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Cocaine experience generates AMPA receptor (AMPAR)-silent synapses in the nucleus accumbens (NAc), which are thought to be
new synaptic contacts enriched in GluN2B-containing NMDA receptors (NMDARs). After drug withdrawal, some of these synapses
mature by recruiting AMPARs, strengthening the newly established synaptic transmission. Silent synapse generation and maturation
are two consecutive cellular steps through which NAc circuits are profoundly remodeled to promote cue-induced cocaine seeking after
drug withdrawal. However, the basic cellular processes that mediate these two critical steps remains underexplored. Using a combina-
tion of electrophysiology, viral-mediated gene transfer, and confocal imaging in male rats as well as knock-in (KI) mice of both sexes,
our current study characterized the dynamic roles played by AMPARs and NMDARs in generation and maturation of silent synapses
on NAc medium spiny neurons after cocaine self-administration and withdrawal. We report that cocaine-induced generation of silent
synapses not only required synaptic insertion of GluN2B-containing NMDARs, but also, counterintuitively, involved insertion of
AMPARs, which subsequently internalized, resulting in the AMPAR-silent state on withdrawal day 1. Furthermore, GluN2B NMDARs
functioned to maintain these cocaine-generated synapses in the AMPAR-silent state during drug withdrawal, until they were replaced
by nonGluN2B NMDARs, a switch that allowed AMPAR recruitment and maturation of silent synapses. These results reveal dynamic
interactions between AMPARs and NMDARs during the generation and maturation of silent synapses after cocaine experience and
provide a mechanistic basis through which new synaptic contacts and possibly new neural network patterns created by these synapses
can be manipulated for therapeutic benefit.
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Significance Statement

Studies over the past decade reveal a critical role of AMPA receptor-silent, NMDA receptor-containing synapses in forming cocaine-
related memories that drive cocaine relapse. However, it remains incompletely understood how AMPA and NMDA receptors traffic
at these synapses during their generation and maturation. The current study characterizes a two-step AMPA receptor trafficking
cascade that contributes to the generation of silent synapses in response to cocaine experience, and a two-step NMDA receptor traf-
ficking cascade that contributes to the maturation of these synapses after cocaine withdrawal. These results depict a highly regulated
cellular procedure through which nascent glutamatergic synapses are generated in the adult brain after drug experience and provide
significant insight into the roles of glutamate receptors in synapse formation and maturation.

Introduction
Glutamatergic synapses in the nucleus accumbens (NAc) are tar-
geted by cocaine experience to remodel neural circuits, promot-
ing addiction associated emotional and motivational responses
(Wolf, 2016; Wright and Dong, 2020). A prominent form of co-
caine-induced synaptic changes in the NAc shell (NAcSh) is the
generation of AMPA receptor (AMPAR)-silent excitatory synap-
ses (Huang et al., 2009; Brown et al., 2011). These synapses are
thought to be generated de novo, and may serve as the initial con-
nections in forming new network connectivity patterns encoding
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memory traces associated with cocaine (Wang et al., 2020;
Wright et al., 2020). After withdrawal from cocaine, some of
the cocaine-generated silent synapses mature by recruiting
AMPARs, resulting in consolidation of these synapses and
enhancement of cue-induced cocaine seeking (Lee et al., 2013;
Ma et al., 2014, 2016; Wright et al., 2020). These published
results suggest that cocaine-generated NAcSh silent synapses
are key neuronal substrates that can be selectively manipu-
lated to reduce cocaine seeking and relapse. However, several
key cellular processes mediating the assembly and maturation
of NAcSh silent synapses remain unclear, preventing precise
manipulation of these cocaine-specific synapses. These proc-
esses can be outlined by two basic questions, which are elabo-
rated below.

First, recent results show that cocaine self-administration
uses a developmental synaptogenic mechanism to generate
NAcSh silent synapses de novo (Wang et al., 2020). To generate
such AMPAR-absent synapses, the most parsimonious cellular
process would be a selective insertion of GluN2B-containing
NMDA receptors (NMDARs) to new synaptic contacts as ini-
tially postulated (Huang et al., 2009, 2015; Dong and Nestler,
2014; Dong, 2016). This possibility is supported by observations
that the overexpression of GluN2B-containing NMDARs or
modified GluN2A with the C terminus of GluN2B is sufficient to
generate new spines (Barria and Malinow, 2002, 2005; Gambrill
and Barria, 2011), whereas deletion of GluN2B decreases spine den-
sities in the developing hippocampus (Gray et al., 2011). However,
other results suggest that AMPARs are also involved in develop-
mental synaptogenesis. Simultaneous time-lapse imaging detects
that AMPARs and NMDARs are both present in mobile transport
packets moving toward postsynaptic membranes during develop-
mental synaptogenesis in hippocampal cultures (Washbourne et al.,
2002), and both AMPARs and NMDARs displayed similar cluster-
ing kinetics at postsynaptic membranes (Friedman et al., 2000).
Furthermore, both AMPAR- and NMDAR-mediated postsynaptic
currents are detected during early synaptogenesis periods, suggest-
ing the existence of functional AMPARs at newborn synapses
(Diabira et al., 1999; Verhage et al., 2000; Groc et al., 2002).
Overexpression of GluA2 AMPAR subunits is sufficient to induce
large-scale spinogenesis in hippocampal neuronal cultures, suggest-
ing that AMPARs actively promote synaptogenesis (Passafaro et al.,
2003). These results raise a possibility that, during development,
nascent excitatory synapses are generated initially with both
AMPARs and NMDARs, but AMPARs are highly labile and prone
to be internalized on moderate synaptic activities, resulting in
AMPAR-silent synapses shortly after synaptogenesis (Xiao et al.,
2004; Hanse et al., 2009, 2013). Occurring in the adult brain with
different synaptogenic cellular conditions, an outstanding question
is what cellular routes are used for cocaine-induced generation of
silent synapses in NAcSh.

Second, a well documented maturation route for develop-
mental silent synapses is through long-term synaptic potentia-
tion (LTP), by which AMPARs are recruited and stabilized in an
experience-dependent manner in the hippocampus (Isaac et al.,
1995; Liao et al., 1995; Durand et al., 1996). Although this pro-
cess requires abrupt activation of NMDARs and NMDAR-
coupled CaMKII signaling (Wu et al., 1996; Paoletti et al., 2013),
basal activities of GluN2B-containing NMDARs may indeed
provide a sustained suppression of AMPAR insertion thus main-
taining the silent state of these synapses (Adesnik et al., 2008;
Gray et al., 2011). Furthermore, in contrast to its role in synapto-
genesis (Passafaro et al., 2003), homomeric GluA2 AMPARs are
not involved in silent synapse maturation (Shi et al., 2001).

Cocaine-generated silent synapses are initially enriched in
GluN2B NMDARs, which are subsequently replaced by
nonGluN2B (likely GluN2A) NMDARs after prolonged co-
caine withdrawal (Huang et al., 2009; Brown et al., 2011;
Wright et al., 2020). In parallel, a portion of these silent synap-
ses mature after cocaine withdrawal by recruiting GluA2-lack-
ing, calcium-permeable (CP) AMPARs, a type of AMPAR that
is not typically expressed at high levels in NAcSh medium
spiny neurons (MSNs; Lee et al., 2013; Ma et al., 2014, 2016;
Shukla et al., 2017; Wright et al., 2020). A critical question is
whether GluN2B NMDARs play a pivotal role in regulating
AMPAR trafficking as well as the functional state of cocaine-
generated synapses in these neurons. By addressing these
questions, our current study characterized the basic cellular
processes mediating the generation and maturation of silent
synapses after cocaine self-administration.

Materials and Methods
Subjects. Male Sprague Dawley rats (age, postnatal day 35–40; body

weight on arrival, 160–170 g; Charles River), as well as female and male
wild-type and GluN2B knock-in mice (weight, ;25 g; age, 9–16weeks)
were used. Animals were singly housed on a 12 h light/dark cycle (light
on/off at 7:00 A.M./7:00 P.M.) with food and water available ad libi-
tum. Rats were allowed to habituate to their housing cages for
;1week before catheter or intracranial surgeries. All animals were
used in accordance with protocols approved by the Institutional Care
and Use Committees at the University of Pittsburgh, the University
Medical Center Göttingen, and the Icahn School of Medicine at
Mount Sinai.

Catheter implantation. Self-administration surgery was performed as
described previously (Lee et al., 2013; Neumann et al., 2016; Baldwin
and Eroglu, 2017). Briefly, animals were anesthetized with a xylazine–ke-
tamine mixture (5–10/50–100mg/kg, i.p.). A silicone catheter con-
structed from SILASTIC tubing [for rats: length, ;10 cm; inner
diameter (i.d.), 0.02 inch; outer diameter (o.d.), 0.037 inch; for mice:
length,;5 cm; i.d., 0.012 inch; o.d., 0.025 inch] was inserted into the jug-
ular vein and passed subcutaneously to the midscapular region and con-
nected to a vascular access button (Instech Laboratories) subcutaneously
implanted under the skin. Animals were allowed to recover for 5–7 d af-
ter surgery. For rats, catheters were flushed with sterile saline containing
gentamycin (5mg/ml) and heparin (10 U/ml) every 24 h during the re-
covery and training periods. For mice, catheters were flushed with sterile
saline containing cefazolin (3mg/ml) and heparin (30 U/ml) every 24 h
during recovery and training periods.

