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We previously showed that after repeated exposure to cocaine, D1-like dopamine receptor (D1DR) stimulation reverses plastic changes
of AMPA receptor-mediated signaling in the nucleus accumbens shell. However, there is little information on the impact of cocaine
self-administration on D1–NMDA receptor interactions in this brain region. Here, using whole-cell patch-clamp recordings, we assessed
whether cocaine self-administration alters the effects of D1DR stimulation on synaptic and extrasynaptic NMDA receptors (NMDARs). In
slices from cocaine-naive rats, pretreatment with a D1DR agonist decreased synaptic NMDAR-mediated currents and increased the
contribution of extrasynaptic NMDARs. In contrast, neither cocaine self-administration alone nor cocaine experience followed by D1DR
stimulation had an effect on synaptic or extrasynaptic NMDAR signaling. Activation of extrasynaptic NMDARs relies on the availability
of extracellular glutamate, which is regulated primarily by glutamate transporters. In cocaine-experienced animals, relative to cocaine-
naive rats, administration of a glutamate reuptake blocker, DL-threo-�-benzyloxyaspartic acid, revealed increased extrasynaptic NMDAR
activity and stronger baseline activity of glutamate uptake transporters. In cocaine-naive rats, the D1DR-mediated increase in extrasyn-
aptic NMDAR signaling was independent of the activity of glutamate reuptake transporters. Together, these results indicate that cocaine
experience blunts the influence of D1DRs on synaptic and extrasynaptic NMDAR signaling. Additionally, prior cocaine self-
administration limits activation of the extrasynaptic NMDAR pool by increasing glutamate reuptake. These findings outline a pattern of
adaptive interactions between D1DRs and NMDARs in the nucleus accumbens shell and demonstrate upregulation of extrasynaptic
NMDAR signaling as a novel consequence of cocaine self-administration.

Introduction
Repeated exposure to cocaine results in changes in accumbens
glutamate transmission that contribute to the maintenance of
cocaine self-administration as well as the reinstatement of co-
caine seeking (Cornish and Kalivas, 2000; Park et al., 2002;
Schmidt and Pierce, 2010; Suto et al., 2010). Although much of
the work in this area focuses on changes in AMPA receptor-
mediated neurotransmission, NMDARs are critically involved in
neuroplasticity associated with drug addiction (for review, see
Lau and Zukin, 2007). Evidence from behavioral studies suggests
that NMDARs play a role in the development of locomotor sen-
sitization to cocaine (Pulvirenti et al., 1991) and acquisition of

cocaine self-administration (Pulvirenti et al., 1992; Schenk et al.,
1993), as well as extinction and reinstatement of cocaine seeking
(De Vries et al., 1998; Cornish et al., 1999; Famous et al., 2007;
Thanos et al., 2011).

Interactions between glutamate and dopamine systems play a
central role in cocaine-mediated plasticity in the nucleus accum-
bens. We recently demonstrated that stimulation of accumbens
shell D1-like dopamine receptors (D1DRs) normalizes synaptic
activity of AMPA receptors following abstinence from cocaine
self-administration (Ortinski et al., 2012). Dopamine receptor
activation following cocaine exposure also influences NMDAR
expression and function (for review, see Wang et al., 2012). In
fact, a number of behavioral and molecular responses triggered
by exposure to cocaine and other psychostimulants rely on
D1DR–NMDAR interactions (Hanson et al., 1995; Parada and
Soares-da-Silva, 2000; Dudman et al., 2003; Heusner and
Palmiter, 2005; Sun et al., 2009; Ren et al., 2010; Beutler et al.,
2011; Lee et al., 2011). Additionally, there is support for the idea
that cocaine treatment has unique effects on subpopulations of
NMDARs. Thus, a single injection of cocaine facilitates the devel-
opment of silent synapses containing NMDA, but not AMPA,
receptors (Huang et al., 2009). Cocaine-induced silent synapse
formation correlates with an increased function of synaptic
NR2B-subunit-containing NMDARs in the nucleus accumbens
(Brown et al., 2011). An increase in synaptic NR2B signaling
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following acute cocaine treatment also has been reported in the
ventral tegmental area, where it has been linked to activation of
D1DRs (Schilström et al., 2006).

Synaptic and extrasynaptic NMDARs have been shown to play
unique roles in psychiatric illnesses associated with impaired stri-
atal function (for review, see Lau and Zukin, 2007; Gladding and
Raymond, 2011; Petralia, 2012). Activation of synaptic and ex-
trasynaptic NMDARs has been linked to differential effects on
cell survival (Hardingham et al., 2002; Léveillé et al., 2008), nu-
clear structure (Wittmann et al., 2009), neuronal development
(Komuro and Rakic, 1993), neuronal excitability (Chalifoux and
Carter, 2011), and synaptic plasticity (Kervern et al., 2012). The
extent to which D1DR activation affects the balance between
these NMDAR populations in the nucleus accumbens of cocaine-
naive and cocaine-experienced rats is unknown. In the present
study, we demonstrate that both cocaine experience and D1DR
stimulation facilitate targeting of NMDARs to extrasynaptic sites.
However, following cocaine exposure, but not following D1DR
stimulation, activation of these NMDARs is limited by increased
reuptake of synaptic glutamate.

Materials and Methods
Animals. Male Sprague Dawley rats (Rattus norvegicus) weighing 300 –
350 g were obtained from Taconic Laboratories. Animals were individu-
ally housed, with food and water available ad libitum in the home cage. A
12 h light/dark cycle was used with the lights on at 7 A.M. All behavioral
training was performed during the light cycle. All experimental protocols
were approved by the Institutional Animal Care and Use Committee of
the University of Pennsylvania.

Surgery and self-administration training. Before surgery, the rats were
anesthetized with injections of 80 mg/kg ketamine (i.p.) and 12 mg/kg
xylazine (i.p.). An indwelling catheter (CamCaths) was placed into the
right jugular vein and sutured in place. The catheter was routed subcu-
taneously to a mesh platform placed and sutured between the shoulder
blades. Catheters were flushed daily with 0.3 ml of the antibiotic Timen-
tin (0.93 mg/ml) dissolved in heparinized saline. The catheters were
sealed with plastic obturators when not in use. After a 7 d recovery period
from surgery, the rats were placed in operant chambers (Med Associates)
and allowed to lever-press for intravenous cocaine infusions (0.25 mg of
cocaine per 56 ml of saline over a 5 s infusion) during daily 2 h self-
administration sessions. Each cocaine infusion was followed by a 20 s
time-out period, during which responses had no scheduled conse-
quences. The rats were initially trained using a fixed ratio (FR) 1 schedule
of reinforcement. When stable responding was achieved under the FR1
schedule, they were switched to an FR5 schedule. Rats self-administered
cocaine for 14 d and were paired with yoked saline controls. The yoked
animals received an infusion of saline every time its pair received
cocaine. There were no consequences to lever pressing by the yoked
saline animals.

