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Abstract
Rationale Repeated injections of cocaine alter extracellular
nitric oxide (NO) efflux via interactions between dopamine
and glutamate receptor-coupled signaling cascades.
Objectives Putative cellular mechanisms underlying
changes in NO efflux following repeated cocaine adminis-
tration were investigated.
Methods Real-time detection of NO efflux using a NO
biosensor was mainly performed in the rat dorsal striatum
in vivo.
Results Repeated exposure to cocaine (20 mg/kg), once a
day for seven consecutive days, increased NO levels.
Repeated injections of cocaine also increased the phos-
phorylation of neuronal nitric oxide synthase (nNOS), and
inhibition of nNOS decreased the repeated cocaine-evoked
increases in NO levels. Inhibition of protein kinase A, but
not protein phosphatases, synergistically increased NO
levels elevated by repeated cocaine injections. Blockade
of dopamine D1 (D1) receptors or stimulation of dopamine
D2 (D2) receptors decreased the repeated cocaine-evoked
increases in NO levels. Similarly, blockade of N-methyl-D-

aspartate (NMDA) receptors and group I metabotropic
glutamate receptors (mGluRs) or stimulation of group III
mGluRs also decreased the repeated cocaine-evoked
increases in NO levels.
Conclusion Stimulation of D1 receptors or group I mGluRs
following repeated cocaine administration upregulates NO
efflux via an NMDA receptor-evoked Ca2+ influx, while
stimulation of D2 receptors or group III mGluRs down-
regulates NO efflux. Dephosphorylation of phosphorylated
nNOS by protein phosphatases is necessary for upregulat-
ing NO efflux in the dorsal striatum after repeated cocaine
administration.
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NOS . Psychostimulant

Introduction

Cocaine is an indirect dopamine agonist and repeated
exposure to cocaine can produce enhanced behavioral
locomotor response, which is implicated in the develop-
ment of drug addiction and in drug-induced psychosis
(Robinson and Berridge 1993). Considerable evidence
suggests that the behavioral and reinforcing effects of
cocaine may be mediated by central dopaminergic and
glutamatergic systems. For instance, repeated exposure to
cocaine upregulates glutamate and dopamine release into
the striatum (Cornish and Kalivas 2001; Ito et al. 2002;
Kalivas and Duffy 1993; Shin et al. 2007). Increased levels
of glutamate caused by repeated cocaine administration
upregulate the endoplasmic reticulum stress protein and
caspase-12 expression in the dorsal striatum (Shin et al.
2007). Furthermore, N-methyl-D-aspartate (NMDA) recep-
tors play an important role in the regulation of the protein
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expression (Ahn et al. 2007). These findings suggest that
repeated cocaine administration can lead to neuropharmco-
logical, behavioral, or reinforcing responses in the dorsal
striatum via NMDA receptor-coupled signaling cascades.

Neuronal nitric oxide synthase (nNOS) and NMDA
receptors are structurally associated with PSD95 in the
cerebellum (Christopherson et al. 1999). Stimulation of
NMDA receptors activates Ca2+ signaling cascades, leading
to the activation of calcium/calmodulin-dependent protein
kinase (CaMK) or protein phosphatases (PPs), which in
turn causes NO induction via the alteration of nNOS
activity in rat cortical neurons (Hayashi et al. 1999; Nakane
et al. 1991). A previous study also demonstrated that
protein kinase A (PKA) or protein kinase G can phosphor-
ylate nNOS in the 293-NOS cell lines (Dinerman et al.
1994). Stimulation of dopamine D1 (D1) receptors with the
selective D1 receptor agonist, SKF81297, upregulates NO
efflux via nNOS activation in the rat dorsal striatum
(Sammut et al. 2006). These findings suggest that stimula-
tion of NMDA receptors or D1 receptors are required to
produce nNOS activation and NO efflux in the forebrain.

The evidence demonstrates that acute and repeated
cocaine administration upregulates NO levels in the medial
prefrontal cortex and the dorsal striatum, respectively
(Alvin et al. 2008; Sammut and West 2008), which is
closely involved in addiction and the development and
expression of behavioral sensitization. The behavioral
sensitization caused by repeated cocaine exposure is
prevented by pretreatment of previously drug-naive animals
with the nNOS inhibitor 7-nitroindazole or the pan NOS
inhibitor N-omega-nitro-L-arginine methyl ester (Byrnes et
al. 2000; Haracz et al. 1997).

However, precisely how NO efflux is caused by repeated
exposure to cocaine remains elusive, and the putative
cellular mechanisms underlying cocaine-mediated behav-
ioral alterations are not well-understood. Therefore, it was
hypothesized that repeated injections of cocaine alter
extracellular NO efflux by affecting the interactions
between dopamine and glutamate receptor-coupled signal-
ing cascades in the dorsal striatum. This hypothesis was
investigated by real-time detection of NO efflux using a NO
biosensor and altering the function of receptors and trans-
ducers affecting the receptor-coupled signaling cascades in
the dorsal striatum.

Materials and methods

Animals

Adult male Sprague–Dawley rats (250–300 g) were
obtained from Hyo-Chang Science Co. (Taegu, Korea).
Rats were individually housed in a controlled environment

during all experimental treatments. Food and water were
provided ad libitum, and rats were maintained on a 12 h
light/dark cycle. On the day of experiments, injections were
made in a home cage in a quiet room to minimize stress to
the animals. All animal use procedures were approved by
the Institutional Animal Care and Use Committee and
performed in accordance with the provisions of the NIH
Guide for the Care and Use of Laboratory Animals.