Self-administration apparatus. Behavioral experiments were con-
ducted in operant-conditioning chambers enclosed within sound-
attenuating cabinets (Med Associates). For rats, each chamber contains
an active and an inactive nose poke hole, a food dispenser, a conditioned
stimulus light in each nose poke hole, and a house light. For mice, each
chamber contains an active and an inactive lever, a food dispenser, a
conditioned stimulus light in each lever press hole and a house light. No
food or water was provided in the chamber during training sessions.

Cocaine self-administration training began ;5 d after surgery. On
day 1, animals were placed in self-administration chambers for an over-
night training session on a fixed ratio 1 reinforcement schedule. Nose
poking in the active hole or pressing active lever resulted in a cocaine
infusion (0.75mg/kg over 3–6 s) and illumination of the conditioned
stimulus light inside the active hole and switch off of the house light
simultaneously. The conditioned stimulus light remained on for 20 s,
whereas the house light remained off for 20 s, during which active nose
pokes or lever presses were counted but resulted in no cocaine infusions.
After the 20 s timeout period, the house light was turned on, and the
next “active” nose poke or lever press resulted in a cocaine infusion.
Nose pokes in the inactive hole or presses on the inactive lever had no
reinforced consequences but were recorded. During this first-day over-
night training, only animals that received at least 50 cocaine infusions
were allowed into the subsequent 5 d cocaine self-administration
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regimen (,2% of animals failed to meet this criterion). On the fifth day
of training, animals were placed back into their home cages and
remained there during subsequent withdrawal days. Cocaine-trained
animals that failed to meet self-administration criteria (�15 infusions/
session) were excluded from further experimentation and analysis.

GluA23Y peptide administration. The peptide GluA23Y was used to
interfere with experience-dependent endocytosis of GluA2-containing
AMPARs. GluA2scr, an inactive form of the 3Y peptide, was used as con-
trol. These peptides were conjugated with a trans-activating transcrip-
tional activator (TAT) sequence (YGRKKRRQRRR) to facilitate
intracellular delivery, resulting in the TAT-GluA23Y (YGRKKRRQRRR-
YKEGYNVYG) or the TAT-GluA2scr scrambled (YGRKKRRQRRR-
VYKYGGYNE) peptide. Peptides were dissolved in double-distilled
H2O and administered intravenously (1.5 nmol/g) at the time points
specified in the main text.

Viral vectors. Recombinant adeno-associated virus (AAV) vectors
were used for in vivo viral-mediated gene expression. Briefly, the
AAV2 genomic back bone expressing Venus tagged with the intended
gene was pseudotyped with AAV1/2 or 8 capsid proteins. HEK293T
cells were cotransfected with the recombinant AAV2 plasmid, the
adenoviral helper plasmid F6, and the rep2/capsid composite plasmid
pDP8rs (Sonntag et al., 2011; Löw et al., 2013), using linear polyethy-
lenimine-assisted transfection (Huang et al., 2011; Suska et al., 2013).
Cultures grown in DMEM (Biochrom) with 10% substituted FBS (cat-
alog #S0115, Biochrom) were harvested from 15� 15 cm dishes after
48 h. AAVs were harvested and purified as described previously
(Huang et al., 2011; Suska et al., 2013). The GluN2B-RNAi (bu2Bd:
GCTGGTGATAATCCTTCTGAA) was inserted into the miR30
backbone in the 39 UTR of the expression cassette (Fellmann et al.,
2013), driven from a CAG promoter in a recombinant AAV2 vector
pseudotyped with AAV8 capsids, as previously described (Suska et
al., 2013; Cahill et al., 2018). A small interfering peptide (siP)
RRPPRSPDHKRYFRDKE compromises the Cdk5–GluN2B interac-
tion motif (Plattner et al., 2014) was fused C terminally to enhanced
yellow fluorescent protein (eYFP) with the linker peptide GGGS, and
its expression was driven from a human Synapsin I promoter in an
AAV2, which was pseudotyped with AAV1/2 capsids.

Intracranial viral infusion. We stereotaxically delivered viral vectors
to specific brain regions. Briefly, rats were anesthetized with a xylazine/
ketamine mixture (5–10/50–100mg/kg, i.p.). Stainless steel needles
(28 gauge) were implanted bilaterally into the NAcSh (anteroposterior,
11.60 mm; mediolateral, 60.95 mm; dorsoventral, �7.40 mm).
Concentrated viral solutions (0.5ml/side) were infused through a pump
at a flow rate of 0.1ml/min. The infusion needle was left in place for at
least 5min to minimize backflow and then was slowly withdrawn. The
rats were placed on a heating pad for ;1 h for postsurgical recovery
before being transferred to the home cages. Electrophysiological analyses
were conducted 4 weeks (withdrawal day 0/1) or 5weeks (withdrawal
day 7) after viral injection.

Preparation of acute brain slices. Rats were decapitated following iso-
flurane anesthesia. Coronal slices (250–300 mm thick) containing the
NAc were prepared on a vibratome (catalog #VT1200S, Leica) in 4°C
cutting solution containing the following (in mM): 135 N-methyl-D-glu-
tamine, 1 KCl, 1.2 KH2PO4, 0.5 CaCl2, 1.5 MgCl2, 20 choline-HCO3, and
11 glucose, saturated with 95%O2/5%CO2 and pH adjusted to 7.4 with
HCl. Osmolality was adjusted to 305mmol/kg. Slices were incubated in
the artificial CSF (aCSF) containing the following (in mM): 119 NaCl, 2.5
KCl, 2.5 CaCl2, 1.3 MgCl2, 1 NaH2PO4, 26.2 NaHCO3, and 11 glucose,
with the osmolality adjusted to 280–290mmol/kg. Slices were placed in
the aCSF saturated with 95% O2/5% CO2 at 37°C for 30min and then
held at 20–22°C for at least 30min before experimentation.

Electrophysiological recordings. All recordings were made from
MSNs located in the medial-ventral NAcSh. During recordings, slices
were perfused with aCSF containing 100 mM picrotoxin (catalog #P1675,
Sigma). The perfusion aCSF was heated to 31–33°C by passing the solu-
tion through a feedback-controlled inline heater (Warner) before enter-
ing the chamber. In all EPSC recordings, electrodes (2–5 MV) were
filled with a cesium-based internal solution containing the following (in
mM): 140 CsMeSO3, 5 TEA-Cl, 0.4 EGTA (Cs), 20 HEPES, 2.5Mg-ATP,

0.25 Na-GTP, and 1 QX-314 (Br), with pH adjusted to 7.2–7.3. To evoke
EPSCs, presynaptic afferents were stimulated by a constant-current iso-
lated stimulator (Digitimer), using a monopolar electrode (glass pipette
filled with aCSF). Series resistance was 7–20 MV, uncompensated and
was monitored continuously during recording. Cells with a change in se-
ries resistance .20% were excluded for subsequent data collection and
analysis. Synaptic currents were recorded with a MultiClamp 700B am-
plifier, filtered at 3–10 kHz, amplified five times, and then digitized at
20 kHz. To measure NMDAR-mediated EPSCs, 2,3-dihydroxy-6-nitro-
7-sulfonyl-benzo[f]quinoxaline (NBQX; 5–10 mM) and picrotoxin (100
mM) were included in the bath. Recorded neurons were held at140mV
to relieve Mg21-mediated blockage of NMDARs. A total of 25–35 con-
secutive responses were recorded and then averaged to a single EPCS
with relatively smooth inactivation slope. The decay kinetics of NMDAR
EPSCs were assessed by the time for the EPSCs declined from the peak
amplitude to one-half of the peak amplitude. We previously verified
that, under our experimental conditions, this approximation strategy
introduced fewer technical concerns compared with the weighted time
constant strategy for NMDA EPSCs in the NAcSh (Huang et al., 2009).

The minimal stimulation assay was performed as previously
described (Liao et al., 1995; Marie et al., 2005; Huang et al., 2009).
Briefly, after obtaining small (;50pA) EPSCs at �70mV, the stimula-
tion intensity was reduced in small decrements to the point that failures
versus successes of EPSCs could be clearly distinguished. The stimula-
tion intensity and frequency (0.1�0.2Hz) were then kept constant for
the rest of the experiment except for the experiments in which LTD
induction protocol was used to manipulate labile AMPARs. The ampli-
tudes of both AMPAR and NMDAR ESPCs resulting from single vesicu-
lar release are relatively large in NAcSh MSNs (e.g.,;15pA for AMPAR
mEPSCs at �70mV), which facilitates the judgment of successes versus
failures. For each cell, 50–100 traces were recorded at �70mV, and 50–
100 traces were recorded at 140 to 150mV. Recordings were then
repeated at �70mV and 140 to 150mV for another round or two.
Only cells with relatively constant failure rates (changes,,15%) between
rounds were used to assess the percentage of silent synapses. We visually
detected failures versus successes at each holding potential over 50–100
trials to calculate the failure rate, as described previously (Liao et al.,
1995; Marie et al., 2005; Huang et al., 2009). We performed this analysis
in a blind manner such that a small number of ambiguous responses
were categorized in a fully unbiased way.

