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Abstract
Nitric oxide (NO) is a key neuromodulator of corticostriatal synaptic transmission. We have shown
previously that dopamine (DA) D1/5 receptor stimulation facilitates neuronal NO synthase (nNOS)
activity in the intact striatum. To study the impact of local manipulations of D1/5 and glutamatergic
NMDA receptors on striatal nNOS activity, we combined the techniques of in vivo amperometry and
reverse microdialysis. Striatal NO efflux was monitored proximal to the microdialysis probe in
urethane anesthetized rats during local infusion of vehicle or drug. NO efflux elicited by systemic
administration of SKF-81297 was blocked following intrastriatal infusion of: 1) the D1/5 receptor
antagonist SCH-23390, 2) the nNOS inhibitor 7-nitroindazole, 3) the nonspecific ionotropic
glutamate receptor antagonist kynurenic acid, and 4) the selective NMDA receptor antagonist 3-
phosphonopropyl-piperazine-2-carboxylic acid. Glycine coperfusion did not affect SKF-81297-
induced NO efflux. Furthermore, intrastriatal infusion of SKF-81297 potentiated NO efflux evoked
during electrical stimulation of the motor cortex. The facilitatory effects of cortical stimulation and
SKF-81297 were both blocked by intrastriatal infusion of SCH-23390, indicating that striatal D1/5
receptor activation is necessary for the activation of nNOS by corticostriatal afferents. These studies
demonstrate for the first time that reciprocal DA-glutamate interactions play a critical role in
stimulating striatal nNOS activity.
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INTRODUCTION
Nitric oxide (NO) is a gaseous regulator of numerous physiological and pathophysiological
processes in the central nervous system, including immunological defense mechanisms,
hemodynamics, and synaptic transmission (Boehning and Snyder 2003; Bredt 2003;
Garthwaite 2008). NO is generated by the NO synthase (NOS) family of enzymes which
consists of at least three distinct isoforms (Dawson and Dawson 1996; Brenman and Bredt
1997; Alderton et al. 2001). Inducible NOS (iNOS), endothelial NOS (eNOS), and neuronal
NOS (nNOS) are present in microglia, endothelial cells, and neurons, respectively (Nathan and
Xie 1994). The nNOS isoform is constitutively expressed and activated following transient
elevations in intracellular Ca2+ levels mediated via N-methyl-D-aspartate (NMDA)-type
glutamate receptor activation (Garthwaite et al. 1988; Garthwaite 2008). This rise in
intracellular Ca2+ then allows for calmodulin to associate with the NOS enzyme, thereby
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inducing a conformation change that simulates enzyme activity (Alderton et al. 2001). Once
activated, nNOS synthesizes NO through two successive monooxygenase reactions which
require oxygen, NADPH, and the substrate L-arginine for the generation of equimolar
concentrations of citrulline and NO (Stuehr et al. 2004).

In the striatum, nNOS is found in a subclass of medium aspiny interneurons which also contain
the co-transmitters GABA, neuropeptide Y (NPY), and somatostatin (Kubota et al. 1993;
Kharazia et al. 1994; Garthwaite and Boulton 1995; Figueredo-Cardenas et al. 1996;
Kawaguchi 1997). Although nNOS-containing interneurons make up only 1–2% of the
population of striatal neurons (West et al. 1996; Kawaguchi 1997), they extend highly ramified
and far reaching axons which enable these cells to greatly influence the function of striatal
circuits (Emson et al. 1993; Kawaguchi 1997).