Surgery and intrastriatal drug infusion

The rats were anesthetized with intraperitoneal (i.p.)
injection of chloral hydrate (6 ml/kg) and placed in a
stereotaxic apparatus. Under aseptic conditions, a 23-gauge
stainless steel guide cannula (0.29 mm inner diameter,
10 mm in length) was implanted 1 mm anterior to the
bregma, 2.5 mm right of the midline, and 5 mm below the
surface of the skull. The guide cannula was sealed with a
stainless steel wire of the same length. The rats were
allowed at least 3 days to recover from surgery. On the day
of the experiment, the inner steel wire was replaced by a
30-gauge stainless steel injection cannula (0.15 mm inner
diameter, 12.5 mm in length) that protruded 2.5 mm beyond
the guide cannula. Throughout the experiments, rats were
randomly divided into four groups (n=4–5 per group):
vehicle+repeated saline, vehicle+repeated cocaine, drug+
repeated saline, and drug+repeated cocaine. Drugs were
infused unilaterally into the central part of the right dorsal
striatum 5 min prior to the final injection of cocaine or
saline in a volume of 1 µl at a rate of 0.2 µl/min in freely
moving rats. The progress of the injection was monitored
by observing the movement of a small air bubble along the
length of precalibrated PE-10 tubing inserted between the
injection cannula and a 2.5-µl Hamilton microsyringe.
After the completion of the injection, the injector was left
in place for additional 5 min to reduce any possible
backflow of the solution along the injection tract. Cocaine
(Belgopia, Louvain-La-Neuve, Belgium) was dissolved in
physiological saline (0.9% sodium chloride, NaCl), and
each rat received cocaine (20 mg/kg, i.p.) once daily for
seven consecutive days. Parallel to each drug injection,
dimethylsulfoxide (DMSO)/artificial cerebrospinal fluid
(aCSF) containing (mM) 123 NaCl, 0.86 CaCl2, 3.0 KCl,
0.89 MgCl2, 0.50 NaH2PO4, and 0.25 Na2HPO4 aerated
with 95% O2/5% CO2, pH 7.2–7.4 or NaCl was injected
into either the center of the dorsal striatum or the
peritoneum 5 min before the final injection of cocaine or
saline in each experiment, as a control. All drugs, except
cocaine used in this study, were purchased from Tocris
Cookson (Ellisville, MO, USA), and the drug solutions
were all adjusted to pH 7.2–7.4 with 1 N NaOH if
necessary. The doses of drugs used in the experiments
were determined in previous studies (Choe and Wang 2001,
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2002a, b; Choe et al. 2004, 2005, 2006; Mao and Wang
2000; Resstel and Correa 2006; Wang 1998; Wang and
McGinty 1995) as well as in our own preliminary studies.
The physical accuracy of the injection was verified by the
reconstruction of microinjection placements as demonstrat-
ed previously (Choe and Wang 2001). The possibility of
gliosis caused by the implantation of guide cannula and the
infusion of drugs dissolved in DMSO/aCSF was verified
using Nissl staining.

Preparation of the NO microbiosensor

The NO microbiosensor was prepared as described previ-
ously (Alvin et al. 2008) and cleaned by cycling the applied
potential between +1.4 and −0.2 V for ten cycles at a scan
rate of 500 mV/s in 0.5 M H2SO4 solution, followed by
washing with distilled water. Subsequently, the Pt micro-
electrode was coated with a conductive polymer (CP)
through an electropolymerization reaction with a carboxylic
acid group, 5,2′:5,2″-terthiophene-3′-carboxylic acid
(TTCA) monomer in a 0.1 M tetrabuthylammonium
perchlorate/CH2Cl2 solution. This was accomplished by
cycling the potential between 0.0 and 1.5 V, two times at
the scan rate of 50 mV/s. After this, the electrode was
washed with CH2Cl2 to remove the excess monomer. The
CP-coated Pt microelectrode was then immersed for 12 h in
a 0.1 M phosphate-buffered saline (PBS, pH 7.0) contain-
ing 20 mM 1-ethyl-3 [3-(dimethylamino)-propyl] carbodi-
mide (EDC) to activate the carboxylic acid groups of the
CP. At this point, the EDC-treated CP-modified microelec-
trode was washed with buffer solution and subsequently
incubated for 48 h in 5 mM PBS solution containing
6 mg/mL cyt c at 4°C. By this procedure, cyt c was
covalently bound through its amine groups to the carbox-
ylic groups on the poly-TTCA, forming amide bonds. The
cyt c/poly-TTCA microelectrode was dipped in 1% Nafion
solution (diluted with ethanol) for 2 min. The Nafion film
was then dried for 1 h in a calcium chloride atmosphere. It
was found that Nafion films dried in a low-humidity
atmosphere, provided by calcium chloride pellicles in a
sealed container, produced an increase in stability.

Real-time detection of NO

On the day of the experiment, rats were anesthetized with
8% chloral hydrate and placed in a Stoelting stereotaxic
apparatus. Under aseptic conditions, the enzyme-coated
electrode and the reference electrode of the NO micro-
biosensor were implanted at the coordinates of 1 mm
anterior of the bregma, 2.5 mm right of the midline, and
5 mm below the surface of the skull. The sensor tip was
inserted unilaterally into the central part of the right dorsal
striatum. The sensor electrode was connected to a Potentio-

stat/Galvanostat, Model PT-1 (Kosentech, Pusan, Korea),
which can read and record the electrochemical signal
(Fig. 1A). Confirmation of the location of recording
electrodes was verified by the reconstruction of placements
(Fig. 1B). The sensor was calibrated daily with a series of
NO standard solutions during pre- and post experimental
measurements. During this study, a 30-min time point was
selected based on a time course of repeated cocaine
injections in which NO levels were shown to peak at 30-min
relative to control groups.