To assess the percentage of silent synapses, we made the following
two theoretical assumptions: (1) the presynaptic release sites were inde-
pendent; and (2) the release probability across all synapses, including
silent synapses, was identical. Thus, the percentage of silent synapses was
calculated using the following equation: 1 – ln(F–70)/ln(F140), in which
F–70 was the failure rate at �70mV and F140 was the failure rate at
140mV, as rationalized previously (Liao et al., 1995; Ma et al., 2014).
Note that in this equation, the failure rate was the only variable that
determined the percentage of silent synapses. The amplitudes of EPSCs
were used to present failures or successes, but otherwise did not have an-
alytical value. It is possible that the aforementioned theoretical assump-
tions were not always true. Nevertheless, the above equation was still
used, as it is valid in predicting the changes of silent synapses qualita-
tively as previously rationalized (Ma et al., 2014). The amplitude of an
EPSC was determined as the mean value of the EPSC over a 1 ms time
window around the peak, which was typically 3–4ms after the stimula-
tion artifact. At 140mV, successful synaptic responses are conceivably
mediated by both AMPARs and NMDARs. Indeed, inhibiting AMPARs
by NBQX (5 mM) modestly reduces the amplitudes of EPSCs (Graziane
et al., 2016). Despite the effects of NBQX on the amplitudes, the failure
rate of synaptic responses at140mV is not altered during AMPAR inhi-
bition (Graziane et al., 2016). Thus, in the minimal stimulation assay
assessing the percentage of silent synapses, the results are thought to not
be affected by whether synaptic responses of 140mV are mediated by
NMDARs alone or by both AMPARs and NMDARs.

Dendritic spine labeling and imaging. To visualize dendritic spines,
MSNs were filled with Alexa Fluor 594 using single-cell microinjections,
and the labeled dendritic spines were quantified as described previously
(Graziane et al., 2016; Wang et al., 2020; Wright et al., 2020). Briefly, the
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rats were transcardially perfused with ice-cold 1% PFA in 0.1 M phos-
phate buffer, followed by 4% PFA and 0.125% glutaraldehyde in 0.1 M

phosphate buffer. Brains were removed and postfixed in 4% PFA and
0.125% glutaraldehyde in 0.1M phosphate buffer for 12–14 h at 4°C.
Following postfixing, the brains were transferred into 0.01M PBS and
sectioned into 250-mm-thick slices using a vibratome (model #VT1200S,
Leica). Cells were filled shortly after slicing (within 4 h). Cells within the
NAcSh were impaled with a fine micropipette containing 5 mM

Invitrogen Alexa Fluor 594 hydrazide (Thermo Fisher Scientific) and
injected with 1–10nA of negative current until dendrites and spines
were filled. After filling, the slices were mounted in Invitrogen ProLong
Gold Antifade (Thermo Fisher Scientific) on slides for imaging. Spacers
(240mm thick) were placed along the edge of the slide before mounting
to avoid compression of the slices by the overlying coverslip and to pre-
vent deformation of spine morphologies.

Images were captured with a Leica TCS SP5 confocal microscope
equipped with the Leica Application Suite software. Individually filled
neurons were visualized with a 63� oil-immersion objective for final
verification of their neuronal types. Individual dendritic segments were
focused on and scanned at 0.3 mm intervals along the z-axis to obtain a
z-stack. After capture, all images were deconvolved within the Leica
Application Suite software. Analyses were performed on two-dimen-
sional projection images using ImageJ (NIH). Secondary dendrites were
sampled and analyzed for spine densities because of their significant cel-
lular and behavioral correlates (Wright et al., 2020; Xia et al., 2020). For
each neuron, one to four dendritic segments;20mm in length were ana-
lyzed. For each group, 2–10 cells/rat were analyzed. Similar to our previ-
ous studies (Graziane et al., 2016; Wang et al., 2020; Wright et al., 2020),
we operationally divided spines into the following three categories: (1)
mushroom-like spines were dendritic protrusions with a head diameter
of .0.5mm or more than two times the spine neck diameter; (2) stubby
spines were dendritic protrusions with no discernable heads and a length
of�0.5mm; and (3) thin/filopodia-like spines were dendritic protrusions
with a length of.0.5mm and head diameters of,0.5mm or no discern-
able heads.

Western analysis of GluN2B knockdown. Primary neuron cultures
were prepared from mice at postnatal day 0 and maintained on poly-D-
lysine-coated 24-well plates with Neurobasal medium (Krüger et al.,
2013). On day 3 in vitro, the cultures were transduced with the AAV vec-
tor expressing the shRNA against GluN2B. Ten days after transduction,
the cultures were harvested and lysed with SDS-PAGE sample buffer
(Krüger et al., 2013). Samples were separated by SDS-PAGE and trans-
ferred onto nitrocellulose membranes. GluN2B expression was probed
with anti-GluN2B/NR2B glutamate receptor (clone N59/20, NeuroMab)
and IRDye 800CW Goat anti-Mouse IgG Secondary Antibody (LI-
COR). Mortalin (clone N52A/9, NeuroMab) expression was used as the
equal loading control. The bands were visualized on a LI-COR Odyssey
imaging system and quantified using Image Studio software. Signals of
GluN2B from transduced samples were normalized to the GluN2B
expression of nontransduced neurons from the same culture dish.

Drugs and reagents. Cocaine HCl (provided by the National Institute
on Drug Abuse Drug Supply Program) was dissolved in 0.9% NaCl sa-
line. Ketamine and xylazine were mixed for anesthesia (purchased from
a Drug Enforcement Agency-designated vendor at the University of
Pittsburgh). All chemicals were purchased from Sigma-Aldrich, Tocris
Bioscience, J.T.Baker, Fluka, or Alomone Labs.

Data acquisition and statistics. All results are shown as the mean 6
SEM. All experiments were replicated in 3–14 animals. All data collec-
tion was randomized. Specifically, animals were randomly assigned for
saline versus cocaine groups. NAcSh MSNs were randomly chosen for
electrophysiological recording. Secondary dendrites of MSNs were ran-
domly chosen for spine analysis. All data were analyzed offline, and
investigators were blinded to experimental conditions during the
analyses.

A total of 411 rats and 96 mice were used for this study, among
which 137 rats and 33 mice were excluded from the final data analysis
and interpretation because of the following reasons: (1) 116 rats and 20
mice were excluded because of health issues after surgery (e.g., .20%
drop in body weight in a day), failed catheterization, or failure to reach

the self-administration criteria; (2) 5 rats were excluded because of off-
target stereotaxic injections or poor viral expression; and (3) 16 rats and
13 mice were excluded because of experimental failures (e.g., unsuccess-
ful slice preparations, failed recordings, or other experimental incidents).
No animals were excluded after data acquisition was accomplished.

Repeated experiments for the same group were pooled together for
statistical analysis. Sample sizes were based on our previous studies per-
forming similar experiments. For electrophysiology and dendritic spine
experiments, the sample sizes are presented as n/m, where n is the num-
ber of cells and m is the number of animals. Cell-based statistics were
used for the analysis of all electrophysiology data. For results of dendritic
spines, we averaged the spine densities of individual dendritic segments
from each cell to obtain a cell or animal-based value for statistical analy-
sis. Statistical significance was assessed using two-tailed unpaired t tests,
one-way or two-way ANOVA followed by Bonferroni post-test, as speci-
fied in the related text. Statistical significance was set at p, 0.05 for all
experiments. Statistical analyses were performed in GraphPad Prism
(version 7).

Results
Role of GluN2B NMDARs in silent synapse generation
Based on the effects of cocaine on synaptic GluN2B-containing
NMDARs and dendritic spines of NAcSh MSNs, a straightfor-
ward cellular model was hypothesized for cocaine-induced gen-
eration of silent synapses, namely, these synapses are generated
by insertion of GluN2B NMDARs to new synaptic locations
(Huang et al., 2009; Dong and Nestler, 2014). We tested this
model and explored alternatives by examining GluN2B, dendritic
spines, and silent synapses in NAcSh MSNs, all with the same co-
caine procedure (Lee et al., 2013; Neumann et al., 2016; Wright et
al., 2020). Briefly, we trained rats (age, 12 weeks) to self-administer
cocaine, initially with an overnight (10–12 h) session, and then
with a 5 d procedure comprising a 2 h daily self-administration
session in the operant boxes and 22 h daily drug abstinence/with-
drawal in the home cages (Fig. 1A,O–R). Saline-trained rats were
used as controls. Rats exhibited a clear acquisition of cue-condi-
tioned nose poke responding to cocaine and stable consumption
of cocaine through this procedure.