Nucleus accumbens slices. The rats were decapitated following isoflu-
rane anesthesia 24 h after the last cocaine self-administration session. The
brain was removed and coronal slices (300 �m) containing the nucleus
accumbens were cut with a Vibratome (VT1000S, Leica Microsystems) in
an ice-cold artificial CSF (ACSF) solution, in which NaCl was replaced by
an equiosmolar concentration of sucrose. ACSF consisted of (in mM) the
following: 130 NaCl, 3 KCl, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 1
MgCl2, and 2 CaCl2, pH 7.2–7.4 when saturated with 95% O2/5% CO2.
Slices were incubated in ACSF at 32–34°C for 45 min and kept at 22–25°C
thereafter, until transfer to the recording chamber. A subset of slices from
each animal was incubated with ACSF supplemented with SKF38393
(10 �M; Sigma-Aldrich) for 1–3 h. The prolonged treatment was chosen
to approximate a cocaine self-administration session in which activation
of D1DR is sustained for a period of time and results in persistent neu-
roadaptations. The partial agonist SKF38393 was chosen based on simi-
larity of its pharmacological profile to dopamine (Ryman-Rasmussen et
al., 2005) and its ability to modulate excitability of the nucleus accum-
bens neurons with efficiency that matches or exceeds that of the full

agonist SKF81297 (Johansen et al., 1991). Slices pre-exposed to
SKF38393 were washed with regular ACSF for at least 10 min before
initiation of the recordings. The osmolarity of all solutions was 305–315
mOsm. Slices were viewed using infrared differential interference con-
trast optics under an upright microscope (Eclipse FN1, Nikon Instru-
ments) with a 40� water-immersion objective.

Electrophysiology. The recording chamber was continuously perfused
(1–2 ml/min) with oxygenated ACSF heated to 32 � 1°C using an
automatic temperature controller (Warner Instruments). NMDAR-
mediated responses were pharmacologically isolated in low Mg 2� (0.005
mM) ACSF supplemented with the glycine site coagonist D-serine (10 �M)
and the AMPA receptor antagonist DNQX (10 �M). In experiments in-
volving glutamate reuptake blocker DL-threo-�-benzyloxyaspartic acid
(TBOA), DNQX was omitted and NMDAR-mediated evoked EPSCs
(eEPSCs) and spontaneous EPSCs (sEPSCs) were isolated by subtracting
the average EPSC in the presence of NMDAR antagonist DL-AP5 (50 �M)
from the average EPSC before DL-AP5 application. In all experiments, the
eEPSC averages were computed from 5–10 responses and the sEPSC
averages were computed from 50 –100 responses. Picrotoxin (100 �M)
was added to all solutions to block the GABAA receptor-mediated cur-
rents. Recording pipettes were pulled from borosilicate glass capillaries
(World Precision Instruments) to a resistance of 4 –7 M� when filled
with the intracellular solution. The intracellular solution contained the
following (in mM): 145 potassium gluconate, 2 MgCl2, 2.5 KCl, 2.5 NaCl,
0.1 BAPTA, 10 HEPES, 2 Mg-ATP, 0.5 GTP-Tris, and 1 QX-314, pH
7.2–7.3 with KOH, osmolarity 280 –290 mOsm. Medium spiny neurons
(MSNs) in the nucleus accumbens shell were identified by their mor-
phology and the low resting membrane potential (�70 to �85 mV). All
recordings were conducted in whole-cell voltage-clamp mode (Vh �
�70 mV). Drugs were applied via the Y-tube perfusion system (Murase
et al., 1989) modified for optimal solution exchange in brain slices (Hev-
ers and Lüddens, 2002). All recordings were conducted with a Multi-
Clamp700B amplifier (Molecular Devices). Currents were low-pass
filtered at 2 kHz and digitized at 20 kHz using a Digidata 1440A acquisi-
tion board and pClamp10 software (both from Molecular Devices). Ac-
cess resistance (10 –30 M�) was monitored throughout the recordings
by injection of 10 mV hyperpolarizing pulses and data were discarded if
access resistance changed by �25% over the course of data acquisition.
Evoked responses were triggered by 100 �s constant-current pulses gen-
erated by an A310 Accupulser (World Precision Instruments) and deliv-
ered at 0.1 Hz via a bipolar tungsten stimulation electrode positioned
within 100 �m of the recorded cell. The amplitude of the current pulses
was controlled by a stimulus isolator (ISO-Flex, AMPI).

Western blots. Nucleus accumbens slices were prepared as above and
half of the slices from each brain were pretreated with SKF38393 (10 �M)
for 1.5 h. The shell of the nucleus accumbens was isolated by tissue
punches and Western blotting was performed as described previously
(Portugal et al., 2012). Briefly, proteins from treated tissues were resolved
in 10% SDS-PAGE and transferred to nitrocellulose membranes. Mem-
branes were incubated with LI-COR blocking buffer (LI-COR) for 1 h at
room temperature, then the blots were reacted overnight at 4°C with
primary antibodies (GluN1 (1:500; Millipore Bioscience Research Re-
agents), GluN 2A (1:1000; Cell Signaling Technology), GluN 2B (1:1000;
Cell Signaling Technology), EAAT3 (1:200; Santa Cruz Biotechnology),
GLAST (1:500; Miltenyi Biotech), or GLT-1 (1:1000, Abcam), and
�-tubulin (1:2000; BD Biosciences). After washing in PBS with 0.1%
Triton X-100 (PBS-T), the blots were incubated in fluorescent secondary
antibodies (1:20,000, LI-COR) in LI-COR blocking buffer for 1 h at room
temperature. Membranes were then washed and immunolabeling detec-
tion and densitometry measurements were performed using the LI-COR
Odyssey System (LI-COR). Ratios of GluN1, GluN 2A, GluN 2B, EAAT3,
GLAST, or GLT-1 to �-tubulin densities were calculated for each sample
and analyzed across conditions.