Western immunoblotting

Rats were anesthetized deeply with 8% chloral hydrate and
decapitated 30 min after the final injection of saline or
cocaine. The brains were removed, frozen in isopentane at
−70°C, and stored in a deep freezer until used. Serial
sections were cut in a cryostat, and the overall dorsal
striatum was removed with a steel borer (inner diameter,
2 mm) as described previously (Ahn et al. 2007). All tissue
samples were transferred into homogenization buffer con-
taining (mM) 10 Tris–HCl, pH 7.4, 5 NaF, 1 Na3VO4, 1
EDTA, and 1 EGTA. The samples were then sonicated for
30 s on ice and centrifuged at 13,000 rpm for 30 min at
4°C, and the pellet containing mainly nuclei and large
debris was discarded. The supernatant was again centri-
fuged at 15,600×g for 30 min at 4°C and was resolved
using 8% sodium dodecyl phosphate polyacrylamide gel
electrophoresis and transferred to a nitrocellulose mem-
brane. The membrane was blocked with a blocking buffer
containing 5% skim milk. The membrane was probed with
a rabbit primary antiserum (Millipore Bioscience Research,
Billerica, MA, USA) against phosphorylated nNOS (p-
nNOS) (ser1417) at 1:1,000 overnight at 4°C with shaking.
The membrane was then incubated with a goat anti-rabbit
secondary antiserum (KPL, Gaithersburg, MD, USA) at
1:1,000 for 1 h at room temperature with shaking. Next,
immunoreactive protein bands were detected by enhanced
chemiluminescence reagents (Amersham Pharmacia Bio-
tech, Piscataway, NJ, USA) and exposed to X-ray films.
Unphosphorylated proteins were probed after stripping the
same membrane that was confirmed to contain phosphor-
ylated proteins. The same membrane was also probed for
β-tubulin to normalize the blots. Immunoreactive protein
bands, as visualized on X-ray films, were semi-quantified
using NIH Image 1.62 software as previous described (Shin
et al. 2007). Briefly, the film background was measured and
saved as a “blank field” to correct for uneven illumination.
The upper limit of the density-slice option was set to eliminate
any background, and this value was used to measure all
images. The lower limit was set at the bottom of the lookup
table scale. The immunoreactive protein bands were measured
using a rectangle enclosing each individual band.
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Statistics

Data from NO measurements were recorded as currents,
which were converted to concentrations, and immunoblot-
ting were expressed as the number of immunoreactive
pixels per measured area. Statistical significance between
groups was determined using one- or two-way ANOVA
followed by a Tukey’s honestly significant difference test in
GraphPad Prism 4 (GraphPad Software, San Diego, CA,
USA). Data were expressed in terms of mean ± SEM for
each group (n=4–5 per group). The level of statistical
significance was assigned to p<0.05.

Results

Performance of the microbiosensor

Before the NO measurement in the dorsal striatum, the
microbiosensor was calibrated (Fig. 1C, D), and the control
experiment was then carried out in the dorsal striatum.
Under optimized conditions, the steady-state currents
exhibited a linear relationship with the NO concentration
in the range of 0–55.0 µM. The sensitivity of the NO
microbiosensor was 0.117±0.006 µA/µM. The detection
limit of NO was determined to be 13±3 nM based on five
times measurement for the standard deviation of the blank

noise (95% confidence level, k=3, n=5). The Nafion film
was found to have pore size less than 50 nm, which could
prevent peroxide and oxygen from diffusing through.
However, NO gas can diffuse somewhat easily through
Nafion. In addition, the Nafion layer also prevents
microelectrode fouling due to the nonspecific adsorption
of proteins and other biological materials present in the
brain. In order to remove interference from oxygen,
superoxide, and hydrogen peroxide, a thin Nafion film
was coated onto the cyt c/poly-TTCA surface of the
electrode. The selectivity of the cyt c/poly-TTCA-modified
electrode with Nafion coating was evaluated with cyclic
voltamograms in the presence of oxygen, other reactive
oxygen species, such as hydrogen peroxide and superoxide,
catecholamine, and ascorbate. The sensor exhibited no
significant response to these electroactive species (Alvin et
al. 2008).

Repeated injections of cocaine increased NO levels
in the dorsal striatum

This experiment was conducted to determine if repeated
injections of cocaine alter NO efflux in the dorsal striatum;
real-time amperometric NO responses were measured for
120 s before and 5 min after the final injection of saline or
cocaine up to 60 min. A 10-min time interval was chosen
for the measurements of the NO levels in the dorsal
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striatum following repeated injections of saline or cocaine.
Amperometric response after repeated cocaine injections
significantly increased NO levels when compared with
repeated saline injections (Fig. 2A, B). Semiquantitation
confirmed that 7 days of repeated cocaine, but not repeated
saline, injections increased NO levels at 20 min after the
final injection and was prolonged up to 60 min in the dorsal
striatum (Fig. 2C). To determine if the increase in NO
levels was indeed induced by repeated cocaine administra-
tion, we measured the levels of NO efflux in four groups
(repeated saline–acute saline challenge, repeated saline–
acute cocaine challenge, repeated cocaine–acute saline
challenge, and repeated cocaine–acute cocaine challenge)
of rats at a 20-min time point. A group of rats treated with
six daily injections of saline followed by acute cocaine
challenge at the seventh day did not produce a significant
increase in NO levels when compared with repeated saline–
acute saline challenge group (Fig. 2D). However, a group
of rats treated with six daily injections of cocaine followed by
acute cocaine, but not acute saline, challenge at the seventh

day caused a significant increase in NO levels when
compared with repeated saline–acute saline challenge group
(Fig. 2D), indicating that changes in the levels of NO efflux
result from repeated cocaine administration. No gliosis was
observed by the implantation of guide cannula and the
infusion of drugs dissolved in DMSO/aCSF (data not
shown).

