GFP fluorescence in NAc core of a representative drug-naive rat. Scale bar, 50mm. **p, 0.01, ***p, 0.001.
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relationship between CP-AMPARs and mGlu1 tone in many
brain regions (Loweth et al., 2013). Given that mGlu1 negatively
regulates GluN3 incorporation in the VTA (Yuan et al., 2013), it
is possible that the reduction in NAc mGlu1, which occurs at
about the same withdrawal time as elevation of GluN3-
NMDARs (see Loweth et al., 2014), triggers GluN3-NMDAR
plasticity, which in turn enables CP-AMPAR plasticity.

What is driving this cascade of plasticity? Multiple lines of
evidence suggest a relative decrease in excitatory drive to MSNs
and/or their excitability during early withdrawal from co-
caine self-administration (Wolf, 2016). Synaptic incorpora-
tion of GluN3-NMDARs, which increase NMDAR currents
at negative potentials because of insensitivity to Mg21 block
(Pachernegg et al., 2012; Perez-Otano et al., 2016), and CP-
AMPARs, which have higher single-channel conductance
than GluA2-containing AMPARs (Isaac et al., 2007), may
represent a homeostatic response designed to maximize the
MSNs’ ability to respond under such conditions, albeit with the
maladaptive consequence of boosting the response to strong
excitatory signals elicited by drug cues. Consistent with this
homeostatic hypothesis, in hippocampus, synaptic activity leads
to GluN3-NMDAR endocytosis, whereas inactivity promotes
their accumulation (Perez-Otano et al., 2006).

Along with reduced sensitivity to Mg21 block, GluN3-
NMDARs display reduced Ca21 permeability (Pachernegg et al.,
2012; Perez-Otano et al., 2016). Consistent with this, we found
that fewer MSN spines from “incubated” rats exhibited Ca21 entry
in response to NMDA uncaging. In VTA dopamine neurons after
acute cocaine injection, a shift from NMDAR-mediated to CP-
AMPAR-mediated Ca21 entry accompanied insertion of GluN3-
NMDARs and CP-AMPARs, leading to a shift from Hebbian to
anti-Hebbian LTP (Mameli et al., 2011). We speculate that coexis-
tence of GluN3-NMDARs and CP-AMPARs in the NAc core after
incubation of cocaine craving similarly alters the rules for synaptic
plasticity and, by extension, affects subsequent reward learning.
Furthermore, it is interesting that CP-AMPARs and GluN3-
NMDARs are typically associated with immature synapses, and
their coexpression in postnatal VTA is proposed to sculpt develop-
mental plasticity (Yuan and Bellone, 2013). Thus, our findings,
along with the recent demonstration that prenatal nicotine expo-
sure may upregulate GluN3-NMDARs along with CP-AMPARs
(Polli and Kohlmeier, 2018, 2019), resonate with theories that
drugs of abuse reopen mechanisms that permit dramatic plasticity
during development (Bellone and Luscher, 2012; Dong and
Nestler, 2014). A relative increase in Ca21 entry via AMPARs ver-
sus NMDARs may also affect many Ca21-sensitive signaling path-
ways. For example, Ca21 entry through NMDARs suppresses
protein translation (Scheetz et al., 2000; Reese and Kavalali, 2015),
so incorporation of Ca21-impermeable GluN3-NMDARs may
explain why NMDAR-mediated suppression of translation is lost
in NAc tissue from “incubated” rats (Stefanik et al., 2018).

Regulation of synaptic GluN3-NMDAR levels
Slice recordings demonstrated that a contribution of GluN3-
NMDARs to synaptic transmission emerges after ;2weeks of
cocaine withdrawal and is then maintained (.WD39). This is
paralleled by trends toward increased cell surface GluN3A on
WD14 and WD25 in cocaine versus saline groups and a signifi-
cant increase on WD48. Surface GluN2B did not change at any
withdrawal time, and surface GluN3B was unaltered on WD48.
These results are consistent with the ability of GluN3A but not
GluN2B knockdown to prevent incubation of craving.