Data analysis and statistics. All analyses of intracellular recordings were
performed with Clampfit 10 (Molecular Devices). In TBOA experiments,
NMDA eEPSCs were measured as eEPSC charge transfer normalized to
the peak current amplitude. In MK-801 experiments, synaptic currents
were evoked by paired pulses with the interstimulus interval of 100 ms,
delivered at 0.1 Hz. To analyze the rate of MK-801 block, current charge
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transfer during individual responses to the second of the paired pulses
was calculated. These values were normalized to an average charge trans-
fer of three responses in the absence of MK-801 in each cell and fitted
with the monoexponential function. To analyze the fraction of extrasyn-
aptic NMDARs, we evaluated whole-cell responses to NMDA (100 �M)
before the synaptic current stimulation in the presence of use-dependent
NMDAR antagonist MK-801 (40 �M) and whole-cell responses to
NMDA (100 �M) following blockade of synaptic currents and a wash of
MK-801 for at least 2 min. The fraction of extrasynaptic NMDARs was
computed for each cell as a ratio of whole-cell NMDA response after
MK-801 stimulation to whole-cell NMDA response before MK-801
stimulation. Tonic NMDAR-mediated currents were computed as the
difference in mean baseline current during the 3 s recording segments
devoid of synaptic events before and after application of DL-AP5 (50 �M).
Alternatively, tonic NMDA currents were evaluated based on Gaussian
fits of 3 s segments of current baseline before and after application of
DL-AP5. These two methods yielded equivalent results and summary
histograms were constructed based on mean baseline current measure-
ments. Current density was calculated as peak amplitude divided by the
cell capacitance. Cell capacitance was calculated from the current re-
sponse to a hyperpolarizing 10 mV pulse with the following equation: Cm �
� * (Rs � Rm)/Rs * Rm, where � is the time constant of the exponentially
decaying capacitive current, Rm is membrane resistance, and Rs is series
resistance. Cells from 3–7 animals were analyzed in each experimental
condition. The data were expressed as mean � SEM. Statistical compar-
isons were done using two-tailed unpaired Student’s t tests or ANOVA as
indicated. Statistical analyses were performed with Microsoft Excel or
GraphPad Prism 5.0.4 for Windows.

Results
D1DR stimulation, but not cocaine
exposure, decreases synaptic
NMDAR current
We began by pharmacologically isolat-
ing synaptic NMDAR responses in
MSNs from the nucleus accumbens shell
from yoked saline (cocaine-naive) and
cocaine-experienced animals. Pretreat-
ment of slices from yoked saline animals
with the D1DR agonist SKF38393 (10
�M) for 1–3 h resulted in a pronounced
suppression of eEPSCs mediated by
NMDARs, particularly at higher inten-
sities of stimulation (Fig. 1 A,B). Co-
caine experience abolished this effect of
SKF38393 across the entire range of
stimulation intensities and, in the ab-
sence of D1DR stimulation, resulted in
only a mild suppression of NMDAR-
mediated eEPSCs (Fig. 1 A, B).

D1DR stimulation, but not cocaine
exposure, increases extrasynaptic
NMDAR currents
To begin to evaluate the role of extrasynap-
tic NMDARs, we recorded NMDAR-
mediated eEPSCs in the presence of
TBOA (30 �M), the nontransportable
antagonist of glutamate reuptake trans-
porters. Blockade of glutamate reuptake
facilitates recruitment of extrasynaptic
NMDARs by allowing synaptically re-
leased glutamate to “spillover” to extra-
synaptic sites (Tzingounis and Wadiche,
2007; Scimemi et al., 2009). Because
glutamate spillover could be expected to

affect both the amplitude and duration of eEPSCs, we evalu-
ated the total NMDAR-mediated charge transfer normalized
to the current peak during electrically stimulated synaptic re-
lease (Lozovaya et al., 2004). In the presence of TBOA,
SKF38393 pretreated slices from saline controls showed a 2.4-
fold increase in the NMDAR-mediated normalized charge
transfer (Fig. 1C,D). A comparable increase was observed also
in slices from cocaine self-administering animals with no ad-
ditional effect of SKF38393 pretreatment (relative to saline
ACSF: 198.7 � 35.4% without SKF38393 and 217.1 � 55.3%
with SKF38393; Fig. 1C,E). Interestingly, in cocaine-experienced
animals, TBOA eliminated the mild suppression of eEPSC am-
plitudes in input– output curves at higher stimulation inten-
sities, although the eEPSC amplitudes of SKF38393-treated
slices from saline animals remained depressed (eEPSC ampli-
tudes at 1�: saline, 9.9 � 1.1 pA; saline SKF, 9.2 � 1.9 pA;
cocaine, 10.1 � 1.1 pA; cocaine SKF, 8.8 � 1.1 pA; eEPSC
amplitudes at 5�: saline, 335.8 � 82.2 pA; saline SKF, 195 �
31 pA; cocaine, 348.8 � 68.7 pA; cocaine SKF, 450.4 � 116.7
pA; n � 7–10 cells). These results indicate that cocaine expe-
rience or D1DR stimulation increases NMDAR-mediated sig-
naling under conditions that favor activation of extrasynaptic
NMDARs. This could be due to an increase in extrasynaptic
NMDAR signaling and/or an increase in efficiency of gluta-
mate reuptake transporters themselves.