Repeated injections of cocaine increased p-nNOS
immunoreactivity and inhibition of nNOS activity
decreased NO levels in the dorsal striatum

Since repeated cocaine injections increased NO levels in the
dorsal striatum, the involvement of nNOS in the regulation
of NO efflux was investigated further. Repeated cocaine
injections significantly increased p-nNOS immunoreactivity
in the dorsal striatum (Fig. 3A). Inhibition of nNOS with
the nNOS inhibitor, Nω-propyl-L-arginine (Nω-propyl)
(0.01 nmol), significantly decreased the repeated cocaine-
induced increases in NO levels when compared with
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Fig. 2 Alterations of real-time NO responses by cocaine using the
NO microbiosensor in the dorsal striatum. Current–time plots detected
by NO microbiosensor at before and 5, 10, 20, 30, 40, 50, and 60 min
after the final injection of repeated saline (A) or cocaine (B)
administration. Quantitation shows that NO concentrations were
increased 20 min after repeated cocaine injections and were prolonged
by 60 min (C, FC=21.99). A group of rats treated with six daily
injections of cocaine followed by the final injection of cocaine, but not
saline, at the seventh day caused a significant increase in NO levels

when compared with repeated saline–acute saline challenge group (D,
FD=19.01). Null null (reference) sensor, Binj before injection, RS
repeated saline injections, RC repeated cocaine injections, SS repeated
saline (6 days)+saline challenge, SC repeated saline (6 days)+cocaine
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repeated saline injections (Fig. 3B). However, inhibition of
Nω-propyl alone did not alter the NO levels as compared
with repeated saline group. Except for the increased p-
nNOS immunoreactivity, neither iNOS nor p-eNOS immu-
noreactivity was detected in the dorsal striatum after
repeated injections of cocaine (data not shown).

Inhibition of PKA had a synergistic effect on increased NO
levels evoked by repeated injections of cocaine; however,
inhibition of PPs decreased NO levels in the dorsal striatum

Since repeated cocaine injections increased NO levels by
the activation of nNOS, the involvement of protein kinases
and PPs in the regulation of NO efflux was investigated
further. Intrastriatal infusion of the protein kinase C (PKC)
inhibitor, GF109203X (5 nmol), alone significantly in-
creased NO levels as compared with repeated saline
injections (Fig. 4A). Although increased NO levels by
repeated cocaine injections were synergistically increased
by the infusion of the PKC inhibitor, the NO levels were
not different from the results driven by the infusion of
GF109203X alone. Intrastriatal infusion of the PKA
inhibitor, KT5720 (5 nmol), synergistically increased NO
levels by repeated cocaine injections, while KT5720
infusion alone did not alter the NO levels (Fig. 4B).
Increased NO levels evoked by the repeated cocaine
injections were not altered by the inhibition of CaMK with
KN62 (20 nmol) or MEK with SL327 (150 nmol; data not
shown). In contrast, intrastriatal infusion of the PP1/2A
inhibitor, okadaic acid (0.05 nmol), or the calcineurin
(PP2B) inhibitor, cyclosporin A (0.005 nmol), significantly
decreased the repeated cocaine-evoked increases in NO
levels in the dorsal striatum, while okadaic acid or cyclo-
sporin A alone did not alter the NO levels (Fig. 4C, D).

Blockade of D1 receptors or stimulation of D2 receptors
decreased the repeated cocaine-evoked increases in NO
levels in the dorsal striatum

This experiment was conducted to investigate the involvement
of dopamine receptors in the regulation of NO efflux in the
dorsal striatum after repeated injections of cocaine because D1
receptor-stimulated PKA and PKC were demonstrated to be
involved in the regulation of NO efflux. Intrastriatal infusion
of the D1 receptor antagonist, SCH23390 (7.5 nmol), signif-
icantly decreased the repeated cocaine-evoked increases in
NO levels in the dorsal striatum (Fig. 5A). Similarly,
intrastriatal infusion of the D2 receptor agonist, quinpirole
(5 nmol), also significantly decreased the repeated cocaine-
evoked increases in NO levels in the dorsal striatum
(Fig. 5B). However, SCH23390 or quinpirole alone did not
alter NO levels as compared with the repeated saline group.

Blockade of NMDA receptors decreased the repeated
cocaine-evoked increases in NO levels in the dorsal
striatum

In addition to D1 receptor stimulation, protein kinases or
PPs are also activated by the stimulation of NMDA
receptors in the striatum and ventral tegmental area of rats
(Borgland et al. 2006; Choe et al. 2005; Schilstrom et al.
2006). This experiment was conducted to investigate the
involvement of NMDA receptors in the regulation of NO
efflux after repeated injections of cocaine. Intrastriatal
infusion of the NMDA receptor antagonists, MK801 (2 nmol)
and AP5 (2 nmol), significantly attenuated the repeated
cocaine-evoked increases in NO levels in the dorsal striatum
(Fig. 6). However, MK801 or AP5 alone did not alter NO
levels as compared with the repeated saline group.
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Blockade of group I metabotropic glutamate receptors
(mGluRs) or stimulation of group III mGluRs decreased
the repeated cocaine-evoked increases in NO levels
in the dorsal striatum

Since stimulation of mGluRs are found to modulate Ca2+-
dependent protein kinases in the dorsal striatum (Choe and