A signature property of cocaine-generated silent synapses is
the enrichment of GluN2B-containing NMDARs, which can be
detected by prolongation of the decay kinetics of NMDAR-medi-
ated EPSCs (Huang et al., 2009; Brown et al., 2011; Dong and
Nestler, 2014; Graziane et al., 2016; Wright et al., 2020). Twenty-
four hours after the last training session (defined as withdrawal
day 1), we observed a similar prolongation of the decay kinetics
of NMDAR EPSCs in NAcSh MSNs, assessed by the elapsed
time for the EPSC from the peak amplitude to one-half of the
peak amplitude (Huang et al., 2009; Brown et al., 2011; Fig. 1B,C;
see Materials and Methods for isolation of NMDAR EPSCs; sa-
line: 43.46 1.8ms, n/m =21/5; cocaine: 54.96 3.9ms, n/m=
16/5, t35 = 2.9, p, 0.01, two-tailed t test). In parallel, we per-
formed the minimal stimulation assay, an established biophysical
procedure assessing levels of silent synapses (Isaac et al., 1995;
Liao et al., 1995; Marie et al., 2005; Lee et al., 2013; Ma et al., 2014;
2016; also see Materials and Methods). We observed an increased
percentage of silent synapses in cocaine-trained rats compared
with saline-trained rats (Fig. 1D–F; saline, 13.86 5.7%, n/m =
13/6; cocaine: 31.96 3.3%, n/m=28/14; t(39) = 3.0, p, 0.01, two-
tailed t test). Using iontophoresis of Alexa Fluor 594 into fixed
MSNs, we imaged spines on the secondary dendrites through con-
focal microscopy. The overall density of dendritic spines was
higher in cocaine-trained than in saline-trained rats (Fig. 1G,H; sa-
line: 1.66 0.1, n/m=12/4; cocaine: 2.26 0.1, n/m=9/4, t(19) = 4.8;
p, 0.01, two-tailed t test), and this increase was primarily
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attributable to the increase in relatively immature, thin spines
(saline: 0.506 0.05, m/n= 12/4; cocaine: 1.196 0.08, m/n =
9/4; t(19) = 7.9, p, 0.01) rather than mushroom-like spines
(saline: 0.616 0.05, m/n= 12/4; cocaine: 0.556 0.06, m/n =
9/4; t(19) = 0.77, p = 0.45). These results correlate synaptic
enrichment of GluN2B NMDARs to cocaine-induced spino-
genesis and generation of silent synapses under the same ex-
perimental condition.

The above correlative alterations prompted us to test the role
of GluN2B in cocaine-induced generation of silent synapses.
We bilaterally injected the rats with an AAV8 vector that
expresses an shRNA against GluN2B into the NAcSh, a previ-
ously established approach that decreases protein levels of
GluN2B in neuronal cultures (control, 1.006 0.01; shRNA,
0.496 0.06; n= 4; Fig. 1I,S) and reduces synaptic transmission
mediated by GluN2B NMDARs (Wang et al., 2018). For this
and other electrophysiological experiments, we injected small
volumes (;0.5 ml) of viral solution such that a relatively small
number of neurons were transduced, minimizing the potential
behavioral consequences of this manipulation. After 4 weeks of
viral expression, these rats were trained with the same cocaine
procedure described above, which exhibited similar acquisition

of operant responding and cocaine consumption (Fig. 1O–R).
On withdrawal day 1, nontransduced NAcSh MSNs in cocaine-
trained rats exhibited an increased percentage of silent synapses
compared with saline-trained rats, but, in the same rats, this
effect of cocaine on silent synapse generation was abolished
in transduced MSNs in which GluN2B was knocked down (Fig.
1J–N; saline-nontransduced: 8.76 3.4%, n/m=15/6; cocaine-non-
transduced: 33.86 4.7% , n/m=13/8; saline-transduced: 4.66
1.5% , n/m=11/6; cocaine-transduced: 9.46 2.4% , n/m=11/6
animals; F(1,46) = 8.6; p, 0.01, two-way ANOVA; p, 0.01, saline
nontransduced vs cocaine nontransduced; p=0.73, cocaine trans-
duced vs saline transduced; p, 0.01, cocaine transduced vs co-
caine nontransduced; Bonferroni post-test). These results indicate
an essential role of GluN2B NMDARs in the generation of silent
synapses after cocaine.

Role of AMPARs in silent synapse generation
Generation of silent synapses in the NAcSh requires multiple
days of exposure to cocaine (Huang et al., 2009). In our current
procedure, animals were trained daily for 5 d with cocaine self-
administration over a 2 h session, followed by a 22 h withdrawal
period (Figs. 1A, 2A), leading to a possibility that the cocaine
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Figure 1. GluN2B NMDARs are essential for cocaine-induced generation of silent synapses. A, Diagram showing experimental timeline. B, C, Example traces (B) and summary (C) showing
that on withdrawal day 1, the decay kinetics of NMDAR EPSCs in NAcSh MSNs from cocaine-trained rats were significantly slower compared with saline-trained rats. D, E, Example EPSCs evoked
at �70 or150mV (insets) over 100 consecutive trials in the minimum stimulation assay from saline-trained (D) or cocaine-trained (E) rats 24 h after the last self-administration session. F,
Summary showing that the percentage of silent synapses in NAcSh MSNs was increased on withdrawal day 1 after cocaine self-administration. G, Example dendrites of NAcSh MSNs from saline-
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2000 • J. Neurosci., March 3, 2021 • 41(9):1996–2011 Wang et al. · AMPARs and NMDARs Trafficking at Cocaine-Generated Synapses



versus withdrawal experience on each training day plays differ-
ential roles in the generation of silent synapses. To test this possi-
bility, we tailored the procedure such that the rats were sampled
right after (within 1 h; operationally defined as withdrawal day
0) the last self-administration session, thus, without the 22 h
withdrawal on training day 5 (Fig. 2A,R,S). At this time point,
NMDAR EPSCs in NAcSh MSNs exhibited prolonged decay
kinetics in cocaine-trained rats compared with saline-trained

rats, suggesting that GluN2B-enriched synapses had been gener-
ated (Fig. 2B,C; saline: 36.26 2.4ms, n/m=19/4; cocaine: 45.36
1.6, n/m=17/3; t(34) = 3.1, p, 0.01, two-tailed t test). However,
the percentage of silent synapses in NAcSh MSNs was compara-
ble between cocaine-trained and saline-trained rats (Fig. 2D–F;
saline: 14.46 3.9%, n/m=9/4; cocaine: 14.66 4.6%, n/m=8/3;
t(15) = 0.05 , p= 0.96, two-tailed t test). This lack of increase in
silent synapses was not likely because of a lack of cocaine-
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generated new synapses, because, at this time point, the total
density of dendritic spines was higher than the basal level in age-
matched rats without cocaine experience (Fig. 2G,H; control:
1.66 0.1, n/m= 54/15; cocaine: 2.06 0.1, n/m=34/8; t(86) = 5.4,
p, 0.01). These results led to a working hypothesis that new,
GluN2B-enriched synapses were generated and accumulated at
this time point, but they also contained AMPARs as well and
were thus not detected as silent synapses; however, AMPARs at
these synapses were not stable, and internalized during the sub-
sequent withdrawal period, resulting in a high percentage of
silent synapses on withdrawal day 1 (Fig. 2I).

To test this hypothesis, we optimized a moderate LTD induc-
tion protocol (1Hz, 20 times), which, in the minimal stimulation
assay (see Materials and Methods), did not affect the failure rate
of AMPAR-mediated EPSCs or the percentage of silent synapses
in NAcSh MSNs in age-compatible drug-naive rats, verifying
that this LTD protocol did not affect the basal synapses unassoci-
ated with cocaine (Fig. 2J,K,P,Q; statistical summary for Fig. 2P:
control, 9.36 4.5%, n/m= 8/3; cocaine-day 0, 44.96 9.7%,
n/m= 16/6; cocaine-day 1, 1.56 3.2%, n/m=11/4, F(2,32) = 9.2,
p, 0.01, one-way ANOVA; p=0.02, control vs day 0; p. 0.99,
control vs day 1; p= 0.01, day 0 vs day 1, Bonferroni post-tests).
However, this protocol increased the failure rate of AMPAR
EPSCs in rats on withdrawal day 0 after cocaine self-administra-
tion and increased the percentage of silent synapses to the level
comparable to withdrawal day 1 (Fig. 2L,M,P,Q; statistical sum-
mary for Fig. 2Q: control, 2.96 1.1%, n/m= 8/3; cocaine-day 0,
34.66 5.7%, n/m=14/6; cocaine-day 1, 29.66 6.1%, n/m= 10/3;
F(2,29) = 8.5, p, 0.01, one-way ANOVA; p, 0.01, control vs day
0; p= 0.01, control vs day 1; p. 0.99, day 0 vs day 1, Bonferroni
post-tests). On withdrawal day 1 when the percentage of silent
synapses was high, this LTD protocol did not affect the failure
rate of AMPAR EPSCs and did not further increase the percent-
age of silent synapses (Fig. 2N–Q). These results suggest the fol-
lowing two-step process in the generation of silent synapse: (1)
insertion of both AMPARs and NMDARs to new synaptic loca-
tions during cocaine experience; followed by (2) internalization
of AMPARs through an LTD-like process from these new syn-
apses during short-term (i.e., 22 h) withdrawal from cocaine
(Fig. 2I).

Role of GluA2 AMPARs in silent synapse generation
GluA2-containing AMPAR subunits drive spinogenesis
(Passafaro et al., 2003) and are enriched in the NAcSh in rats
with or without cocaine experience (Boudreau et al., 2007), while
GluA2-lacking AMPARs accumulate in NAcSh MSNs only after
more prolonged withdrawal from cocaine (Conrad et al., 2008;
Wolf, 2016). Based on these temporal patterns, we speculate that
GluA2-containing AMPARs are the key AMPAR subtypes that
trafficked during the two-step silent synapse generation process
after cocaine. To test this hypothesis, we selectively interfered
with the GluA2 AMPAR internalization during step 1 versus
step 2 by intravenous injection of Tat-GluA23Y peptide. This
synthetic peptide translocates into neurons and blocks experi-
ence-dependent endocytosis of GluA2-containing AMPARs with
minimal effects on basal synaptic transmission (Ahmadian et al.,
2004). These functional specificities of GluA23Y, as well as the
lack of function of its scrambled control peptide, have been veri-
fied in NAc MSNs (Brebner et al., 2005; Graziane et al., 2016;
Wright et al., 2020). After intravenous injection at 1.5 nmol/kg,
GluA23Y peptide reaches peak concentrations in rat brain by 1.5
h and declines to one-half of the peak concentration in another
2–3 h (Brebner et al., 2005).