Figure 1. Blockade of glutamate reuptake reverses the D1DR stimulation-induced decrease of NMDAR-mediated eEPSCs.
A, Representative NMDAR eEPSC averages at low (2�) and high (5�) stimulation intensities following D1DR agonist (SKF38393,
10 �M) pretreatment of slices from yoked saline and cocaine-experienced animals. B, An input– output relationship of NMDAR
eEPSCs illustrates reduced synaptic strength following D1DR stimulation in slices from yoked saline rats (F(3,20) � 6.206, Tukey’s
post hoc; **p � 0.01). C, Representative NMDAR eEPSC averages for TBOA experiments. Three traces are pictured in each experi-
mental group: the combined NMDAR plus AMPAR eEPSC (thick black line), the AMPAR eEPSC isolated by application of DL-AP5 to the
same cell (thin black line), and the subtracted NMDAR eEPSC (thick gray line). The inset for the saline ACSF group shows an
expanded NMDAR eEPSC trace. In insets for all other groups, this trace is overlayed with the corresponding NMDAR eEPSCs.
Amplitudes of overlayed traces are normalized for ease of comparison. Inset scale bar, 100 ms. D, A D1DR agonist-induced decrease
of NMDAR eEPSCs under normal recording conditions contrasts with D1DR agonist-induced increase of NMDAR eEPSCs under
conditions of glutamate reuptake transporter blockade by TBOA (30 �M; t(9) � 2.38 for SKF-treated ACSF; t(15) � 2.64 for
SKF-treated TBOA; n � 5–9 cells; *p � 0.05 vs respective not-treated group). E, Cocaine treatment slightly decreases the NMDAR
eEPSCs recorded in normal ACSF, but significantly increases the NMDAR eEPSCs recorded in the presence of TBOA. D1DR stimulation
has no effect on NMDAR-mediated currents in either recording condition. The data are expressed as percentage difference from the
respective not-treated saline group (t(17) � 2.22 for not-treated TBOA; t(11) � 2.41 for SKF-treated TBOA; *p � 0.05; n � 5–11
cells).
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To explore the possible increase of ex-
trasynaptic NMDAR signaling, we re-
corded whole-cell responses to NMDA
(100 �M) before and after stimulation of
synaptic NMDARs in the presence of
dizocilpine (MK-801, 40 �M). MK-801 is
an open channel blocker that depresses
synaptic eEPSCs in a use-dependent man-
ner (Huettner and Bean, 1988). Whole-
cell application of NMDA allowed us to
estimate the fraction of total NMDA
channels that remained available follow-
ing the block of synaptic responses by
MK-801, reflecting the size of the extra-
synaptic pool of NMDARs. Between the
cocaine-naive and cocaine-experienced
groups, there was no difference in the rel-
ative amplitude of currents mediated by
extrasynaptic NMDARs. MK-801 blocked
95.3 � 0.6% of total NMDAR current in
the saline group and 95.1 � 0.6% of total
NMDAR current in the cocaine group.
There was also no effect of SKF38393
treatment on extrasynaptic NMDAR cur-
rent in the cocaine group (MK-801
blocked 94.5 � 1% of total NMDAR cur-
rent). However, and in sharp contrast to
synaptic eEPSCs, D1DR stimulation in
the cocaine-naive group led to a 110%
increase in the relative amplitude of
currents mediated by extrasynaptic
NMDARs (Fig. 2A,B). In this group, MK-
801 blocked 90.1 � 1.8% of the total
NMDAR-mediated current. It is impor-
tant to note that the extrasynaptic NMDA
receptors available after the MK-801
block likely represent a pool of receptors
located distant to synaptic release sites
(Scimemi et al., 2004). It is also significant
that in the absence of synaptic stimula-
tion, MK-801 did not affect the amplitude
of eEPSCs (100.7 � 10.4% of baseline re-
sponses, n � 4) indicating that tonically
active NMDARs did not measurably con-
tribute to the eEPSC peak.

We next examined the rate of block of
eEPSC by MK-801and found no group
differences with the exception of the
slightly faster block in the saline ACSF
group (Fig. 2C–F). The rate of MK-801
block reflects the NMDAR open probabil-
ity convolved with the probability of glu-
tamate release. Therefore, the lack of
differences in this rate indicates that the
combined contribution of these parame-
ters remains unchanged across our treat-
ment conditions. Together, the eEPSC
and MK-801 experiments indicate that
there is a reduced contribution of synaptic
NMDARs, but increased contribution of extrasynaptic
NMDARs, in slices from yoked saline animals exposed to D1DR
stimulation. Previous history of cocaine administration elimi-
nates the effects of D1DR stimulation at both the synaptic and the

extrasynaptic NMDAR pools. Moreover, the lack of effect of co-
caine self-administration in MK-801 experiments combined with
potentiation of NMDA eEPSCs in the presence of TBOA suggest
that differences in NMDAR signaling following cocaine self-

Figure 2. Extrasynaptic NMDAR-mediated currents increase following D1DR stimulation. A, Time course of whole-cell NMDA (100�M,
solid black line) responses after blockade of synaptic NMDARs by MK-801 (40 �M) is expressed as a fraction of whole-cell NMDA responses
measured before MK-801 application. B, Bar histograms illustrating an increase in extrasynaptic NMDAR-mediated currents in slices from
cocaine-naiveratsfollowingD1DRstimulation(t(11)�2.54;*p�0.05vssalinenoSKF;n�6 –11cells).C, D,Currentresponsestothefirst
(P1), 20 th (P20) and 40 th (P40) stimulation pulses illustrate use-dependent block of NMDA eEPSCs by MK-801 across the experimental
groups. Current amplitudes are normalized to the first eEPSC in the saline no-SKF group for ease of comparison. E, A summary of the time
course of synaptic responses in the presence of MK-801 illustrates a slight increase in the rate of MK-801 block in the saline group. F, Bar
histograms summarizing the rate of block (expressed as stimulation pulse number) by MK-801.

Figure 3. Glutamate reuptake is elevated following cocaine self-administration. A, Current traces, illustrating a shift of baseline
holding current during TBOA (30 �M) application (solid black lines). Dotted lines are centered at the mean holding current before
application of TBOA. TBOA often induced large synchronous sEPSCs, which were clipped in this panel for display purposes. B, A
summary of TBOA-induced mean current amplitudes. A significant increase is observed in slices from the cocaine-experienced
group. D1DR stimulation has no effect on this increase (t(12) � 2.28 for cocaine no SKF; t(13) � 2.82 for cocaine SKF; *p � 0.05 vs
respective saline group; n � 7–13 cells).
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administration may arise due to differences in the efficiency of
glutamate reuptake.