Wang 2002a, b), the involvement of mGluRs in the
regulation of NO efflux after repeated cocaine injections
was investigated. Intrastriatal infusion of the pan mGluR
antagonist, MCPG (10 nmol), significantly decreased NO
levels in the dorsal striatum increased by repeated cocaine
injections (Fig. 7A). Similarly, the group I mGluR
antagonist, PHCCC (25 nmol), the group I mGluR subtype
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Fig. 4 Inhibition of protein kinases and PPs differentially regulates
the NO efflux in the dorsal striatum evoked by repeated injections of
cocaine. Quantitation shows that the PKC inhibitor GF109203X (GF)
alone (A, FA=203.6) and pretreatment with the PKA inhibitor
KT5720 (KT) (B, FB=15.53) synergistically increased NO levels
elevated by repeated cocaine injections. However, pretreatment with

the PP1/2A inhibitor okadaic acid (Oka) (C, FC=27.50) or the PP2B
inhibitor cyclosporin A (Cyc) (D, FD=42.47) decreased the repeated
cocaine-evoked increases in NO levels in the dorsal striatum. *p<0.05
vs. repeated saline group; **p<0.05 vs. repeated cocaine group; #p<
0.05 vs. repeated cocaine group
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1 (mGluR1) antagonist, CPCCOEt (5 nmol), or the group I
mGluR subtype 5 (mGluR5) antagonist, MPEP (0.5 nmol),
also decreased NO levels in the dorsal striatum increased by
repeated cocaine injections (Fig. 7B–D). In addition, the
involvement of group III mGluRs in the regulation of NO
efflux evoked by repeated injections of cocaine was
investigated. Stimulation of group III mGluRs with AP4
(100 nmol) significantly decreased the repeated cocaine-
evoked increases in NO levels in the dorsal striatum
(Fig. 7E). However, the antagonist or agonist alone did
not alter NO levels as compared with the repeated saline
group. The real-time changes of actual NO levels caused by
the infusion of the drugs in all experiments are summarized
in Table 1.

Discussion

The present data demonstrate that repeated injections of
cocaine upregulate NO efflux, which is regulated by
interactions between the dopamine and glutamate
receptor-coupled signaling cascades in the dorsal striatum.
In this study, repeated injections of cocaine increased NO
levels as well as p-nNOS immunoreactivity in the dorsal
striatum. Inhibition of nNOS and PPs decreased NO levels
that were elevated by repeated injections of cocaine. These
data suggest that the cocaine-evoked NO efflux in the
dorsal striatum is regulated by the activation of nNOS via
dephosphorylation of p-nNOS. Although evidence
concerning the mechanisms underlying NO efflux is
limited, nNOS is activated by NMDA receptor stimulation
in the brain (Dawson and Snyder 1994). It is well known
that activation of NMDA receptor-coupled Ca2+ signaling
cascades in the dorsal striatum is regulated by the
integration of dopamine and glutamate receptor stimulation
in the dorsal striatum. A recent study shows that striatal NO
efflux induced by the electrical or pharmacological stimu-

lation of the substantia nigra is regulated by D1 receptor
stimulation (Sammut et al. 2006). Our data also demon-
strated that increased levels of NO in the dorsal striatum
caused by repeated cocaine injections are decreased by the
blockade of D1 receptors or stimulation of D2 receptors.
These data may indicate that D1 receptor stimulation is
required for an NMDA receptor-evoked Ca2+ influx,
whereas presynaptic D2 receptor stimulation is required
for the downregulation of AC/cAMP cascades by inhibiting
the release of dopamine in the dorsal striatum (Cepeda et al.
1998; Cepeda and Levine 1998; Scott et al. 2002).

Like dopamine receptors, stimulation of mGluRs is also
necessary for the regulation of Ca2+ influx in the dorsal
striatum via NMDA receptor stimulation (Choe et al. 2006).
For instance, stimulation of group I mGluRs upregulates
NMDA NR1 phosphorylation in the dorsal striatum, while
stimulation of group II/III mGluRs shows the opposite
effect on NMDA receptor phosphorylation (Choe and
Wang 2002a, b). Our data demonstrate that blockade of
group I mGluRs or stimulation of group III mGluRs decreased
NO levels in the dorsal striatum elevated by repeated cocaine
injections. These data suggest that stimulation of group I
mGluRs after repeated cocaine administration is able to
increase NO efflux via NMDA receptor-coupled Ca2+-
signaling cascades. However, stimulation of group III
mGluRs after repeated cocaine administration downregulates
NO levels by inhibiting the release of glutamate in the dorsal
striatum similar to the presynaptic action of D2 receptors
discussed above. Our findings that blockade of NMDA
receptors with MK801 or AP5 decreases repeated cocaine-
evoked increases in NO levels in the dorsal striatum support
the idea that NMDA receptor-coupled Ca2+ cascades may
influence NO efflux after repeated cocaine administration.
This idea is further supported by the previous findings that
systemic injection of the NMDA receptor antagonist,
MK801, decreases striatal NO efflux evoked by the electrical
stimulation of the frontal cortex (Sammut et al. 2007).
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Fig. 6 Blockade of NMDA receptors results in a decrease of NO
efflux in the dorsal striatum after repeated injections of cocaine.
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Ca2+ levels, altered by the stimulation of either dopa-
mine or glutamate receptors in striatal neurons, can activate
Ca2+ signaling cascades and subsequently increase NO
production via nNOS activation. The data presented here
showed that inhibition of PKC alone increases NO levels,
and inhibition of PKA, but not PPs, synergistically
increases the levels of NO in the dorsal striatum after
repeated cocaine injections, suggesting the contribution of
PKC and PKA in the activation of nNOS in the dorsal
striatum. It is well-known that stimulation of D1 receptors
and group I mGluRs activates AC/cAMP (or PKA) and
PLC-coupled PKC cascades, respectively. These in turn
phosphorylate nNOS, as discussed earlier. Like protein