Taking advantage of these concentration dynamics, we
administered GluA23Y 30min before each cocaine self-adminis-
tration session, which ensured GluA23Y to be present in the brain
at high concentrations during cocaine exposure but to decline to
low levels with diminished efficacy during the subsequent 22 h
withdrawal (Fig. 3A,S–U). On withdrawal day 1, we observed an
increased percentage of NAcSh silent synapses in cocaine-trained
rats with the administration of either scrambled control peptide
or GluA23Y compared with saline-trained rats (Fig. 3B–F; saline-
scrambled: 7.86 3.7%, n/m=7/5; cocaine-scrambled: 34.66
7.0%, n/m=10/5; saline-GluA23Y: 10.56 3.1% , n/m=10/6; co-
caine-GluA23Y: 30.16 5.0%, n/m=15/7; cocaine effect: F(1,38) =
18.0, p, 0.01; peptide effect: F(1,38) = 0.03, p=0.86, two-way
ANOVA; p, 0.01, saline-scrambled vs cocaine scrambled;
p= 0.02, saline-GluA23Y vs cocaine-GluA23Y, Bonferroni post-
tests). Thus, preventing GluA2 AMPAR internalization during
cocaine experience did not prevent cocaine-induced generation
of silent synapses. This result echoes our previous results show-
ing that GluA23Y-mediated inhibition of GluA2-containing
AMPAR internalization did not affect silent synapse generation
induced by noncontingent cocaine procedures (Graziane et al.,
2016). Consistently, densities of NAcSh dendritic spines were
also increased in cocaine-trained rats with administration of ei-
ther GluA23Y or scrambled peptide compared with saline-trained
rats (Fig. 3G,H; number per micrometer: saline-scrambled:
1.66 0.1, n/m=35/8; cocaine-scrambled: 2.36 0.1 , n/m=20/3;
saline-GluA23Y: 1.66 0.1, n/m=21/4; cocaine-GluA23Y: 2.36
0.1, n/m= 12/3; cocaine effect: F(1,84) = 96.3, p, 0.01; peptide
effect: F(1,84) = 0.27, p= 0.60, two-way ANOVA; p, 0.01, saline-
scrambled vs cocaine-scrambled; p, 0.01, saline-GluA23Y vs co-
caine-GluA23Y, Bonferroni post-tests). Thus, preventing GluA2-
containing AMPAR internalization during cocaine experience
did not prevent the generation of silent synapses.

Next, instead of the cocaine exposure periods, we selectively
interfered with GluA2-containing AMPAR internalization dur-
ing the daily 22 h withdrawal periods by administering
GluA23Y 30min after the daily 2 h self-administration session
(Fig. 3I,V–X). On withdrawal day 1, while cocaine-trained rats
with scrambled peptide exhibited an increased percentage of
NAcSh silent synapses compared with saline-trained rats, as
expected, the percentage of NAcSh-silent synapses in cocaine-
trained rats with GluA23Y was low, comparable to that in sa-
line-trained rats (Fig. 3J–N; saline-scrambled: 12.76 5.8%,
n/m= 7/5; cocaine-scrambled: 37.26 7.8%, n/m= 10/7; saline-
GluA23Y: 14.3 6 5.2%, n/m=9/6; cocaine-GluA23Y: 11.7 6 3.7%,
n/m=10/5; F(1,32) = 5.2, p=0.03, two-way ANOVA; p=0.02, sa-
line-scrambled vs cocaine-scrambled; p. 0.99, saline-GluA23Y vs
cocaine-GluA23Y, Bonferroni post-tests). Despite the low percent-
age, cocaine-trained rats with GluA23Y exhibited prolonged decay
kinetics of NMDAR EPSCs in NAcSh MSNs compared with sa-
line-trained rats, similar to cocaine-trained rats with scrambled
peptide (Fig. 3O,P; saline-scrambled: 32.96 1.6 ms, n/m=17/4;
cocaine-scrambled: 45.56 2.5ms, n/m = 14/3; saline-GluA23Y:
30.26 2.0ms, n/m=14/3; cocaine-GluA23Y: 40.9 6 2.4 ms, n/
m=19/4; cocaine effect: F(1,60) = 28.1, p, 0.01; peptide effect:
F(1,60) = 2.7, p= 0.11, two-way ANOVA; p, 0.01, saline-
scrambled vs cocaine-scrambled; p, 0.01, saline-GluA23Y vs co-
caine-GluA23Y, Bonferroni post-tests). These results support the
two-step model—that is, new synapses that contained both
AMPARs and NMDARs were generated by cocaine experience,
but preventing AMPAR internalization during the daily short-
term withdrawal maintained AMPARs at these synapses, result-
ing in a low percentage of silent synapses. This notion was
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Figure 3. AMPAR internalization silences cocaine-generated synapses. A, Diagram showing the experimental timeline, in which GluA23Y or scrambled control peptide was injected 30 min
before each daily self-administration session. B–E, Example EPSCs in NAcSh MSNs evoked at �70 or150mV (insets) over 100 consecutive trials in the minimum stimulation assay from rats
after the procedure described in A. F, Summary showing that disrupting AMPAR internalization during cocaine self-administration training did not prevent cocaine-induced generation of silent
synapses tested on withdrawal day 1. G, Example NAcSh dendrites from saline- and cocaine-trained rats with the administration of scramble or GluA23Y peptide 30min before each training ses-
sion. H, Summary showing that compromising AMPAR internalization during training did not prevent cocaine-induced increases in the density of total spines tested on withdrawal day 1. I,
Diagram showing experimental timeline, in which the GluA23Y or scrambled peptide was administered 30 min after the daily self-administration session. J–M, Example EPSCs in the minimum
stimulation assay of withdrawal day 1 saline- or cocaine-trained rats with the administration of scrambled or GluA23Y peptide 30min after daily self-administration session. N, Summary show-
ing that compromising AMPAR internalization during the short-term withdrawal period following a daily self-administration session resulted in a low percentage of silent synapses tested on
withdrawal day 1. O, P, Example traces (O) and summary (P) showing that compromising AMPAR internalization either before or after a daily self-administration session did not prevent co-
caine-induced elongation of the decay kinetics of NMDAR EPSCs in NAcSh MSNs. Q, Example NAcSh dendrites from saline- and cocaine-trained rats with the administration of scramble or
GluA23Y peptide 30min after daily self-administration session. R, Summary showing that compromising AMPAR internalization during daily short-term withdrawal did not prevent the cocaine-
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further supported by the observation that cocaine-trained
rats with either scrambled peptide or GluA23Y exhibited
similarly higher densities of dendritic spines compared with
saline-trained rats (Fig. 3Q,R; number per micrometer:
saline-scrambled: 1.66 0.1, n = 35/4; cocaine-scrambled:
2.26 0.1, n/m = 39/10; saline-GluA23Y: 1.66 0.1, n/m =
21/3; cocaine-GluA23Y: 2.1 6 0.1, n/m = 22/4; cocaine effect:
F(1,113) = 131.7, p, 0.01; peptide effect: F(1,113) = 1.39,
p = 0.24, two-way ANOVA; p, 0.01, saline-scrambled vs
cocaine scrambled; p, 0.01, saline-GluA23Y vs cocaine-
GluA23Y, Bonferroni post-tests).

Removal of GluN2B NMDARs is required for silent synapse
maturation
Cocaine-generated silent synapses mature 7–10d after with-
drawal from cocaine by recruiting AMPARs (Lee et al., 2013).
This maturation process strengthens newly generated spines
and synapses, and results in a return of silent synapses to low
levels (Graziane et al., 2016; Wright et al., 2020). On withdrawal
day 7 after cocaine self-administration, overall densities of
NAcSh dendritic spines remained higher in cocaine-trained
rats compared with saline-trained rats (Fig. 4A,B,C,I,J; number
per micrometer: saline: 1.66 0.1, n/m= 22/6; cocaine: 2.2,
n/m= 26/9; t(46) = 5.5, p, 0.01, two-tailed t test). In addition,
the decay kinetics of NMDAR EPSCs in NAcSh MSNs in co-
caine-trained rats returned to the level in saline-trained rats,
suggesting that previously increased GluN2B NMDARs at syn-
apses were replaced by non-GluN2B NMDARs (Fig. 4D,E; sa-
line: 49.36 2.6 ms, n/m= 30/9; cocaine: 47.66 1.5 ms,
n/m= 41/10; t(69) = 0.59, p= 0.56, two-tailed t test). This switch
of NMDAR subtypes was also observed in previous studies after
withdrawal from cocaine (Wright et al., 2020). In parallel, the
percentage of silent synapses in cocaine-trained rats also
returned to basal levels as in saline-trained rats (Fig. 4F–H;
saline: 12.06 3.3%, n/m= 18/11; cocaine: 10.96 3.0%, n/m=
17/12; t(33) = 0.23, p= 0.82, two-tailed t test). These results sug-
gested that, at this withdrawal time point, a portion of cocaine-
generated silent synapses recruited AMPARs and matured, a
process correlated with a switch of NMDAR subtypes. In the
developing brain, although the maturation of silent synapses
relies on the activation of NMDARs and NMDAR-coupled
CaMKII signaling (Liao et al., 1995; Durand et al., 1996; Wu
et al., 1996), basal activities of GluN2B NMDARs inhibit
AMPAR insertion (Adesnik et al., 2008; Gray et al., 2011).
Our following experiments therefore tested whether the re-
moval of GluN2B NMDARs was essential for the maturation
of cocaine-generated silent synapses.