Striatal NOS-containing interneurons receive asymmetric synaptic inputs from the frontal
cortex (Vuillet et al. 1989; Salin et al. 1990). Furthermore, our previous studies using NO
microsensor recordings have shown that electrical stimulation of the frontal cortex activates
striatal nNOS via a NMDA receptor-dependent mechanism (Sammut et al. 2007b).
Neuroanatomical studies have also shown that striatal NOS/somatostatin interneurons express
DA D1/5 receptors (Rivera et al. 2002). Consistent with this, electrophysiologically identified
nNOS interneurons are potently activated by bath application of DA or D1/5 receptor agonist
(Centonze et al. 2002; Centonze et al. 2003). Our recent NO microsensor studies have also
shown that electrical and chemical stimulation of the substantia nigra and systemic DA D1/5
receptor agonist administration robustly increases striatal NO efflux (Sammut et al. 2007a;
Sammut et al. 2007b). Thus, the DA D1/5 receptor-mediated increase in membrane excitability
reported by Centonze and colleagues may also lead to nNOS activation (Calabresi et al. 2008).
Given that glutamatergic and DAergic terminals form synapses on NOS interneuron dendrites
in close proximity to each other (Hidaka and Totterdell 2001), it is likely that these afferents
interact at the presynaptic level or via postsynaptic receptors or signal transduction cascades
to regulate striatal NOS activity. This is supported by evidence showing that systemic
administration of both NMDA and D1/5 receptor antagonists decrease striatal NOS activity
measured in the striatum of intact rats (Morris et al. 1997; Sammut et al. 2006; Sammut et
al. 2007b). However, the role of striatal DA and glutamate interactions in regulating NOS
activity remains to be characterized using local pharmacological manipulations.

Therefore, the goal of the current study was to determine the impact of striatal DA D1/5 and
glutamate receptor manipulations on nNOS activity evoked in vivo following systemic
administration of D1/5 receptor agonist or stimulation of cortical afferents. To this end,
amperometric microsensors and microdialysis probes were placed in close proximity to each
other (~500 μm) in the dorsal striatum to directly measure NO efflux during reverse dialysis
of drugs targeting DA, glutamate, and NO transmission.

MATERIALS AND METHODS
Drugs

Urethane, R-(+)-SKF-81297 HBr (SKF), R-(+)-SCH-23390 HCl (SCH), 7-nitroindazole
monosodium (7-NI), and kynurenic acid (KYN) were purchased from Sigma (St. Louis, MO,
USA). 3-((R)-2-Carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) and glycine (GLY)
were purchased from Tocris (MO, USA). (±)S-Nitroso-N-acetyl-penicillamine (SNAP) used
for calibration of NO electrodes was obtained from World Precision Instruments (WPI,
Sarasota, FL, USA). All other reagents were of the highest grade commercially available.
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Subjects and Surgery
Electrochemical measurements were taken from 42 adult male Sprague-Dawley rats (Harlan,
Indianapolis, IN) weighing 240–400 g. All animals were housed in groups of two or three per
cage in a light- and temperature-controlled room (21–23 °C) maintained at a 12:12h light/dark
cycle with food and water provided adlibitum. Daily animal and veterinary care were provided
by trained animal care personnel. Rats were allowed at least one week to habituate in the
University vivarium. All animal protocols were approved by the University IACUC and
conform to the USPHS Guide for the Care and Use of Laboratory Animals. Before surgery,
rats were deeply anesthetized with urethane (1.5 g/kg i.p.) and administered analgesic as
previously described (Ondracek et al. 2008; Threlfell et al. 2009). Next, an incision (~2–4 cm)
was made in the scalp and burr holes (~2–3mm in diameter) were drilled in the skull overlying
the frontal cortex (Sammut et al. 2007b). The dura mater was resected and stimulating
electrodes and microdialysis probes/NO microsensors were lowered into the motor cortex and
dorsal striatum, respectively (see below and (Sammut et al. 2007b; Threlfell et al. 2009)). The
level of anesthesia was periodically verified (every 10–20 mins) via testing the hindlimb
compression reflex and maintained using supplemental administration of urethane (Sammut
et al. 2007b). Core body temperature was monitored via a rectal probe and maintained at 37–
38°C using a heating pad (Vl-20F, Fintronics Inc, Orange, CT).