kinases, PPs are also activated by Ca2+ cascades via
dopamine or glutamate receptor stimulation in the striatum
(Nishi et al. 2005). A previous study demonstrates that
activation of PP1 or PP2A is necessary for the induction of
NO caused by dephosphorylating p-nNOS in cortical cell
culture (Rameau et al. 2003). Our data also show that
inhibition of either PP1/2A or PP2B decreases NO levels in
the dorsal striatum. These data suggest that activation of
nNOS, by the dephosphorylation of p-nNOS, is required for
the production of NO in striatal neurons.

Several studies have shown that NO plays an important
role in cocaine-induced increases in behavioral locomotor
activity. For instance, NOS inhibitors have been shown to
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Fig. 7 Blockade of group I mGluRs or stimulation of group III
mGluRs results in a decrease of NO efflux in the dorsal striatum after
repeated injections of cocaine. Quantitation shows that pretreatment of
the pan mGluRs antagonist MCPG (MCP) (A, FA=21.10), the group I
mGluR antagonist PHCCC (PHC) (B, FB=44.19), the mGluR1

antagonist CPCCOEt (CPC) (C, FC=34.02), the mGluR5 antagonist
MPEP (MPE) (D FD=34.95) or the group III mGluR agonist AP4 (E
FE=25.43) decreased the repeated cocaine-induced increases in NO
levels in the dorsal striatum. *p<0.05 vs. repeated saline group;
#p<0.05 vs. repeated cocaine group; ##p<0.05 vs. repeated saline group
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block cocaine-induced behavioral effects (Pudiak and
Bozarth 1993). It is well-known that the neuronal gluta-
mate–NO pathway modulates several important physiolog-
ical processes, such as drug dependence, and NO is an
intermediary in the action of glutamate (Fedele and Raiteri
1999). NO has been suggested as a retrograde neurotrans-
mitter and may diffuse from the postsynaptic membrane to
the presynaptic membrane (Snyder 1992). Thus, repeated
stimulation of postsynaptic receptors by cocaine may
produce increases in the release of presynaptic neuro-
transmitters including dopamine and glutamate. Since NOS
inhibitors are shown to block cocaine or methamphetamine-
induced dopamine release in the striatum (Bowyer et al.
1995; Inoue et al. 1996), it is possible that inhibition of NO
formation reduces development of locomotor activity to
cocaine by modulating dopamine release or activation of
postsynaptic dopamine receptors in the striatum or nucleus
accumbens. The present results strongly suggest that
activation of nNOS by dephosphorylating p-nNOS has an
important role in NO-mediated behavioral and reinforcing
effects produced by cocaine.

Summary

Repeated exposure to cocaine upregulates NO efflux into
the dorsal striatum and requires nNOS activation via
NMDA receptor-coupled Ca2+ cascades. As proposed in
Fig. 8, stimulation of D1 receptors or group I mGluRs
appears to upregulate NO efflux by influencing NMDA

Group Before injection 30min

Vehicle+repeated saline 1.778±0.217 2.089±0.146

Vehicle+repeated cocaine 1.778±0.226 3.650±0.630a

Repeated saline+acute saline 1.626±0.042 1.806±0.162

Repeated saline+acute cocaine 1.632±0.012 1.698±0.012

Repeated cocaine+acute saline 1.650±0.054 2.238±0.270

Repeated cocaine+acute cocaine 1.715±0.055 3.460±0.140a

Quinpirole+repeated cocaine 1.843±0.137 1.359±0.317b

AP4+repeated cocaine 2.038±0.014 1.937±0.014b

SCH23390+repeated cocaine 1.518±0.036 1.489±0.126b

MK801+repeated cocaine 1.677±0.058 1.861±0.178b

AP5+repeated cocaine 1.652±0.064 1.561±0.101b

PHCCC+repeated cocaine 2.226±0.000 0.910±0.188c

CPCCOEt+repeated cocaine 1.836±0.000 1.915±0.080b

MPEP+repeated cocaine 1.764±0.000 2.342±0.448b

MCPG+repeated cocaine 1.937±0.014 2.009±0.173b

Nω-propyl+repeated cocaine 1.749±0.000 1.778±0.029b

GF109203X+repeated cocaine 1.710±0.400 11.984±1.171d

Okadaic acid+repeated cocaine 1.850±0.014 1.684±0.080b

Cyclosporin A+repeated cocaine 1.923±0.043 1.677±0.043b

KT5720+repeated cocaine 2.349±0.152 9.389±3.260d

Table 1 The real-time changes
of NO efflux by the infusion of
drugs following repeated expo-
sure to cocaine in the dorsal
striatum

Values represent mean ± SEM
(μM)
a Increase NO levels as com-
pared with repeated saline, re-
peated saline + acute saline,
repeated saline + acute cocaine,
or repeated cocaine + acute
saline
b Decrease NO levels as com-
pared with repeated cocaine
c Decrease in NO levels as com-
pared with repeated cocaine and
repeated saline
d Increase in NO levels as com-
pared with repeated cocaine and
repeated saline