If removal of GluN2B NMDARs is a prerequisite of silent
synapse maturation after withdrawal from cocaine, experimen-
tally locking GluN2B NMDARs at cocaine-generated silent syn-
apses should maintain the silent state of these synapses after
prolonged drug withdrawal. To test this possibility, we adopted
an siP-based strategy. Synaptic removal of GluN2B NMDARs is
primed by a Cdk5 (cyclin-dependent kinase 5)-mediated phos-
phorylation, which relies on the interaction between Cdk5 and
the C-terminal motif 1111RRPPRSPDHKRYFRDKE1127 of GluN2B

(Plattner et al., 2014). An siP, RRPPRSPDHKRYFRDKE, compro-
mises Cdk5–GluN2B interactions and selectively attenuates synaptic
removal of GluN2B without affecting Cdk5-mediated phosphoryla-
tion of other substrates (Plattner et al., 2014).

We packaged this siP, fused to eYFP, into an AAV, and bilat-
erally injected it into rat NAcSh. After the self-administration
procedure, we recorded transduced NAcSh MSNs, in which syn-
aptic removal of GluN2B NMDARs was presumably impaired by
siP. Nontransduced MSNs were recorded as controls. On with-
drawal day 1, both nontransduced and transduced NAcSh MSNs
exhibited prolonged decay kinetics of NMDAR EPSCs in co-
caine-trained rats compared with saline-trained rats, indicating
that the presence of siP did not prevent cocaine-induced synaptic
insertion of GluN2B NMDAR (Fig. 5A,B,Q,R; saline-nontrans-
duced: 44.86 1.1 ms, n/m=20/5; cocaine-nontransduced: 54.96
3.9 ms, n/m=16/5; saline-transduced: 41.9 6 2.6 ms, n/m=15/4;
cocaine-transduced: 55.96 3.3 ms, n/m=12/6; cocaine effect:
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Figure 4. Maturation of cocaine-generated silent synapses coincides with removal of
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cocaine-trained rats tested on withdrawal day 7. C, Summary showing that the density of
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/

induced increase in densities of total spines tested on withdrawal day 1. S–U, Self-adminis-
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results are presented in J–R. pp, 0.05; ppp, 0.01.
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F(1,59) = 18.7, p, 0.01, two-way ANOVA; p=0.01, saline-non-
transduced vs cocaine-nontransduced; p, 0.01, saline-transduced
vs cocaine-transduced, Bonferroni post-tests). On withdrawal day
7, the decay kinetics of NMDAR EPSCs in nontransduced MSNs
from cocaine-trained rats returned to basal, saline control levels,

as expected (Fig. 5C,D; saline-nontransduced: 43.86 1.4 ms, n/
m=32/8; cocaine-nontransduced: 42.96 1.6 ms, n/m=20/7; sa-
line-transduced: 37.76 2.2 ms, n/m=15/6; cocaine-transduced:
51.56 2.8 ms, n/m= 22/8; F(1,85)= 12.4, p, 0.01, two-way
ANOVA; p. 0.99, saline-nontransduced vs cocaine-
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Figure 5. Locking GluN2B NMDARs prevents maturation of cocaine-generated silent synapses. A, B, Example traces (A) and summary (B) showing that on withdrawal day 1, transduced
Cdk5 siP-expressing NAcSh MSNs and nontransduced MSNs exhibited similarly prolonged kinetics of NMDAR EPSCs in cocaine-trained rats compared with saline-trained rats. C, D, Example traces
(C) and summary (D) showing that on withdrawal day 7, the decay kinetics of NMDAR EPSCs in nontransduced NAcSh MSNs in cocaine-trained rats returned to levels in saline control rats,
whereas the prolonged kinetics of NMDAR EPSCs persisted in transduced Cdk5 siP-expressing MSNs. E–H, Example EPSCs and trials in the minimum stimulation assay of transduced and non-
transduced NAcSh MSNs in saline- and cocaine-trained rats on withdrawal day 1. I, Summary showing that on withdrawal day 1, the percentage of silent synapses was increased in both non-
transduced and transduced MSNs in cocaine-trained rats compared with saline controls. J–M, Example EPSCs and trials in the minimum stimulation assay of transduced and nontransduced
NAcSh MSNs in saline- and cocaine-trained rats on withdrawal day 7. N, Summary showing that on withdrawal day 7, the percentage of silent synapses in nontransduced MSNs in cocaine-
trained rats decreased to low levels comparable to saline controls, but this percentage remained high in transduced MSNs. O, P, Illustration of the hypothesized, two-step maturation of co-
caine-generated silent synapses, with the first step of switching GluN2B NMDARs to non-GluN2B, potentially GluN2A, NMDARs (O), and the second step of recruiting AMPARs, while preventing
this NMDAR switch prevents AMPAR insertion and maturation of silent synapses after cocaine withdrawal (P). Q, R, Self-administration results of rats whose electrophysiological results are pre-
sented in A–N. pp, 0.05; ppp, 0.01; ns, no significance.
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nontransduced; p, 0.01, saline-transduced vs cocaine-transduced,
Bonferroni post-tests). However, NMDAR EPSCs in transduced
MSNs continued to exhibit prolonged kinetics in cocaine-
trained rats (Fig. 5C,D). Thus, the expression of siP effec-
tively locked cocaine-induced GluN2B NMDARs at synapses
after drug withdrawal.

We next examined whether locking GluN2B NMDARs pre-
vented maturation of cocaine-generated silent synapses. On
withdrawal day 1, both transduced siP-expressing MSNs and
nontransduced MSNs exhibited similarly increased percentage
of silent synapses in cocaine-trained rats compared with saline
controls, indicating that siP did not affect the generation of
silent synapses (Fig. 5E–I; saline-nontransduced: 11.86 4.7%,
n/m= 16/8; cocaine-nontransduced: 31.06 3.9%, n/m= 23/11;
saline-transduced: 10.06 3.0%, n/m=16/6; cocaine-transduced:
34.76 6.0%, n/m=11/5; cocaine effect: F(1,62) = 24.0, p, 0.01,
two-way ANOVA; p, 0.01, saline-nontransduced vs cocaine-non-
transduced; p, 0.01, saline-transduced vs cocaine-transduced,
Bonferroni post-tests). On withdrawal day 7, the percentage
of silent synapses in nontransduced MSNs returned to basal
levels in cocaine-trained rats, as expected (Fig. 5J–N; saline-
nontransduced: 12.06 3.3%, n/m= 18/11; cocaine-nontrans-
duced: 10.96 3.0%, n/m= 17/12; saline-transduced: 8.46 3.4%,
n/m = /14/6; cocaine-transduced: 27.96 4.1%, n/m=12/8; F(1,57) =
8.8, p, 0.01, two-way ANOVA; p. 0.99 saline-nontransduced
vs cocaine-nontransduced; p, 0.01, saline-transduced vs cocaine-
transduced, Bonferroni post-tests). However, the percentage
remained at high levels in transduced MSNs in cocaine-trained
rats on withdrawal day 7 (Fig. 5J–N). These results support our hy-
pothesis that GluN2B NMDARs function to maintain cocaine-
generated synapses in the AMPAR-silent state, while the switch of
GluN2B NMDARs to presumably GluN2A NMDARs allows
AMPAR insertion andmaturation of cocaine-generated silent syn-
apses (Fig. 5O,P). Thus, the switch of NMDAR subtypes and the
insertion of AMPARs comprise a two-step model for the matura-
tion of cocaine-generated silent synapses.

Role of CaMKII signaling in GluN2B NMDAR removal
In many brain regions, the GluN2B-to-GluN2A switch of synap-
tic NMDARs marks the maturation of glutamatergic synapses
during postnatal development (Carroll and Zukin, 2002; Cull-
Candy and Leszkiewicz, 2004; Vieira et al., 2020). Among several
potential mechanisms underlying this switch, we focused on
CaMKII signaling. GluN2B differs from GluN2A in its enhanced
capacity of binding and recruiting CaMKII, and maintaining
CaMKII activation (Strack and Colbran, 1998; Mayadevi et al.,
2002; Halt et al., 2012). CaMKII can phosphorylate GluN2B, an
effect that operates with other signaling pathways to promote the
removal of GluN2B NMDARs (Omkumar et al., 1996; O’Leary et
al., 2011; Sanz-Clemente et al., 2013). To test the role of CaMKII
signaling, we used a KI mouse line, in which the endogenous
GluN2B was replaced by a mutant with reduced ability to acti-
vate CaMKII signaling (Halt et al., 2012; Wang et al., 2018). We
continued to use the 5 d cocaine procedure but extended the
withdrawal time to 21 d, to explore the potentially persistent
effects of GluN2B on silent synapses.