Simultaneous Microdialysis and Amperometry
Concentric microdialysis probes (Bioanalytical Systems, West Lafayette, IN) having 4 mm of
exposed membrane (225 μM diameter) were implanted into the striatum (West and Grace
2004; Threlfell et al. 2009). Probes were perfused with aCSF containing (in mM) 145 NaCl,
2.7 KCl, 1.0 MgCl2, 1.2 CaCl2, 2.0 NaH2PO4, and 2.0 Na2HPO4 at a rate of 2μL/min. Striatal
NO efflux was determined using an NO selective, amperometric microsensor (AmiNO-100,
Innovative Instruments Inc., Tampa, FL) as previously described (Sammut et al. 2006; Sammut
et al. 2007a; Sammut et al. 2007b; Ondracek et al. 2008). Calibration curves were constructed
in order to determine the sensitivity of the electrode and confirm that the NO oxidation current
measured with each individual electrode exhibited a linear response to physiological
concentrations of NO (0.6–48 nM). Once calibrated, the NO microsensor was positioned to
enter the brain surface 1 mm lateral to the probe and lowered at a 10°angle until the tip of the
microsensor was located just ventral to the tip of the probe. Because the active surface of both
the microdialysis probes and NO microsensors used in this study was relatively large (~4 mm),
it is likely that drug was delivered and NO efflux was sampled within an extensive region of
the dorsocentral striatum (Fig 1b). Electrochemical recordings were initiated ~3 hours after
implantation of the microdialysis probe and NO microsensor. NO oxidation current (pA) was
allowed to stabilize for at least 150 s prior to electrical stimulation or drug administration.

Drug Preparation and Administration
Urethane and SKF (Sigma, MO, USA) used for systemic administration were dissolved in
physiological saline (0.9%). An effective dose of SKF (0.5 mg/kg i.v.) was derived from the
range previously reported in the literature (Ainsworth et al. 1998; Ruskin et al. 1998; Caine
et al. 1999). For experiments using reverse microdialysis of drug, all compounds (SKF, SCH,
7-NI, KYN, CPP and GLY) were dissolved in aCSF. The conversion from aCSF to aCSF with
drug during the microdialysis procedure was accomplished using a liquid switch as previously
described (West and Grace 2004; Threlfell et al. 2009). In the first series of studies (Fig 2),
SKF was administered systemically (0.5 mg/kg, i.v.) following intrastriatal infusion (120 min)
of either aCSF, SCH (10 μM), 7-NI (300 μM), KYN (100 nM), CPP (100 μM), or GLY (1mM).
In the second series of studies (Figs 3, 4), cortically-evoked NO efflux was recorded prior to,
and following, intrastriatal infusion of aCSF or SCH (100 μM for 90 min). SKF (5 μM) was
then infused for 10 min and cortical stimulation trials were repeated 10–20 and 30–40 min
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later. Effective doses of each drug were derived from a range previously reported in the
literature and/or our previous studies (Ito and Cherubini 1991; West and Galloway 1996;
Desvignes et al. 1999; West and Grace 2000; Zackheim and Abercrombie 2001; Flores-
Hernandez et al. 2002; West and Grace 2002; Saklayen et al. 2004; Wu et al. 2007).

Electrical Stimulation
Stimulus pulses having a duration of 500 μs and an intensity of 0.75 mA were generated using
a stimulator and photoelectric constant current/stimulus isolation unit (S88 stimulator with
PSIU6F stimulus isolation unit, Grass Instruments, Quincy, MA) and delivered in stimulus
trains (30 Hz, 800 ms train duration, 1.2 sec inter-train interval (ITI)) for a duration of 100
seconds (50 trains) as previously reported (Sammut et al. 2007b; Ondracek et al. 2008). The
response to cortical stimulation was tested multiple times prior to vehicle or vehicle/drug
administration and stimulation trials were performed every 15–20 minutes (Sammut et al.
2007b; Ondracek et al. 2008). The average of these measures was considered the control
response to which responses following drug administration were compared.

Histology
Animals were deeply anesthesized with urethane following the completion of each experiment
and subsequently perfused transcardially with ice-cold saline and 10 % formalin in buffered
phosphate (PB) (EMS, Hatfield, PA). Brains were removed and postfixed in 10 % formalin/
PB for at least 3 days and then saturated in PBS/sucrose solution (30%) and stored at 4–6 °C.
Brains were then coronally sectioned into 50 μm slices, mounted, and stained with Neutral red/
Cresyl Violet (10:1) solution to enable the histological assessment of NO microsensor and
microdialysis probe placements (Fig 1).