Repeated cocaine

D1R mGluRIp-NMDAR

PKA PKCCa2+ cascades

p-nNOS

nNOS

D2R mGluRIII

PPs

NO efflux

p

DA GluGlu

Intracellular

Fig. 8 A postulated diagram illustrating intracellular mechanisms
underlying repeated cocaine-regulated NO efflux in the dorsal
striatum. Putative interactions are discussed in detail in the text. DA
dopamine, Glu glutamate, D1R and D2R, dopamine D1 and D2
receptors, mGluRI and mGluRIII groups I and III mGluRs, p
phosphorylation. Solid arrows and blunt arrows represent stimulation
and blockade of downstream targets, respectively, while broken
arrows represent indirect stimulation of p-nNOS via NMDA
receptor-coupled Ca2+ signaling cascades
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receptor-evoked Ca2+ influx, while stimulation of presyn-
aptic D2 receptors or group III mGluRs downregulates NO
efflux in the dorsal striatum by inhibiting the release of
dopamine or glutamate. Conversion of p-nNOS into nNOS
by PPs is necessary for repeated cocaine administration to
produce a NO efflux in the dorsal striatum in vivo.

Acknowledgements The authors thank Dr. Jacqueline F. McGinty
for reading and discussing the manuscript. This work was supported
by the Korea Research Foundation (grant no. 2008-521-H00005 to
E.S.C.), Korea.

References

Ahn SM, Kim SW, Choe ES (2007) Cocaine increases immunoglob-
ulin heavy chain binding protein and caspase-12 expression in
the rat dorsal striatum. Psychopharmacology (Berl) 95:407–414

Alvin WC, Rahman MA, Choe ES, Lee DK, Shim YB (2008) A
cytochrome c modified-conducting polymer microelectrode for
monitoring in vivo changes in nitric oxide. Biosens Bioelectron
23:1374–1381

Borgland SL, Taha SA, Sarti F, Fields HL, Bonci A (2006) Orexin A
in the VTA is critical for the induction of synaptic plasticity and
behavioral sensitization to cocaine. Neuron 49:589–601

Bowyer JF, Clausing P, Gough B, Slikker W Jr, Holson RR (1995)
Nitric oxide regulation of methamphetamine-induced dopamine
release in caudate/putamen. Brain Res 699:62–70

Byrnes JJ, Pantke MM, Onton JA, Hammer RP (2000) Inhibition of
nitric oxide synthase in the ventral tegmental area attenuates
cocaine sensitization in rats. Prog Neuropsychopharmacol Biol
Psychiatry 24:261–273

Cepeda C, Levine MS (1998) Dopamine and N-methyl-D-aspartate
receptor interactions in the neostriatum. Dev Neurosci 20:1–18

Cepeda C, Colwell CS, Itri JN, Chandler SH, Levine MS (1998)
Dopaminergic modulation of NMDA-induced whole cell currents
in neostriatal neurons in slices: contribution of calcium con-
ductances. J Neurophysiol 79:82–94

Choe ES, Wang JQ (2001) Group I metabotropic glutamate receptor
activation increases phosphorylation of cAMP response element-
binding protein, Elk-1, and extracellular signal-regulated kinases
in rat dorsal striatum. Brain Res Mol Brain Res 94:75–84

Choe ES, Wang JQ (2002a) Regulation of transcription factor
phosphorylation by metabotropic glutamate receptor-associated
signaling pathways in rat striate neurons. Neuroscience 114:557–
565

Choe ES, Wang JQ (2002b) CREB and Elk-1 phosphorylation by
metabotropic glutamate receptors in striatal neurons. Int J Mol
Med 9:3–10

Choe ES, Parelkar NK, Kim JY, Cho HW, Kang HS, Mao L, Wang JQ
(2004) The protein phosphatase 1/2A inhibitor okadaic acid
increases CREB and Elk-1 phosphorylation and c-fos expression
in the rat striatum in vivo. J Neurochem 89:383–390

Choe ES, Shin EH, Wang JQ (2005) Inhibition of protein phosphatase
2B upregulates serine phosphorylation of N-methyl-D-aspartate
receptor NR1 subunits in striate neurons in vivo. Neurosci Lett
384:38–43

Choe ES, Shin EH, Wang JQ (2006) Regulation of phosphorylation of
NMDA receptor NR1 subunits in the rat neostriatum by group I
metabotropic glutamate receptors in vivo. Neurosci Lett
394:246–251

Christopherson KS, Hillier BJ, Lim WA, Bredt DS (1999) PSD-95
assembles a ternary complex with the N-methyl-D-aspartic acid

receptor and a bivalent neuronal NO synthase PDZ domain. J
Biol Chem 274:27467–27473

Cornish JL, Kalivas PW (2001) Cocaine sensitization and craving:
differing roles for dopamine and glutamate in the nucleus
accumbens. J Addict Dis 20:43–54

Dawson TM, Snyder SH (1994) Gases as biological messengers: nitric
oxide and carbon monoxide in the brain. J Neurosci 14:5147–
5159

Dinerman JL, Steiner JP, Dawson TM, Dawson V, Snyder SH (1994)
Cyclic nucleotide dependent phosphorylation of neuronal nitric
oxide synthase inhibits catalytic activity. Neuropharmacology
33:1245–1251

Fedele E, Raiteri M (1999) In vivo studies of the cerebral glutamate
receptor/NO/cGMP pathway. Prog Neurobiol 58:89–120

Haracz JL, MacDonall JS, Sircar R (1997) Effects of nitric oxide
synthase inhibitors on cocaine sensitization. Brain Res 746:183–
189

Hayashi Y, Nishio M, Naito Y, Yokokura H, Nimura Y, Hidaka H,
Watanabe Y (1999) Regulation of neuronal nitric-oxide synthase
by calmodulin kinases. J Biol Chem 274:20597–20602