Cocaine self-administration increases glutamate reuptake
We evaluated the activity of glutamate reuptake transporters
by measuring the effect of TBOA on baseline holding current.
Application of TBOA elicited an inward shift of baseline cur-
rent, reflecting accumulation of extracellular glutamate (Fig.
3A). If the increase in the NMDA charge transfer that we
observe in slices from cocaine-experienced animals in the
presence of TBOA is due to increased activity of glutamate
uptake transporters, the magnitude of this shift should be
larger in these slices. Indeed, our analyses revealed a 98%
increase in TBOA-induced current in cocaine-treated ani-
mals, and that increase was not affected by SKF38393 treat-
ment (Fig. 3A,B). Likewise, in slices from cocaine-naive
controls, SKF38393 had no effect on TBOA-induced current

(Fig. 3A,B). Thus, SKF38393-induced
potentiation of extrasynaptic NMDAR
signaling in cocaine-naive animals was
not due to differences in glutamate re-
uptake. In contrast, cocaine experience
potentiated the activity of glutamate re-
uptake transporters and may have
served to counteract the increase in
NMDAR signaling.

Glutamate spillover reveals increased
extrasynaptic NMDAR signaling
following cocaine exposure
We next examined whether increased ac-
tivity of extrasynaptic NMDARs contrib-
utes to the increase in NMDAR signaling
in the presence of TBOA in cocaine-
experienced animals. Tonic activation of
NMDARs by ambient concentrations of
extracellular glutamate recruits extrasyn-
aptic pool of receptors (Sah et al., 1989; Le
Meur et al., 2007; Papouin et al., 2012).
Therefore, we recorded tonic NMDAR-
mediated currents in the presence of
TBOA as the amplitude of the outward
shift of holding current in response to the
application of the NMDAR antagonist DL-
AP5 (50 �M). Tonic NMDAR-mediated
current was increased following pre-
exposure to SKF38393 in slices from
yoked saline animals (Fig. 4A,B). Addi-
tionally, there was a significant increase of
tonic current amplitude in slices from
cocaine-experienced rats that was not
markedly affected by SKF38393 pretreat-
ment (Fig. 4A,B). These results suggest
that increased glutamate reuptake masks
the increased contribution of extrasynap-
tic NMDARs in slices from cocaine-
experienced animals. Additionally, and as
seen in previous experiments, slices from
these animals are hyposensitive to the ef-
fects of D1DR stimulation.

We then extended our analyses to
NMDAR-mediated sEPSCs recorded
in the presence of TBOA. NMDAR-

mediated sEPSCs were isolated by subtraction from sEPSCs
mediated by both AMPA and NMDA receptors. We observed
no differences in the amplitude of NMDA sEPSC among any
of the conditions (Fig. 5A–C). However, the synaptic current
duration (decay time) was significantly increased in the saline
SKF group as well as in the cocaine group (Fig. 5D). Current
decay time in the cocaine group was not significantly affected
by SKF38393 pretreatment and remained elevated (Fig. 5D).
The lack of differences in the peak NMDA sEPSC amplitude
following blockade of glutamate reuptake replicates our
eEPSC data obtained at minimal stimulation intensities (com-
pare Fig. 1 B). Other reports have attributed this lack of inter-
action between efficiency of glutamate transport and synaptic
current amplitude to relatively high intrasynaptic concentra-
tion of glutamate, to relatively low intrasynaptic concentra-
tion of reuptake transporters, and to the background noise
that increases in the presence of TBOA (Sarantis et al., 1993;

Figure 4. Blockade of glutamate reuptake reveals increased tonic NMDAR-mediated currents following cocaine self-
administration and D1DR stimulation. A, NMDAR-mediated tonic currents were measured as a shift of baseline holding current
following application of DL-AP5 (solid black lines) in the absence (top row) and presence (bottom row) of SKF38393 pretreatment.
Dotted lines are centered at the mean holding current before application of DL-AP5. To the left of the traces are Gaussian-fitted
distributions of the amplitude of baseline noise before (black) and after (gray) DL-AP5 application. The displayed fits are to the
portions of the distributions not skewed by synaptic events. Notice the differences in the onset of DL-AP5 block likely due to
variation in cell accessibility between slices. B, Bar histograms summarizing tonic NMDAR-mediated current amplitudes across the
experimental groups (t(16) � 2.35 for saline SKF; t(17) � 2.15 for cocaine no SKF; t(15) � 2.21 for cocaine SKF; *p � 0.05 vs saline
no SKF; n � 8 –11 cells).

Figure 5. Blockade of glutamate reuptake reveals increased synaptic NMDA current duration following cocaine self-
administration and D1DR stimulation. A, Left, NMDAR-mediated sEPSCs before (gray traces) and following (black traces) pretreat-
ment of slices from saline controls with SKF38393. Right, The same traces are normalized to the peak amplitude to illustrate
differences in the sEPSC decay time. B, Same as in A but for slices from cocaine-experienced rats. C, Bar histograms of mean
NMDAR-mediated sEPSC amplitudes across the experimental groups. D, Bar histograms summarizing differences in synaptic
current duration (expressed as decay time from 90 to 10% of the current peak). Again, notice that SKF38393 pretreatment is
without effect in slices from cocaine-experienced rats (t(11) � 2.68 for saline no SKF; t(12) � 2.3 for cocaine no SKF; t(12) � 2.23 for
cocaine SKF; *p � 0.05 vs nontreated saline; n � 6 – 8 cells).
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Zheng et al., 2008). The increase in de-
cay time of synaptic current, mean-
while, could be expected from increased
recruitment of extrasynaptic NMDARs
by glutamate spillover or from a change
in NMDAR subunit composition. For
example, the presence of NR2B subunit
is known to impart slow decay kinetics
onto the assembled NMDAR tetramer
(Vicini et al., 1998).

Relative contribution of NR2B is not
altered by D1DR stimulation or
cocaine experience
Experimenter-administered cocaine has
been found to increase the expression of
NR2B in the nucleus accumbens (Brown et al., 2011). Our find-
ing of increased sEPSC decay time in animals trained to self-
administer cocaine appears consistent with this report.
Therefore, we evaluated the expression of NMDAR subunit pro-
tein in the nucleus accumbens shell. The amount of the obliga-
tory NR1 protein in the accumbens shell homogenates did not
change following cocaine self-administration and was not af-
fected by D1DR stimulation (Fig. 6A). However, the amount of
both NR2A and NR2B subunits showed a significant increase
following cocaine treatment, with NR2B levels declining follow-
ing SKF38393 exposure. In slices from saline-treated controls,
NR2A levels did not change following SKF38393 exposure. How-
ever, NR2B levels demonstrated a significant increase (Fig. 6A). If
the increase in NR2B protein in the cocaine, cocaine SKF, and
saline SKF groups corresponded to the increased expression of
NR2B-containing receptors, we should observe an increase in
sensitivity of NMDAR-mediated currents to the NR2B antago-
nist Ro 25-6981 (3 �M). However, we observed equivalent Ro
25-6981-induced inhibition of whole-cell currents evoked by
NMDA (100 �M) across all treatment groups and a range of Ro
25-6981 concentrations (Fig. 6B). These results indicate that,
although the contribution of extrasynaptic NMDARs increases
following SKF38393 treatment and following cocaine treatment,
functional expression of the NR2B subunit does not change.