Data Analyses
Drug- and stimulation-induced changes in NO oxidation current were measured as previously
described (Sammut et al. 2007a; Sammut et al. 2007b). Briefly, the latency of the peak SKF-
induced change in NO oxidation current was determined for each animal in the control group
(aCSF + SKF) and averaged to generate a mean group value (Sammut et al. 2006). The mean
NO oxidation current was then measured across a 30 sec epoch which enveloped this group
value using Apollo 4000 (WPI) software applications (15 sec prior to and after peak NO
oxidation current). In all cases, the mean NO oxidation current recorded during the last 30 s
of the pre-SKF injection period was subtracted from the above measures to yield the net SKF-
induced change in NO oxidation current. In experiments using electrical stimulation of the
frontal cortex, the NO oxidation current recorded during the last 30 s of the stimulation period
was averaged as described above and subtracted from the NO oxidation current recorded during
the last 30 sec before the stimulation period (Sammut et al. 2007b). Cumulative data are
expressed as nM ± SEM NO as determined from in vitro calibration curves (Sammut et al.
2006; Sammut et al. 2007a; Sammut et al. 2007b). The statistical significance of drug-induced
changes in NO oxidation current was assessed across time using one-way analysis of variance
(ANOVA) with repeated measures (RM, Sigma Stat, Jandel, Scientific, San Rafael, CA).
Dunnett's or Bonferroni post-hoc tests were used as indicated to determine which group(s)
contributed to overall differences seen with ANOVA.

RESULTS
Stimulating electrode, NO microsensor, and microdialysis probe placements

All tracks resulting from implantation of stimulating electrodes were confirmed to terminate
in the frontal cortex between 3.2 and 4.7 mm anterior to bregma, 1.0 and 3.0 mm lateral to the
midline, and 1.5 and 4.8 mm ventral to the surface of the skull (Paxinos and Watson 1986)
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(Fig 1 a). All identified tracks resulting from implantation of NO microsensors and
microdialysis probes into the striatum (Fig. 1b) were verified to terminate between 0.3 mm
posterior and 1.7 mm anterior to bregma, 2.0 and 3.8 mm lateral to midline, and 4.0 and 8.0
mm ventral to the dural surface (Paxinos and Watson 1986).

Impact of intrastriatal drug manipulations on NO efflux elicited by systemic D1/5 agonist
administration

Our previous NO microsensor recording studies have shown that electrical and chemical
stimulation of the substantia nigra and systemic D1/5 receptor agonist administration both
robustly increase striatal NO efflux via nNOS and D1/5 receptor-dependent mechanisms
(Sammut et al. 2006; Sammut et al. 2007a). In the current studies, NO microsensor recordings
and reverse microdialysis were used together for the first time to enable local delivery of
glutamatergic and nitrergic drugs (Fig 2). Local and systemic administration of vehicle did not
affect basal NO efflux (data not shown). Consistent with our previous work using systemic
drug administration (Sammut et al. 2006), intrastriatal infusion of both 7-NI and SCH blocked
the increase in NO efflux evoked by SKF (Fig 2a,c; F(5,23)=10.799, p<0.001 as compared to
aCSF control group using ANOVA with Dunnett's post-hoc test, p<0.05). Intrastriatal infusion
of the nonspecific ionotropic glutamate receptor antagonist KYN (100 nM) or the specific
NMDA receptor antagonist CPP (100 μM) also induced a significant attenuation in SKF-
induced NO efflux (Fig 2b,c; F(5,23)=10.799, p<0.001 as compared to aCSF control group
using ANOVA with Dunnett's post-hoc test, p<0.05). No significant changes in striatal NO
efflux were observed following GLY (1mM) co-administration (Fig 2c; p>0.05).

Impact of intrastriatal SKF infusion on NO efflux evoked by electrical stimulation of cortical
afferents

In a subset of studies the ipsilateral frontal cortex was activated using a well characterized
electrical stimulation protocol in which trains of stimuli (30 Hz, 800 ms train duration, 2 sec
inter-train interval) are delivered for 100 sec (Sammut et al. 2007a; Ondracek et al. 2008).
Similar to our previous studies, this stimulation paradigm robustly increased striatal NO efflux
in a manner which was highly reproducible across time (Sammut et al. 2007a; Ondracek et
al. 2008). Moreover, intrastriatal SKF (5μM, 10 min) infusion transiently increased cortically-
evoked NO efflux significantly over levels observed during local aCSF infusion (Fig 3a,b; F
(2,10)=6.127, p<0.005 as compared to pre-SKF-81297 group using one-way ANOVA with
Bonferroni post-hoc test, p<0.05). Cortically-evoked NO efflux returned to pre-SKF levels
approximately 30 min after reperfusion with aCSF (Fig 3a,b; p>0.05).