We trained the KI and wild-type control mice with the same
self-administration procedure as in the rat experiments above.
KI and wild-type mice exhibited comparable acquisition of oper-
ant responding and cocaine consumption. In cocaine-trained
wild-type mice, NAcSh MSNs exhibited prolonged decay kinetics
of NMDAR EPSCs on withdrawal day 1, and this change dimin-
ished on withdrawal day 21 (Fig. 6A,B,M,N; control: 36.46 1.3

ms, n/m= 25/8; day 1: 48.96 2.2 ms, n/m=27/8; day 21, 41.86
1.2 ms, n/m= 32/6; F(2,81)= 14.5, p, 0.01, one-way ANOVA;
p, 0.01, control vs day 1; p, 0.01 day 1 vs day 21, Bonferroni
post-tests). Meanwhile, the percentage of silent synapses in
NAcSh MSNs was increased in cocaine-trained wild-type mice
on withdrawal day 1 and returned to saline control levels on
withdrawal day 21 (Fig. 6C–F; control: 13.46 4.3%, n/m= 17/12;
day 1, 41.56 5.6%, n/m= 14/7; day 21, 7.56 2.3%, n/m=7/5;
F(2,35) = 13.0, p, 0.01, one-way ANOVA; p, 0.01, control vs
day 1; p, 0.01, day 1 vs day 21, Bonferroni post-tests). Thus,
GluN2B-mediated generation and subsequent maturation of
silent synapses were confirmed in mice.

In KI mice, NAcSh MSNs exhibited prolonged decay kinetics
of NMDAR EPSCs on both withdrawal days 1 and 21 after co-
caine self-administration compared with saline controls (Fig. 6G,
H; control: 40.26 1.3 ms, n/m=26/5; day 1: 49.16 2.4 ms,
n/m= 26/4; day 21: 47.6 6 1.9 ms, n/m=23/7; F(2,72) = 6.3,
p, 0.01, one-way ANOVA; p, 0.01, control vs day 1; p= 0.03,
control vs day 21, Bonferroni post-test). These results indicate
that, with compromised coupling to CaMKII, mutant GluN2B
NMDARs were still inserted into synapses by cocaine experience,
but they could not be removed during withdrawal periods. On
the other hand, on both withdrawal days 1 and 21, the percent-
age of silent synapses in cocaine-trained KI mice was higher than
in saline-trained mice (Fig. 6I–L; control: 15.56 4.0%, n/m=
16/7; day 1, 36.46 4.5%, n/m=17/9; day 21, 35.8 6 5.6%,
n/m= 25/13; F(2,55) = 4.8, p= 0.01, one-way ANOVA; p= 0.03,
control vs day 1; p= 0.02, control vs d 21; Bonferroni post-tests).
These results suggest that an interaction with CaMKII is required
for GluN2B NMDAR removal after withdrawal from cocaine,
and, again, GluN2B NMDARs maintain cocaine-generated syn-
apses in the AMPAR-silent state. A caveat using this global KI
mice is that, beyond NAcSh MSNs, CaMKII-dependent proc-
esses in other brain regions might also contribute to the GluN2B
NMDAR removal and silent synapse maturation through poten-
tial network effects.

Discussion
Generated by cocaine experience, silent synapses in NAcSh
MSNs may stand as a distinct population of synapses encoding
cocaine-specific memory traces. They are not essential for estab-
lishing operant responses to cocaine (Wang et al., 2020), but are
critically important for cue-conditioned cocaine seeking that
may be mediated by cue–cocaine associative memories (Lee et
al., 2013; Ma et al., 2016; Wright et al., 2020). Our current study
characterized the basic cellular processes underlying the genera-
tion and maturation of these synapses. These results establish a
conceptual foundation for understanding the cellular and circuit
mechanisms underlying cocaine memories and a knowledge ba-
sis to manipulate cocaine memories for clinical benefit.

Cocaine-induced versus developmental synaptogenesis
Increasing evidence suggests that cocaine-induced generation
of silent synapses in NAcSh is a synaptogenesis process using
similar cellular mechanisms that mediate the formation of
new synapses throughout forebrain during development
(Dong and Nestler, 2014). For example, cocaine-induced gen-
eration of silent synapses requires increased activities of CREB
(Brown et al., 2011), a transcription factor critically implicated
in synaptogenesis during development (Lonze and Ginty,
2002). Cocaine-generated silent synapses are enriched in
GluN2B NMDARs (Huang et al., 2009; Brown et al., 2011), a
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signature feature distinguishing developmental from mature
glutamatergic synapses (Cull-Candy and Leszkiewicz, 2004).
Moreover, after cocaine self-administration, an astrocyte-
mediated synaptogenic signaling, namely, thrombospondin-
a2d�1 signaling, is engaged in the adult NAcSh for silent
synapse generation (Wang et al., 2020). This astrocytic signal-
ing actively mediates synaptogenesis during development but
declines to low levels in adulthood (Baldwin and Eroglu,
2017). As such, cocaine experience may reopen some of the
developmental mechanisms to redevelop synaptic connections
and network connectivity, embedding persistent drug-associ-
ated memory traces, as elaborated in the “rejuvenation hy-
pothesis” (Dong and Nestler, 2014; Huang et al., 2015).

Despite the general difference of cellular environments
between developing and adult brains, key synaptic components
in the adult NAcSh may also undergo certain degrees of the reju-
venation process in response to cocaine. For example, SAP102
and PSD-95 are two signaling scaffold proteins that regulate the
stability and number of AMPARs at glutamatergic synapses
(Elias et al., 2006; Bonnet et al., 2013), and, especially, PSD-95

promotes the maturation of silent synapses (Shukla et al., 2017;
Favaro et al., 2018). SAP102 predominates in the developing
brain and might thus preferentially regulate synaptic AMPARs
in nascent synapses (Elias et al., 2008; Favaro et al., 2018). In the
adult NAcSh, although PSD-95 dominates in naive animals
(Shukla et al., 2017), it is decreased after repeated exposure to co-
caine (Yao et al., 2004). Although the effects of cocaine on
NAcSh SAP102 has not been examined directly, evidence exists
showing that reduced functionality of PSD-95 is accompanied by
increased protein levels of SAP102 in the striatum (Vickers et al.,
2006). Such a potential switch of the SAP102/PSD-95 balance
may be part of the rejuvenation signaling cascades that regulate
postsynaptic arrangements as well as trafficking of AMPARs and
NMDARs at cocaine-generated silent synapses.

Role of AMPARs in generation and maturation of NAcSh-
silent synapses
During development, AMPARs are in proximity with NMDARs
for the initial postsynaptic landscaping when new glutamatergic
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Figure 6. Disrupting GluN2B–CaMKII interaction prevents the removal of GluN2B NMDARs and maturation of silent synapses after cocaine withdrawal. A, B, Example traces
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synapses are formed. For example, in cultures of hippocampal
neurons, transport packets of AMPARs and NMDARs are both
detected to move toward postsynaptic membranes during the
formation of nascent synapses (Washbourne et al., 2002).
Although packets containing AMPARs are less mobile than those
of NMDARs (Washbourne et al., 2002), both AMPARs and
NMDARs are detected at postsynaptic membranes with kinetics
similar to that of PSD-95-mediated clustering (Friedman et al.,
2000). Functionally, both AMPAR- and NMDAR-mediated
EPSCs are detected in the hippocampus from late embryonic
periods to early postnatal periods, suggesting the existence of
functional AMPARs at newborn synapses (Diabira et al., 1999;
Verhage et al., 2000; Groc et al., 2002). However, these observa-
tions appear to contradict the fact that the developing brain is
highly enriched in AMPAR-silent synapses during synaptogene-
sis periods (Durand et al., 1996; Wu et al., 1996; Kerchner and
Nicoll, 2008; Hanse et al., 2013). This discrepancy is reconciled
by a seminal study demonstrating a quick internalization of
AMPARs at presumably newborn synapses after a moderate
train of activity (Xiao et al., 2004). These and other results lead to
a hypothesis that, rather than being “absent,” AMPARs at nas-
cent synapses are instead highly labile, and are internalized or
functionally muted on moderate synaptic activities but stabilized
or functionally sound on strong synaptic activities (e.g., LTP
induction; Groc et al., 2006; Hanse et al., 2009, 2013).

Our current results suggest striking similarities of AMPAR
properties between cocaine-generated synapses in the adult
NAcSh and newborn synapses in the developing forebrain. Silent
synapses are generated gradually and accumulatively over
repeated exposure to cocaine (Huang et al., 2009). However, the
high percentage of silent synapses can only be detected after a
short-term withdrawal period (e.g., withdrawal days 1 or 2), but
not right after (e.g., withdrawal day 0) cocaine experience (Figs.
1, 2). Despite a low percentage of silent synapses, the increased
weight of synaptic GluN2B NMDARs and elevated spine den-
sities remained on withdrawal day 0 (Fig. 2). In light of the
AMPAR trafficking at developing synapses, we propose that
AMPARs are present initially at new synapses generated by co-
caine experience, but they are prone to internalization on basal
synaptic activities during early withdrawal periods. This notion
is substantiated by our subsequent results that preventing
AMPAR internalization during withdrawal from cocaine, but
not during exposure to cocaine, led to a low electrophysiological
readout (percentage) of silent synapses without affecting the high
densities of dendritic spines in cocaine-trained rats (Fig. 3).