Glutamate uptake masks extrasynaptic NMDAR activation
The results reported so far suggest that increased glutamate re-
uptake counteracts increased extrasynaptic NMDAR signaling in
slices from cocaine-experienced animals. If this interpretation is
correct, then, in the absence of glutamate reuptake blocker, tonic

Figure 6. Increase in NR2B protein following D1DR stimulation and cocaine self-administration does not correspond to an increased contribution of NR2B to whole-cell NMDAR
currents. A, Quantitative Western blot analyses of NMDAR subunit protein levels. Protein levels were examined in nucleus accumbens shell homogenates from five animals in each group
(*p � 0.05 vs nontreated saline, two-way ANOVA). B, Effects of NR2B antagonist, Ro 25-6981 (0.05, 0.5, 5, 50 �M), on currents evoked by whole-cell application of NMDA (100 �M). For
each neuron, the responses were normalized to currents evoked by NMDA in the absence of Ro 25-6981. Notice large variability in responses. There were no significant differences
between groups (n � 4 –9 cells at each concentration).

Figure 7. Glutamate reuptake masks increased contribution of extrasynaptic NMDARs in slices from cocaine-experienced ani-
mals. A, Sample traces of tonic NMDAR-mediated currents recorded in the absence of glutamate reuptake blockade. Solid black
lines indicate application of DL-AP5 (50 �M). B, Bar histograms summarizing tonic NMDAR-mediated current amplitudes across the
experimental groups (t(11) � 3.2; **p � 0.01 vs saline no SKF; n � 6 –7 cells).

Figure 8. Expression of glutamate reuptake transporters. Quantitative Western blot analy-
ses of protein levels of glutamate reuptake transporters (GluT), GLAST, GLT-1, and EAAC-1.
Protein levels were examined in nucleus accumbens shell homogenates from five animals in
each group. *p � 0.05, **p � 0.01 vs nontreated saline, two-way ANOVA.
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currents mediated by extrasynaptic NMDARs should be similar
between cocaine-experienced and cocaine-naive groups. Fur-
thermore, stimulation of D1DRs under conditions of intact glu-
tamate reuptake should increase tonic NMDAR currents in the
saline SKF group, which does not show an adaptive increase of
uptake transporter activity, but not in the cocaine and cocaine
SKF groups, which do show such an increase. We examined the
amplitude of tonic NMDAR current under these conditions and
found that cocaine or cocaine SKF treatments did not affect the
amplitude of tonic NMDAR currents. However, in the saline
group, pretreatment with SKF38393 triggered a significant in-
crease of tonic NMDAR currents (Fig. 7).

We next evaluated whether an apparent increase in glutamate
reuptake in our electrophysiological studies corresponded to in-
creased protein levels of glutamate transporters in the NAc shell.
Glutamate reuptake in the CNS is driven by excitatory amino-
acid transporters (EAAT) 1–5. Of these, EAAT1, EAAT2, and
EAAT3 are the most abundant in the CNS and correspond to
rodent homologues glutamate-aspartate transporter (GLAST),
glutamate transporter 1 (GLT-1), and excitatory amino acid car-
rier 1 (EAAC-1), respectively. Our Western blot analyses indi-
cated that exposure of cocaine-naive animals to SKF38393 did
not significantly change the expression levels of these proteins
(Fig. 8). However, in slices from cocaine-experienced animals,
the expression of GLAST and EAAC-1, but not GLT-1, was sig-
nificantly elevated compared with cocaine-naive animals, and
was not further affected by treatment with SKF38393 (Fig. 8).

Altogether, these data lend further support to the assertion
that, in slices from saline animals exposed to a D1DR agonist,
cellular distribution of NMDARs is biased toward the extrasyn-
aptic receptor population. Meanwhile, in slices from cocaine-
experienced animals, contribution of extrasynaptic NMDAR
population is limited by elevated glutamate reuptake and the
resultant decrease in glutamate availability at extrasynaptic sites.

Whole-cell levels of functional
NMDARs
Given the bimodal effects of SKF38393,
characterized by a decrease of synaptic
NMDAR-mediated currents, but an in-
crease of extrasynaptic NMDAR-mediated
currents, in cocaine-naive animals, we
wanted to examine the overall level of func-
tional NMDARs in these cells. There was a
significant decrease of whole-cell responses
to NMDA (100 �M) in cells from cocaine-
naive animals treated with SKF38393. A
small decrease of whole-cell responses to
NMDA in cells from animals with cocaine
history treated with SKF38393 failed to
reach statistical significance (Fig. 9A,B).
These differences were reflected in
NMDAR-mediated current densities (Fig.
9C). The decreases in whole-cell responses
to NMDA that we observed following
SKF38393 exposure run contrary to the re-
ported ability of D1DRs to potentiate
whole-cell responses to NMDA (Cepeda et
al., 1993; Harvey and Lacey, 1997; Cepeda
and Levine, 1998; Chergui and Lacey, 1999;
Flores-Hernández et al., 2002; but see Beur-
rier and Malenka, 2002). Such potentiation
was observed in response to acute stimula-
tion of D1DRs, whereas our effects repre-

sent effects on NMDAR currents that persist in the absence of acute
pharmacological effects of D1DR activation. To verify the distinc-
tion between chronic and acute effects of D1DR stimulation on
NMDAR currents, we examined whole-cell and evoked NMDAR
responses during acute application of SKF38393. Our results were
similar to those of Chergui and Lacey (1999) and Cepeda et al. (1993)
with the majority of the cells showing potentiation of both whole-cell
and evoked NMDAR currents and a small fraction of cells exhibiting
no effect or a depression of peak amplitude during the SKF38393
application (Fig. 9D).