Impact of intrastriatal SCH infusion on NO efflux evoked by electrical stimulation of cortical
afferents and local SKF co-perfusion

The role of striatal D1/5 receptor activation in the facilitation of cortically-evoked NO-efflux
observed following intrastriatal infusion of SKF was examined further in studies using co-
perfusion of the D1/5 receptor antagonist SCH. The electrical stimulation paradigm and the
reverse dialysis approach used in these studies were identical to that described above. The
response to cortical stimulation was tested multiple times following SCH (100 μM, 90 mins)
infusion and again 10 and 30 min after SKF (5μM, 10 min) infusion. Intrastriatal SCH infusion
significantly attenuated cortically-evoked NO efflux (Fig 4a,c; F(3,12)=45.450, p<0.001 as
compared to pre-SKF-81297 group using one-way ANOVA with Bonferroni post-hoc test,
p<0.001) and blocked the facilitatory effects of SKF (Fig 4b,c; F(3,12)=45.450, p<0.001 as
compared to pre-SKF group using one-way ANOVA with Bonferroni post-hoc test, p<0.001).
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DISCUSSION
This study investigated the impact of striatal DA and glutamate interactions on nNOS activity
using the combined techniques of in vivo amperometry and reverse microdialysis. Our data
demonstrate for the first time that striatal NMDA receptor activation plays a critical role in the
facilitatory effects of D1/5 receptor activation on NO efflux. Local striatal D1/5 receptor
activation also facilitated NO-efflux evoked via electrical stimulation of the frontal cortex,
whereas local D1/5 receptor antagonism blocked NO efflux evoked by cortical stimulation and
local SKF infusion. Given these findings, it is likely that reciprocal DA and glutamate
interactions are crucial for the regulation of striatal nNOS and activation of NO transmission.

Technical Considerations
We have developed a novel approach for administering drugs locally into the striatum of intact
rats in the vicinity of a NO microsensor using reverse microdialysis. Experiments were
performed in intact urethane-anesthetized rats, and with the exception of SKF, all drugs were
administered locally via a microdialysis probe. Similar to our previous studies using systemic
drug administration (Sammut et al. 2007b; Ondracek et al. 2008), NO efflux recorded proximal
to the probe under basal conditions and during electrical stimulation of the cortex was stable
over time and across consecutive stimulation intervals. Given this, it is likely that changes in
NO efflux observed following local drug infusions were not due to time or vehicle effects, but
a result of pharmacological manipulations of glutamate and DA receptors.

Consistent with our previous work (Sammut et al. 2006; Sammut et al. 2007a), the increase in
NO efflux evoked by systemic administration of the D1/5 receptor agonist SKF was attenuated
following local antagonism/inhibition of D1/5 receptors and nNOS, respectively. Compared
to outcomes from the current study, however, previous studies using systemic administration
of the nNOS inhibitor 7-NI observed very modest maximal decreases in nNOS activity (~33–
60%), even when substantial doses (50–80 mg/kg, i.p.) of drug were tested (Kalisch et al.
1996; Sammut et al. 2006; Sammut et al. 2007b; Ondracek et al. 2008). Similar findings were
observed with other selective and non-selective nNOS inhibitors (Kalisch et al. 1996; Sammut
et al. 2006; Sammut et al. 2007b; Ondracek et al. 2008), raising the possibility that currently
available drugs are not very effective when given systemically, or that a drug-resistant isoform
of striatal NOS may contribute to outcomes measured in these studies. Our observations that
local infusion of 7-NI effectively blocked SKF-induced NO efflux indicate that nNOS is the
primary mediator of D1/5 receptor-dependent activation of striatal NO synthesis. Therefore,
the modest efficacy observed following systemic drug administration in the above studies is
likely to result from poor brain penetration, rather than a novel, drug-resistant isoform of NOS.