Inoue H, Arai I, Shibata S, Watanabe S (1996) NG-nitro-L-arginine
methyl ester attenuates the maintenance and expression of
methamphetamine-induced behavioral sensitization and enhance-
ment of striatal dopamine release. J Pharmacol Exp Ther
277:1424–1430

Ito R, Dalley JW, Robbins TW, Everitt BJ (2002) Dopamine release in
the dorsal striatum during cocaine-seeking behavior under the
control of a drug-associated cue. J Neurosci 22:6247–6253

Kalivas PW, Duffy P (1993) Time course of extracellular dopamine
and behavioral sensitization to cocaine. I. Dopamine axon
terminals. J Neurosci 13:266–275

Mao L, Wang JQ (2000) Distinct inhibition of acute cocaine-
stimulated motor activity following microinjection of a group
III metabotropic glutamate receptor agonist into the dorsal
striatum of rats. Pharmacol Biochem Behav 67:93–101

Nakane M, Mitchell J, Forstermann U, Murad F (1991) Phosphory-
lation by calcium calmodulin-dependent protein kinase II and
protein kinase C modulates the activity of nitric oxide synthase.
Biochem Biophys Res Commun 180:1396–1402

Nishi A, Watanabe Y, Higashi H, Tanaka M, Nairn AC, Greengard P
(2005) Glutamate regulation of DARPP-32 phosphorylation in
neostriatal neurons involves activation of multiple signaling
cascades. Proc Natl Acad Sci USA 102:1199–1204

Pudiak CM, Bozarth MA (1993) L-NAME and MK-801 attenuate
sensitization to the locomotor-stimulating effect of cocaine. Life
Sci 53:1517–1524

Rameau GA, Chiu LY, Ziff EB (2003) NMDA receptor regulation of
nNOS phosphorylation and induction of neuron death. Neurobiol
Aging 24:1123–1133

Resstel LB, Correa FM (2006) Injection of l-glutamate into medial
prefrontal cortex induces cardiovascular responses through
NMDA receptor - nitric oxide in rat. Neuropharmacology
51:160–167

Robinson TE, Berridge KC (1993) The neural basis of drug craving:
an incentive-sensitization theory of addiction. Brain Res Rev
18:247–291

Sammut S, West AR (2008) Acute cocaine administration increases
NO efflux in the rat prefrontal cortex via a neuronal NOS-
dependent mechanism. Synapse 62:710–713

Sammut S, Dec A, Mitchell D, Linardakis J, Ortiguela M, West AR
(2006) Phasic dopaminergic transmission increases NO efflux in
the rat dorsal striatum via a neuronal NOS and a dopamine D (1/
5) receptor-dependent mechanism. Neuropsychopharmacology
31:493–505

Sammut S, Park DJ, West AR (2007) Frontal cortical afferents
facilitate striate nitric oxide transmission in vivo via a NMDA

Psychopharmacology (2010) 208:245–256 255



receptor and neuronal NOS-dependent mechanism. J Neurochem
103:1145–1156

Schilstrom B, Yaka R, Argilli E, Suvarna N, Schumann J, Chen
BT, Carman M, Singh V, Mailliard WS, Ron D, Bonci A
(2006) Cocaine enhances NMDA receptor-mediated currents in
ventral tegmental area cells via dopamine D5 receptor-
dependent redistribution of NMDA receptors. J Neurosci
26:8549–8558

Scott L, Kruse MS, Forssberg H, Brismar H, Greengard P, Aperia A
(2002) Selective up-regulation of dopamine D1 receptors in
dendritic spines by NMDA receptor activation. Proc Natl Acad
Sci USA 99:1661–1664

Shin EH, Bian S, Shim YB, Rahman MA, Chung KT, Kim JY, Wang
JQ (2007) Cocaine increases endoplasmic reticulum stress
protein expression in striate neurons. Neuroscience 145:621–630

Snyder SH (1992) Nitric oxide: first in a new class of neuro-
transmitters. Science 257:494–496

Wang JQ (1998) Regulation of immediate early gene c-fos and zif/268
mRNA expression in rat striatum by metabotropic glutamate
receptor. Brain Res Mol Brain Res 57:46–53

Wang JQ, McGinty JF (1995) Differential effects of D1 and D2
dopamine receptor antagonists on acute amphetamine- or
methamphetamine-induced up-regulation of zif/268 mRNA ex-
pression in rat forebrain. J Neurochem 65:2706–2715

256 Psychopharmacology (2010) 208:245–256


	Repeated cocaine administration increases nitric oxide efflux in the rat dorsal striatum
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Animals
	Surgery and intrastriatal drug infusion
	Preparation of the NO microbiosensor
	Real-time detection of NO
	Western immunoblotting
	Statistics

	Results
	Performance of the microbiosensor
	Repeated injections of cocaine increased NO levels in the dorsal striatum
	Repeated injections of cocaine increased p-nNOS immunoreactivity and inhibition of nNOS activity decreased NO levels in the dorsal striatum
	Inhibition of PKA had a synergistic effect on increased NO levels evoked by repeated injections of cocaine; however, inhibition of PPs decreased NO levels in the dorsal striatum
	Blockade of D1 receptors or stimulation of D2 receptors decreased the repeated cocaine-evoked increases in NO levels in the dorsal striatum
	Blockade of NMDA receptors decreased the repeated cocaine-evoked increases in NO levels in the dorsal striatum
	Blockade of group I metabotropic glutamate receptors (mGluRs) or stimulation of group III mGluRs decreased the repeated cocaine-evoked increases in NO levels in the dorsal striatum

	Discussion
	Summary

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