Discussion
Our results demonstrated that stimulation of accumbens shell
D1DRs in yoked saline rats resulted in increased extrasynaptic
NMDAR signaling. This was accompanied by a reduction in syn-
aptic NMDAR-mediated currents and was not associated with an
increased contribution of NR2B-containing NMDARs. Cocaine
self-administration also increased signaling at extrasynaptic
NMDARs without affecting the NR2B contribution. However,
this increase was not accompanied by reduced synaptic NMDAR
efficacy. Instead, cocaine-experience was associated with in-
creased expression and activity of glutamate reuptake transport-
ers that masked increased signaling at extrasynaptic NMDARs.
These findings outline a pattern of adaptive interactions between
D1DRs and NMDARs in the nucleus accumbens shell triggered
by D1DR stimulation and by self-administered cocaine.

Effects of D1DR stimulation on NMDAR expression
and signaling
Our analyses showed increased expression of NR2A and NR2B,
but not of NR1 subunits, 24 h following the last cocaine self-
administration session. The increase in NR1 protein is not nec-
essary for an increase in the expression of functional NMDA
channels, since NR1 subunits are expressed in excess of NR2

Figure 9. Chronic, but not acute, D1DR stimulation decreases NMDAR-mediated currents. A, B, Time course of whole-cell
responses to NMDA (100 �M) before and after pretreatment with SKF38393 in saline controls and cocaine-experienced animals. C,
Summary histograms of whole-cell NMDA responses expressed as current density (t(32) �2.1; *p�0.05 vs nontreated saline; n�
17–25 cells). D, A summary of eEPSCs (Evoked) and whole-cell NMDAR responses during acute application of SKF38393. In the
majority of cells, NMDAR-mediated currents are potentiated during SKF38393 application.
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subunits (Wenthold et al., 2003). However, the increase in NR2
levels did not correspond to an increase in NMDAR function
either, since whole-cell responses to NMDA in cocaine-
experienced animals were not statistically different from re-
sponses in their cocaine-naive counterparts. Similarly, cocaine
experience did not influence tonic or synaptic NMDAR-
mediated currents under normal recording conditions. These re-
sults are consistent with another study that found unaltered
[ 3H]MK-801 binding to NMDARs in the nucleus accumbens
following brief and extended withdrawal from cocaine self-
administration (Ben-Shahar et al., 2007).

The effects of D1DR stimulation on the expression of
NMDARs have been examined by a number of groups. Thus,
activation of D1DRs in HEK-293 cells coexpressing D1, NR1, and
NR2A or NR2B subunits reduced NMDAR responses and led to
NMDAR internalization (Lee et al., 2002; Fiorentini et al., 2003;
Gu et al., 2007). Reduced synaptic and whole-cell NMDAR-
mediated currents following SKF38393 pretreatment of cocaine-
naive slices, which we observed, is consistent with these results.
Notably, protein–protein interactions between D1DR and
NMDAR have been shown to decrease the amplitude of
NMDAR-mediated currents (Lee et al., 2002). Sensitivity of
D1DR-NMDAR dimers to D1DR stimulation may vary depend-
ing on synaptic or extrasynaptic localization of D1DRs (Dumar-
tin et al., 1998) and may have contributed to our findings. It is
interesting that in a membrane fractionation study involving striatal
tissue homogenates, activation of D1DRs triggered redistribution of
NR1, NR2A, and NR2B to synaptosomal compartments (Dunah et
al., 2004), suggesting increased synaptic incorporation of these sub-
units. Surface expression of NR1 and NR2B protein also was re-
ported to increase following exposure of cultured prefrontal cortex
neurons to a D1DR agonist (Gao and Wolf, 2008; Hu et al., 2010). In
partial similarity to these reports, we observed an increase in NR2B
subunit protein, but not NR1 or NR2A subunit protein, in accum-
bens shell homogenates from yoked saline rats treated with
SKF38393. However, our patch-clamp experiments suggest that
protein levels as measured by Western blot do not necessarily reflect
incorporation of functional receptors into the cell membrane.

A large literature focuses on the consequences of cocaine
treatment on NMDAR subunit expression. Following noncon-
tingent administration of cocaine, the majority of evidence indi-
cates that mRNA and protein levels of NMDARs in the nucleus
accumbens are not changed in early abstinence (�24 h), but are
increased at weeks or longer intervals of abstinence from cocaine
or following extinction of cocaine-seeking (Ghasemzadeh et al.,
1999, 2009; Crespo et al., 2002; Schumann and Yaka, 2009;
Yamamoto and Zahniser, 2012). Some studies, however, find that
noncontingent cocaine administration decreases the expression
of NMDAR subunits in the nucleus accumbens (Loftis and
Janowsky, 2000; Le Greves et al., 2002). The pattern of decreased
to increased expression of NMDAR with abstinence from non-
contingent cocaine appears to be reversed following cocaine self-
administration. NMDA subunit mRNA and protein levels
increase following self-administered cocaine and decline follow-
ing extinction of cocaine-seeking (Crespo et al., 2002), but not
following withdrawal from self-administered cocaine (Lu et al.,
2003; but see Self et al., 2004). Our findings of increased NR2A
and NR2B levels parallel these reports. However, we find that
these increases are not accompanied by an overall increase in
NMDAR-mediated signaling measured by whole-cell responses
to NMDA.

Regulation of synaptic and extrasynaptic NMDAR by D1DRs
The current results indicated that stimulation of D1DRs had a
bimodal effect on currents mediated by synaptic and extrasynap-
tic NMDARs in cocaine-naive animals. Evoked EPSCs, mediated
by synaptic NMDARs, were reduced, whereas activation of extra-
synaptic NMDARs examined in tonic and MK-801 experiments
increased. Together with a reduction in whole-cell NMDAR-
mediated currents, these findings suggest that endocytosis or dis-
persal of NMDA channels from synaptic membranes is coupled
with accumulation of NMDARs at extrasynaptic sites. Along
these lines, redistribution of NMDARs away from synaptic sites
in striatal medium spiny and hippocampal neurons has been
reported following protein kinase C (PKC) activation (Fong et
al., 2002; Groc et al., 2004). Interestingly, D1DR-mediated
internalization of NMDARs that may underlie reduced whole-
cell currents that we observe was shown to be independent of
both protein kinase A (PKA) and PKC signaling (Lee et al., 2002).
These reports diverge from the canonical association of D1DRs
with activation of PKA. However, the importance of D1DR cou-
pling to activation of other kinases, including PKC and Src family
kinases, is increasingly recognized, particularly with regard to
regulation of NMDAR expression and function (Chergui and
Lacey, 1999; Tong and Gibb, 2008; Sarantis et al., 2009; Hu et al.,
2010; Li et al., 2010; Ren et al., 2010). It is, therefore, feasible that
the reduced whole-cell and synaptic NMDAR currents and in-
creased extrasynaptic NMDAR-mediated responses in our study
are a consequence of D1DR coupling to transduction cascades
that do not include PKA.