Given that the facilitatory effects of SKF on NO efflux were observed following both
intravenous and intrastriatal administration, it is likely that D1/5 receptor activation under these
conditions is occurring in the striatum at the level of the nNOS interneuron. In support of this,
the membrane excitability of electrophysiologically-identified striatal nNOS interneurons was
shown to increase robustly following bath application of either DA or the D1/5 receptor agonist
(Centonze et al. 2002; Centonze et al. 2003). Furthermore, a robust D1/5 receptor-dependent
depolarization of the membrane potential of nNOS interneurons was observed in striatal slices
pretreated with tetrodotoxin (Centonze et al. 2002; Centonze et al. 2003), indicating a direct
effect of D1/5 receptor agonism on these cells.

Regulation of NOS activity by glutamate-dopamine interactions
NOS-containing interneurons receive synaptic inputs from glutamatergic, GABAergic, and
DAergic neurons (Vuillet et al. 1989; Salin et al. 1990; Vuillet et al. 1992; Fujiyama and
Masuko 1996; Morello et al. 1997; Bevan et al. 1998; Hidaka and Totterdell 2001; French et
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al. 2005). Our previous work performed in intact rats has shown that stimulation of the frontal
cortex facilitated striatal nNOS activity in a stimulus frequency and intensity-dependent
manner (Sammut et al. 2007b). This effect was also significantly attenuated following NMDA
receptor antagonist and nNOS inhibitor administration (Sammut et al. 2007b). Additionally,
phasic stimulation of nigrostriatal DA cells or pharmacological activation of the D1/5 receptor
was shown to activate striatal nNOS activity (Sammut et al. 2007a). These findings are
supported by histochemical evidence showing that both NMDA and D1/5 receptor antagonists
decrease NOS activity measured ex vivo (Morris et al. 1997).

Taken together, the above literature suggests that reciprocal D1/5-NMDA receptor interactions
may play a critical role in regulating striatal nNOS activity. In support of this, the current studies
demonstrated that the increase in striatal NO efflux elicited by systemic administration of D1/5
agonist is blocked by intrastriatal infusion of the non-selective ionotropic glutamate receptor
antagonist KYN and the selective NMDA receptor antagonist CPP. Thus, D1/5 receptor-
mediated NO efflux is dependent on concurrent, tonic NMDA receptor activation.

Interestingly, intrastriatal infusion of the NMDA receptor co-agonist GLY did not affect SKF-
induced NO efflux. This finding was unexpected given previous work showing that local GLY
infusion enhances striatal NO efflux induced via local infusion of NMDA (Crespi and Rossetti
2004). The lack of effect of GLY on SKF-mediated NO efflux observed in the current study
may be due to saturation of GLY binding sites under the current experimental conditions or a
ceiling effect with regard to nNOS activation. Furthermore, previous electrophysiological
studies of neurons recorded in the ventromedial versus dorsolateral striatum have reported
regional differences in the sensitivity of NMDA receptor-mediated excitatory postsynaptic
currents to GLY and D-serine (Chapman et al. 2003). This work indicates that the nature of
GLY-mediated effects may depend on regional variations in NMDA receptor subunit
expression and the pharmacological and biophysical properties of these receptor subunits
(Chapman et al. 2003). In the current study, NO microsensor recordings were primarily
performed in the dorsocentral striatum. Therefore, additional studies are needed to determine
whether outcomes observed herein translate to other striatal subregions. In any event, the
current outcomes observed with KYN and CPP demonstrate for the first time that tonic striatal
NMDA receptor activation plays a critical role in the facilitatory effects of D1/5 receptor
activation on striatal nNOS activity.

Modulation of cortically-evoked NO efflux by local D1/5 receptor manipulations
Using a previously characterized electrical stimulation paradigm (Sammut et al. 2007b;
Ondracek et al. 2008) and the reverse dialysis approach described above, we found that local
striatal D1/5 receptor activation facilitates NO-efflux evoked by stimulation of cortical
afferents. In addition, cortically-evoked NO efflux was strongly attenuated following
intrastriatal administration of the D1/5 receptor antagonist SCH, indicating that D1/5 receptor
activation is crucial for the glutamatergic facilitation of NO synthesis. The D1/5 receptor
agonist-induced facilitation of cortically-evoked NO efflux was also abolished following
pretreatment with the D1/5 receptor antagonist, indicating that the observed effects of drug
manipulations were receptor mediated. We have shown previously that systemic administration
of the NMDA receptor antagonist MK-801 strongly attenuated NO efflux evoked by the same
stimulation protocol used in the current study (Sammut et al. 2007b). Together with the current
observations using local SCH infusion, these results indicate that reciprocal D1/5 and NMDA
receptor interactions are critical for the activation of striatal nNOS by cortical afferents.