In contrast to biotinylation results, saline and cocaine groups
did not differ in GluN3A abundance in a Triton-insoluble PSD

fraction on WD5 or WD40; GluN3B was also unaltered. Likewise,
their abundance was unaltered in NAc membrane fractions after
2weeks withdrawal from binge-access cocaine self-administration
(Tang et al., 2004). As noted in Results, this profile for GluN3A
(detection of increased contribution to synaptic transmission in
electrophysiological studies and an increase in cell surface levels,
but no significant change in abundance in PSD fractions) parallels
previous findings for GluA1 (Conrad et al., 2008; Ferrario et al.,
2011b), which we interpreted to indicate that homomeric GluA1
receptors contributing to synaptic transmission are located at the
margins of synapses and thus loosely tethered to the PSD
(Ferrario et al., 2011b). The present array tomography results sup-
port this interpretation, as GluA1 becomes more enriched in lat-
eral portions of the synapse after incubation of craving. While this
was also observed for GluN3B, it was not observed for GluN3A,
which was evenly distributed in both saline and cocaine rats. As
noted above (first paragraph of Discussion), there may be shifts in
NMDAR subunit levels or distribution that are functionally signif-
icant but too subtle to detect with biochemical methods, particu-
larly if such changes are limited to a subpopulation of synapses. In
hippocampus, both anatomic and biochemical evidence supports
localization of GluN3A to lateral margins of synapses (Perez-
Otano et al., 2006; Wee et al., 2016).

While our electrophysiological studies isolated NMDAR-
mediated currents, GluN1/GluN3 glycine receptors could con-
tribute to biochemical and array tomography findings and
thereby complicate their interpretation. Future studies could
address the functional role of GluN1/GluN3 glycine receptors
using approaches developed previously (Grand et al., 2018).

Comparison of core and shell plasticity during incubation
Incubation of cocaine craving requires both NAc core and shell
subregions (Wolf, 2016; Dong et al., 2017; J. Wang et al., 2018).
As in core, CP-AMPARs accumulate in shell synapses, and their
activation is necessary for expression of incubation (Lee et al.,
2013; Ma et al., 2014). The requirement for CP-AMPAR activa-
tion in both subregions may reflect their anatomic interconnec-
tions (Haber et al., 2000). In shell, CP-AMPAR accumulation
results from a cascade of bidirectional homeostatic plasticity
between the strength of excitatory synaptic input and the mem-
brane excitability of MSNs. This cascade is initiated by an
increase in synaptic GluN2B-NMDARs corresponding to silent
synapses that begins during cocaine exposure and is robust by
WD1 (Y. H. Huang et al., 2009); these silent synapses are subse-
quently filled by CP-AMPARs (Lee et al., 2013; Ma et al., 2014;
Dong et al., 2017; J. Wang et al., 2018). As would be predicted,
knocking down GluN2B in NAc shell prevents this cascade and
thereby prevents incubation (J. Wang et al., 2018). A different
cascade appears to account for CP-AMPAR accumulation in NAc
core (although this cascade may also involve homeostatic plastic-
ity, as described above in Consequences of combined CP-AMPAR
and GluN3-NMDAR plasticity). In the core, increased GluN2B-
NMDARs are first detected on WD5, and GluN2B knockdown
does not prevent incubation. The latter is surprising because incu-
bation was prevented by GluN3A knockdown in NAc core and
our electrophysiological results indicate that the GluN3-NMDARs
observed after cocaine withdrawal also contain GluN2B. It is pos-
sible that GluN3 assembles with other subunits when GluN2B is
depleted. Alternatively, our knockdown may have insufficiently
depleted the GluN2B pool that assembles with GluN3.

That different plasticity occurs in core and shell subregions is
not surprising, given their different connectivity and behavioral
roles (Sesack and Grace, 2010). Future work should test whether
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mechanisms identified in core (reduced mGlu1 and increased
GluN3 contribution) apply in shell, and whether mechanisms
identified in shell (silent synapse generation and synapse-to-
membrane homeostatic plasticity) apply in core. It will also be
important to determine cell type and input specificity of the
observed NMDAR plasticity in NAc core, and investigate addi-
tional NMDAR subunits implicated in cocaine’s actions
(e.g., Joffe and Grueter, 2016).

In conclusion, a complex cascade of NMDAR and AMPAR
plasticity in the NAc core leads to persistent increases in reactiv-
ity to cocaine cues and relapse vulnerability. This is a remarkable
example of experience-dependent glutamatergic plasticity evolv-
ing over a protracted time frame in the adult nervous system.
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