Another relevant point has to do with the potentially distinct
effects of D1DR stimulation on MSNs of the direct (D1DR-
expressing) and indirect (D2DR-expressing) pathways. In a sub-
set of experiments, we attempted to distinguish between these
two populations by measuring input resistance and rheobase.
These measures have been reported to effectively discriminate
between the D1DR and D2DR MSNs (Gertler et al., 2008; Janssen
et al., 2009). Although we too found input resistance and rheo-
base to be bimodally distributed in our sample of cells, we did not
observe a correlation between these measures and the magnitude

Figure 10. Cocaine experience and D1DR stimulation alter the balance between synaptic
and extrasynaptic NMDAR-mediated signaling. A working model summarizing changes in rel-
ative contributions of synaptic (black) and extrasynaptic (gray) NMDARs. Following cocaine
experience, an increased contribution of extrasynaptic NMDAR receptors is masked by elevated
glutamate reuptake. D1DR stimulation has no effect on NMDAR-mediated currents in this
group. In saline controls, D1DR stimulation is sufficient to induce an increase in extrasynaptic
NMDAR-mediated signaling. This is accompanied by a reduction of synaptic NMDAR signaling
and occurs in the absence of changes in glutamate reuptake. Note that for the purposes of this
diagram, glutamate reuptake occurs at unspecified (either glial or neuronal) sites.
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of whole-cell responses to NMDA or the relative contribution of
extrasynaptic NMDA receptors (data not shown). D1DR and
D2DRs can be coexpressed in accumbal neurons (Surmeier et al.,
1992; Lu et al., 1998). Moreover, while low levels of D1DR ex-
pression in indirect pathway neurons or D2DR expression in
direct pathway neurons require highly sensitive visualization
techniques, such low levels of expression are sufficient for func-
tional responses to selective dopamine receptor agonists (Aizman
et al., 2000).

Role of NMDAR subunits
The results of several studies indicated that extrasynaptic
NMDARs are composed predominantly of NR1/NR2B com-
plexes (Stocca and Vicini, 1998; Tovar and Westbrook, 1999).
However, other investigations argued that NR1/NR2A and NR1/
NR2B complexes contribute to both synaptic and extrasynaptic
pools of NMDARs, especially at later neurodevelopmental stages
(Rumbaugh and Vicini, 1999; Misra et al., 2000; Mohrmann et
al., 2000; Thomas et al., 2006; Harris and Pettit, 2007; Miwa et al.,
2008; Petralia et al., 2010). Our results support this larger litera-
ture and further indicate that the contribution of NR2B-
containing NMDARs to NMDAR-mediated currents does not
change following D1DR stimulation and is not affected by
cocaine self-administration. Therefore, increases in currents me-
diated by extrasynaptic NMDARs in saline SKF slices and in
TBOA-exposed cocaine slices are likely mediated by receptors
containing both NR2A and NR2B. Notably, although the expres-
sion of NR2C and NR2D subunits is prominent in interneurons
of dorsal and ventral striatum, neither subunit is present in stri-
atal MSNs (Bloomfield et al., 2007). Since our recordings were
exclusively from MSNs, NMDARs incorporating these subunits
are unlikely to have contributed to the results.

Regulation of NMDAR signaling by glutamate reuptake
Our results showed that cocaine experience, but not SKF38393
treatment, is associated with increased expression of glutamate
reuptake transporters GLAST and EAAC-1, but not GLT-1.
GLAST and GLT-1 are expressed predominantly in glial cells,
while EAAC-1 expression is largely neuronal. Since TBOA does
not discriminate between transporter subtypes, our results sug-
gest that both neuronal and glial glutamate reuptake may have
contributed to the increase in tonic current induced by TBOA as
well as the TBOA-induced increase of NMDAR-mediated synap-
tic charge. Furthermore, the lack of differences in GLT-1 expres-
sion that we observe is similar to a previous report examining
GLT-1 levels after 1 d of abstinence from short access (2 h/d)
cocaine self-administration (Fischer-Smith et al., 2012). It is
worth noting that, although �90% of the total glutamate uptake
occurs via the glial transporters (Rothstein et al., 1996; Tanaka et
al., 1997), NMDAR signaling has been shown to be more influ-
enced by neuronal rather than glial glutamate reuptake (Dia-
mond, 2001; Scimemi et al., 2009). Nevertheless, given the
increase in GLAST protein levels and the possibility that changes
in GLT-1 expression could fall below the limits of detection, we
cannot exclude regulation of NMDAR activity by glial reuptake
transporters in our preparation. We conclude that in early absti-
nence from short-access cocaine self-administration, upregula-
tion of glutamate reuptake through individual or combined
contribution of glial and neuronal transporters masks the in-
crease in currents mediated by extrasynaptic NMDARs.

Conclusions
Our results demonstrate that stimulation of D1DRs in the nu-
cleus accumbens decreases NMDAR responses to phasic synaptic
stimulation, but increases tonic signaling through NMDARs lo-
cated at extrasynaptic sites. Cocaine self-administration has no
effect on synaptic NMDAR-mediated currents, but increases extra-
synaptic NMDAR signaling and blunts sensitivity of nucleus accum-
bens neurons to D1DR stimulation. In cocaine-experienced rats,
increased signaling via tonically active NMDARs occurs in conjunc-
tion with increased glutamate reuptake (Fig. 10), which may con-
tribute to reduced extracellular glutamate concentrations in these
animals, as reported previously (Pierce et al., 1996; McFarland et al.,
2003; Miguéns et al., 2008). The pattern of increased glutamate
reuptake accompanied by an increase in extrasynaptic NMDAR sig-
naling highlights an adaptive consequence of cocaine self-
administration that maintains the homeostatic balance between
phasic and tonic glutamate signals in the nucleus accumbens.
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