Consistent with the above conclusions, many studies have shown that NMDA and D1/5
receptors have reciprocal interactions which increase the membrane excitability of striatal
projection neurons (for review see (Cepeda and Levine 2006)). Interestingly, a previous study
observed that treatment of cultured striatal neurons with NMDA increased the recruitment of
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D1/5 receptors from the cytosol to the plasma membrane, an effect that was abolished following
pretreatment with an NMDA receptor antagonist (Scott et al. 2002). D1/5 receptors were also
shown to form an oligomer with the NR1 subunit of the NMDA receptor that regulates D1/5
receptor trafficking to the plasma membrane (Fiorentini et al. 2003). Furthermore, exposure
to NMDA induced an increase in D1/5 receptor-positive spines and a reduction in lateral
movement of D1/5 receptors within the membrane of striatal neurons (Scott et al. 2006). These
findings suggest that NMDA receptor activation induces the formation of spines that trap D1/5
receptors, leading to the generation of D1/5-NMDA heteroreceptor complexes (Cepeda and
Levine 2006). Additional studies have shown that application of D1/5 receptor agonist to the
synaptosomal membrane compartment of striatal cells induced a rapid increase in the
expression of the NMDA receptor subunits NR1, NR2A, and NR2B (Dunah and Standaert
2001).

Given the above observations, it is plausible that the expression of functional NMDA receptor
subunits within glutamatergic synapses on striatal nNOS cells requires tonic D1/5 receptor
activation. Although speculative, the sustained pharmacological blockade of striatal D1/5
receptors (produced in the current study following intrastriatal infusion of SCH) could
conceivably disrupt this process and lead to blockade of NMDA receptor-dependent activation
of nNOS and cortically-evoked NO efflux. It is also possible that the observed effects of striatal
D1/5 receptor antagonism on cortically-evoked NO efflux were mediated partially via circuit-
level changes in brain function. In support of this, studies examining the impact of striatal D1
receptor activation on gene expression in the basal ganglia and cortex have shown that unilateral
intrastriatal SCH infusion blocks the widespread activation of the frontal cortex observed
following systemic administration of the DA D1/D2 receptor agonist apomorphine (Steiner
and Kitai 2000). Thus, some of the dampening effects of intrastriatal SCH infusion on
cortically-evoked NO efflux observed in the current study may have arisen as a result of indirect
circuit level effects on cortical excitability. Additional studies using reduced preparations are
needed to determine whether these DA-glutamate receptor interactions occur at the level of
striatal NO producing interneurons and if they play a critical role in stimulating nNOS activity
in these cells.

Functional Implications
This is the first study to demonstrate that striatal NMDA receptor co-activation is necessary
for D1/5 receptor stimulation of nNOS activity. In addition, striatal D1/5 receptor activation
may be critical for the NMDA receptor-dependent activation of nNOS. These findings add to
the growing body of literature indicating that interactions between striatal DAergic,
glutamatergic, and nitrergic systems play a significant role in the regulation of striatal function
(West et al. 2002; Del Bel et al. 2005). In support of this, previous studies have reported
abnormal locomotor activity in rats and mice following systemic administration of nNOS
inhibitors (Starr and Starr 1995; Dzoljic et al. 1997; Araki et al. 2001; Dall'Igna et al. 2001;
Uzbay 2001; Del Bel et al. 2002) and genetic deletion of the nNOS gene (Kriegsfeld et al.
1999) In addition, locomotor activity stimulated by NMDA receptor antagonism (Starr and
Starr 1995) and D1/5 receptor agonism (Deutsch et al. 1996) was attenuated following
pretreatment with NOS inhibitors. Thus, a better understanding of the complexities of NMDA-
D1/5 receptor interactions as they pertain to NO synthesis holds considerable promise for the
development of novel therapeutic strategies for reversing motor dysfunction.
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Abbreviations