After generation, a portion of silent synapses mature by
recruiting GluA2-lacking AMPARs after a relatively long period
of withdrawal (Lee et al., 2013; Ma et al., 2014; Shukla et al.,
2017; Wright et al., 2020). Our current results suggest that
AMPARs operating in the initial synapse formation are GluA2-
containing, rather than GluA2-lacking, AMPARs. Specifically,
the 3Y peptide, which contains a portion of GluA2 C terminus
and selectively prevents GluA2-containing AMPAR internaliza-
tion, prevented the silencing process of cocaine-generated synap-
ses during short-term withdrawal from cocaine (Fig. 3). This role
of GluA2-containing AMPARs is consistent with the general
synaptogenic role of GluA2, as demonstrated in cultures of
developing hippocampal neurons, in which GluA2 promotes
large-scale spinogenesis (Passafaro et al., 2003). As such, two dis-
tinct sets of AMPARs, and likely two distinct sets of postsynaptic
signaling cascades, are differentially involved in the generation
and maturation of NAcSh-silent synapses after cocaine
experience.

Further analysis of our current results suggests that AMPAR
trafficking at cocaine-generated synapses can be highly dynamic.
Specifically, a low percentage of silent synapses was observed
right after exposure on the fifth day (withdrawal day 0; Fig. 2).
However, silent synapses are generated gradually and cumula-
tively, and are expected to reach a relatively high level after the
first 4 d of exposure to cocaine (Huang et al., 2009). The silent
synapses generated during the first 4 d exposure were not likely
to be eliminated on withdrawal day 0, given the elevated level of
spine density at this time point (Fig. 2). Instead, they may
become temporarily unsilenced on re-exposure to cocaine. We
speculate that the exposure to cocaine on the fifth day initiates
another round of GluA2-mediated synaptogenesis, which may
not only drive GluA2-containing AMPARs to newly generated
synapses but also to pregenerated silent synapses, which repre-
sent in essence “open slots” prone for AMPAR recruitment
(Malenka and Nicoll, 1997; Kerchner and Nicoll, 2008). As dis-
cussed below, the presence of GluN2B NMDARs prevents a sta-
bilization of inserted AMPARs, leading to the resilencing of
these synapses subsequently.

It is worth noting that our current (Figs. 4, 5) and previous
(Lee et al., 2013) results suggest that after 7–10d of withdrawal
from cocaine self-administration, NAcSh-silent synapses mature
by recruiting CP-AMPARs potentially. If this is the case, this
insertion of CP-AMPARs occurs before, and therefore is differ-
ent from, the massive upregulation of synaptic CP-AMPARs
observed after long-term (e.g., .33d) withdrawal from cocaine
self-administration (Wolf, 2016; Nestler and Lüscher, 2019). The
delayed CP-AMPAR upregulation likely occurs at NAc excita-
tory synapses in an across-the-board manner, mediated in part
through altered mGluR1-signaling (Conrad et al., 2008; Loweth
et al., 2014; Wolf, 2016; Nestler and Lüscher, 2019).

Role of NMDARs in generation and maturation of NAcSh-
silent synapses
In the developing hippocampus, overexpression of GluN2B-con-
taining NMDARs or GluN2B C termini increases the density of
dendritic spines and the percentage of AMPAR-silent synapses
(Barria and Malinow, 2002, 2005; Gambrill and Barria, 2011).
On the other hand, the deletion of GluN2B decreases spine den-
sities in the developing hippocampus (Gray et al., 2011). These
synaptogenic features of GluN2B NMDARs are also detected in
the adult NAcSh after cocaine experience. In adult rats, cocaine
experience delivers GluN2B-containing NMDARs to NAcSh
synapses, and the selective inhibition of GluN2B NMDARs
decreases the percentage of silent synapses to levels similar to
those in saline-treated rats (Huang et al., 2009; Brown et al.,
2011). In our current experiments, knockdown of GluN2B pre-
vented cocaine-induced generation of silent synapses (Fig. 1).
Thus, GluN2B NMDARs are an essential part of the cellular
mechanisms underlying both developmental and cocaine-
induced synaptogenesis.

A prominent developmental change of synaptic NMDARs is
the switch from GluN2B- to GluN2A-enriched subtypes (Cull-
Candy and Leszkiewicz, 2004). In the developing brain, although
experience-dependent NMDAR signaling generally promotes
synaptic recruitment of AMPARs and the maturation of nascent
synapses (Liao et al., 1995; Durand et al., 1996), this process is
staggered at nascent synapses that contain GluN2B NMDARs,
which, indeed, function to restrict synaptic AMPAR contents
(Adesnik et al., 2008; Gray et al., 2011). In contrast, experimen-
tally upregulating GluN2A-coupled signaling terminates the
ongoing increase in spine number and size during development
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(Gambrill and Barria, 2011). It is thus tempting to speculate that
the GluN2B-to-GluN2A switch gates the developmental matura-
tion of nascent glutamatergic synapses. Our previous and current
results support this speculated scenario for cocaine-generated
silent synapses in NAcSh. First, cocaine-generated silent synapses
in this region are enriched in GluN2B NMDARs during early
withdrawal periods (Huang et al., 2009; Brown et al., 2011).
Second, cocaine-generated synapses mature after longer with-
drawal periods, accompanied by a return of synaptic GluN2B to
basal levels (Fig. 4; Graziane et al., 2016; Wright et al., 2020).
Third, locking GluN2B NMDARs at newly generated synapses
prevents maturation of these synapses (Figs. 5, 6). Thus, although
the recruitment of AMPARs to nascent synapses can also be
mediated by NMDAR-independent mechanisms during devel-
opment (Friedman et al., 2000; Ultanir et al., 2007), our results
pinpoint NMDARs, particularly the GluN2B-to-GluN2A switch
of NMDARs, that gate the maturation process of cocaine-gener-
ated synapses.

It should be noted that GluN2B NMDARs are commonly
detected at mature synapses, including NAcSh synapses in both
saline- and cocaine-treated animals after long-term withdrawal,
albeit at low levels (Huang et al., 2009; Graziane et al., 2016;
Wright et al., 2020). As such, the “switch” discussed above may
reflect a sharp change in the relative weights of GluN2A versus
GluN2B rather than a complete replacement. Furthermore,
although a large portion of cocaine-generated silent synapses
mature by recruiting GluA2-lacking AMPARs (Lee et al., 2013;
Shukla et al., 2017; Wright et al., 2020), little evidence exists
showing a preferential link of GluN2A signaling to this type of
AMPARs. Instead, GluN2A may simply remove the inhibition of
AMPAR insertion exerted by GluN2B and its associated synaptic
scaffolds without involvement in receptor subtype selection.

Upregulation of GluN2B is also observed at excitatory synap-
ses on midbrain dopamine neurons after cocaine exposure, but
instead of GluN1 these subunits are assembled with GluN3A
subunits, forming noncanonical NMDARs that promote the syn-
aptic recruitment of CP-AMPARs (Yuan et al., 2013). Similar
GluN2B/GluN3A NMDARs are expressed in the NAc core after
extended access cocaine self-administration (Dong et al., 2017).
It is important for future studies to determine whether these
GluN2B/GluN3A NMDARs are also expressed during early
phases of cocaine exposure (e.g., 5 d), whether they are present at
cocaine-generated silent synapses, and whether they contribute
to synaptic recruitment of AMPARs, as demonstrated in mid-
brain dopamine neurons (Yuan et al., 2013).

After maturation
By making new connections, cocaine-generated synapses are
hypothesized to create new connectivity patterns of NAc circuits
that promote drug seeking (Dong and Nestler, 2014; Wright and
Dong, 2020). After long-term withdrawal, these synapses mature
and are expected to be both biochemically and biophysically sim-
ilar to pre-existing glutamatergic synapses that have undergone
cross-the-board upregulation of CP-AMPARs. They may simi-
larly respond to the dysregulated homeostasis of ambient gluta-
mate (Kalivas, 2009) and altered dopamine tone (Volkow et al.,
2017), and operate in concert with pre-existing synapses in the
NAc to promote cocaine seeking and relapse (Wolf, 2016).
However, on re-exposure to cocaine-associated cues, while ran-
domly sampled NAc glutamatergic synapses (the majority of
which are presumably non-cocaine-generated synapses) are tran-
siently strengthened (Gipson et al., 2013), matured cocaine-gen-
erated synapses are weakened and become AMPAR silent again

(Wright et al., 2020), indicating differential behavioral implica-
tions (Wright and Dong, 2020). Furthermore, dopamine D1 ver-
sus D2 receptor-expressing neurons represent the two major
subtypes of NAc MSNs, which undergo differential adaptive
changes in response to cocaine and differentially contribute to
cocaine-induced behaviors (Lobo and Nestler, 2011; Gangarossa
et al., 2013; Calipari et al., 2016). AMPAR-mediated transmis-
sions from several key limbic regions to NAc D1 MSNs are pref-
erentially strengthened after cocaine withdrawal (Britt et al.,
2012; Pascoli et al., 2014), promoting cocaine seeking and loco-
motor responses. This projection- and cell type-specific synaptic
strengthening as well as their resulting behavioral consequences
are partly mediated by the maturation of silent synapses within
the amygdala, prefrontal cortex, and thalamus (Lee et al., 2013;
Ma et al., 2014; Neumann et al., 2016).

Concluding remarks
Cocaine-generated silent synapses potentially serve as initial con-
nections in forming new network patterns encoding addition-
related memories (Wang et al., 2020; Wright et al., 2020). Our
current study characterizes the key trafficking properties of
AMPARs and NMDARs during the generation and maturation
of nascent synapses after cocaine self-administration. These
results not only depict a detailed cellular cascade underlying co-
caine-induced synaptogenesis, but also pinpoint key molecular
substrates to manipulate drug memories for therapeutic benefit.
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