NO nitric oxide

DA dopamine

NOS nNOS

neuronal nitric oxide synthase

CPP 3-phosphonopropyl-piperazine-2-carboxylic acid

NOS nitric oxide synthase

iNOS inducible nitric oxide synthase

eNOS endothelial nitric oxide synthase

NMDA N-methyl-D-aspartate

NPY neuropeptide Y

SKF R-(+)-SKF-81297 HBr

SCH R-(+)-SCH-23390 HCl or SCH-23390

GLY glycine

7-NI 7-nitroindazole monosodium

KYN kynurenic acid

SNAP (±)S-Nitroso-N-acetyl-penicillamine

PB phosphate buffer

Hz hertz
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Figure 1. Position of implants in the frontal cortex and dorsal striatum
A) Stimulating electrodes were implanted into the frontal cortex. B) NO microsensors were
implanted into the striatum in close proximity to a microdialysis probe. Abbreviations: ac,
anterior commissure; CX, frontal cortex; LV, lateral ventrical; CC, corpus callosum.
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Figure 2. Facilitation of nNOS activity elicited via DA D1/5 receptor stimulation is dependent on
NMDA receptor co-activation
A) Representative recordings showing the effects of systemic administration of the D1/5
receptor agonist SKF (500 μg/kg, i.v.) delivered following intrastriatal infusion (120 min) of
either aCSF, SCH (10 μM), or 7-NI (300 μM). Dotted line indicates time of SKF-81297
injection. B) Representative recordings showing the effects of systemic administration of the
D1/5 receptor agonist SKF (500 μg/kg, i.v.) delivered following intrastriatal infusion of either
KYN (100 nM), CPP (100 μM), or GLY (1 mM). Dotted line indicates time of SKF injection.
C) The mean ± S.E.M. increase in NO efflux evoked by DA D1/5 receptor activation was
significantly reduced following intrastriatal infusion of SCH, 7-NI, KYN, CPP (*p<0.05 as
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compared to SKF+aCSF group using ANOVA with Dunnett's post-hoc test, n=5–6 rats/group),
but not GLY (p>0.05, n=4 rats).
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Figure 3. Intrastriatal infusion of D1/5 agonist increases NO efflux evoked via train stimulation of
the frontal cortex
A) Representative traces of cortically-evoked NO efflux recorded prior to, and 10–20 (#1) or
30–40 (#2) min following intrastriatal SKF (5 μM for 10 min) infusion. Electrical stimuli were
delivered for 100 sec as trains (30 Hz, 750 μA, 800 ms train duration, 2 sec inter-train interval)
and all stimulations were separated by >15 min. B) The mean ± S.E.M. increase in NO efflux
evoked by cortical train stimulation was transiently potentiated by intrastriatal infusion of SKF
(*p<0.05 as compared to pre-SKF group using one-way ANOVA with Bonferroni post-hoc
test, n=6 rats).
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Figure 4. Intrastriatal infusion of D1/5 antagonist attenuates NO efflux evoked via train stimulation
of the frontal cortex and blocks the facilitatory effects of D1/5 agonism
A) Recordings of NO efflux evoked prior to, and following, intrastriatal SCH infusion.
Electrical stimuli were delivered as described above. B) Representative traces of NO efflux
evoked approximately 90 mins following intrastriatal SCH (100 μM) infusion and 10–20 and
30–40 min following intrastriatal SKF infusion (5 μM for 10 min). Electrical stimuli were
delivered as described above. C) The mean ± S.E.M. increase in NO efflux evoked by cortical
train stimulation was significantly attenuated following SCH infusion as compared to pre-drug
conditions (**p<0.001 as compared to pre-SKF group using one-way ANOVA with Bonferroni
post-hoc test, n=5 rats). The mean ± S.E.M. increase in NO efflux evoked by cortical train
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stimulation applied during intrastriatal SKF infusion was significantly attenuated at both time
points as compared to pre-drug conditions (**p<0.001 as compared to pre-SKF group using
one-way ANOVA with Bonferroni post-hoc test, n=5 rats). No significant differences in
measures of NO efflux were observed during SCH and SCH+SKF infusion periods.
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