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ABSTRACT  An important role for the reactive gas nitric oxide (NO) in regulating

striatal dopaminergic neurotransmission was identified shortly after initial observa-
tions indicated that this unorthodox neurotransmitter mediates many of the influences
of glutamatergic neurotransmission in the cerebellum, cortex, and hippocampus. While
the precise actions of NO on striatal presynaptic and postsynaptic elements remain to be
fully characterized, the recent application of sophisticated anatomical, neurochemical,
and electrophysiological approaches to the study of nitrergic signaling has revealed that
NO exerts a powerful influence both on tonic extracellular dopamine (DA) levels and
phasic DA neuron spike activity via the modulation of intrinsic striatal mechanisms and
striatonigral feedback loops. Although the nature of the NO-mediated modulatory in-
fluence on DA neurotransmission was initially clouded by seemingly conflicting neuro-
chemical observations, a growing body of literature and understanding of the diverse
signaling mechanisms and effector pathways utilized by NO indicates that NO exerts a
primary facilitatory influence over tonic and phasic dopaminergic neurotransmission
under physiological conditions. A review of neurochemical and electrophysiological
studies examining the influence of endogenous and exogenous NO on DA neurotrans-
mission indicates that NO signaling exerts multiple effects on local striatal circuits and
projection neurons involved in regulating basal ganglia output and nigrostriatal DA
neuron activity. In addition to summarizing these influences, the current review focuses
on the mechanisms utilized by striatal NO signaling pathways involved in modulating
DA transmission at the level of the terminal and cell body and attempts to integrate
these observations into a functional model of NO-dependent regulation of basal ganglia
systems. Synapse 44:227-245, 2002. o 2002 Wiley-Liss, Inc.

INTRODUCTION

First identified as the endothelial-derived relaxation
factor in peripheral blood vessels (Palmer et al., 1987),
it is now known that nitric oxide (NO) mediates numer-
ous neuronal processes via its unique and diverse ef-
fector pathways (Bredt and Snyder, 1990; Dawson and
Snyder, 1994; East and Garthwaite, 1991; Garthwaite
et al., 1991). The discovery that NO is the essential
intermediary signaling molecule critically involved in
NMDA receptor-mediated stimulation of guanylyl cy-
clase (GC) and ¢cGMP production in the cerebellum
(Garthwaite et al., 1988) was the first demonstration
that labile, gaseous neuromodulators may play an im-
portant role in mediating excitatory glutamatergic

neurotransmission in the brain. Endogenous NO is pro-
duced along with L-citrulline in a two-step reaction by
the constitutive enzyme nitric oxide synthase (NOS).
This reaction is initiated via the hydroxylation of L-
arginine (L-ARG) to the intermediate N
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vations, considerable evidence has been generated
demonstrating that NOS activity is stimulated by nu-
merous excitatory neurotransmitters in many cortical
and subcortical brain regions (see Garthwaite and
Boulton, 1995, for review).

Several distinct isoforms of NOS exist in the brain
and the function and distribution of these enzymes has
been reviewed previously (see Vincent, 1994). The neu-
ronal isoform of NOS (type 1) was originally purified
from cerebellum; however, it is ubiquitously distrib-
uted throughout the brain (Bredt et al., 1991). In the
primate and rodent striatum, neuronal NOS is respon-
sible for the nicotinamide adenine dinucleotide phos-
phate-diaphorase (NADPH-d) activity characteristic of
a subclass of medium aspiny interneurons and, in most
studies, has been shown to colocalize with the pepti-
dergic modulators somatostatin and neuropeptide Y
(Bredt et al., 1990, 1991; Figueredo-Cardenas, 1996;
Kowall et al., 1985; Vincent and Johansson, 1983; Vin-
cent and Kimura, 1992). Additionally, a subclass of
NOS-containing striatal interneurons express glu-
tamic acid decarboxylase immunoreactivity, indicating
that some NO-producing cells are also GABAergic
(Kubota et al., 1993).

REGULATION OF STRIATAL NOS ACTIVITY
BY CORTICOSTRIATAL AND
NIGROSTRIATAL PATHWAYS

Although the primary targets of corticostriatal glu-
tamatergic terminals are the spiny projection neurons
(for review see Smith and Bolam, 1990), cortical affer-
ents also form synapses on the cell body and proximal
dendrites of NOS-containing interneurons (Vuillet et
al., 1989a; Salin et al., 1990). Additionally, NMDA,
receptor subunits have been localized to NOS-immu-
nopositive cells in the nucleus accumbens (Gracy and
Pickel, 1997). It appears that excitatory amino acids
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may activate striatal NOS interneurons via a process
involving multiple ionotropic glutamate (GLU) recep-
tor subtypes, as studies have shown that both kainate
(Marin et al., 1993; Kendrick et al., 1996) and NMDA
(Marin et al., 1992, 1993; East et al., 1996; Kendrick et
al., 1996; Iravani et al., 1998) elevate striatal NO levels
in multiple in vivo and in vitro preparations. Thus,
corticostriatal or thalamostriatal inputs may play an
important role in stimulating NOS interneurons and
activating striatal NO transmission.

In addition to their cortical inputs, striatal NOS-
positive interneurons have been shown to receive syn-
aptic contacts from tyrosine hydroxylase-immunoreac-
tive boutons (Vuillet et al.,, 1989a; Fujiyama and
Masuko, 1996; Gomez-Urquijo et al., 1999). Thus, ni-
grostriatal DAergic inputs are likely to influence me-
dium spiny projection neurons directly via stimulation
of D; and D, receptors (see Grace, 2002; Onn et al.,
2000; West and Grace, 2002, for reviews) and indirectly
by altering the activity of NOS interneurons. A role for
DA in the regulation of NO transmission is supported
by recent studies demonstrating that the systemic ad-
ministration of DA D; receptor antagonists decrease
the intensity of striatal NADPH-diaphorase staining,
whereas D, antagonists produce the opposite effect
(Morris et al., 1997). Additionally, NOS activity and
tissue concentrations of the NO metabolite nitrite are
significantly reduced in the striatum of rats following
lesioning of the DA system using 6-hydroxydopamine
(de Vente et al., 2000; Sahach et al., 2000). NO antag-
onists have also been shown to decrease haloperidol-
induced catalepsy (Del Bel and Guimaraes, 2000) and
increase haloperidol-induced vacuous chewing move-
ments in rodents (Harvey and Bester, 2000), suggest-
ing that dopaminergic regulation of NOS interneurons
may be important for control of motor behavior.

NO EFFECTOR PATHWAYS

NO has been implicated in regulating a diverse pop-
ulation of integral membrane proteins and intracellu-
lar messenger systems. In most cases, NO signaling
involves GC activation and subsequent ¢cGMP-depen-
dent protein kinase (PKG) stimulation (Garthwaite
and Boulton, 1995). Also, elevations in ¢cGMP can in-
fluence ion channel gating directly or indirectly via
PKG-mediated phosphorylation of specific serine or
threonine residues (Fagni and Bockaert, 1996; Robello
et al., 1996). Other indirect influences may be mediated
via modulation of phosphodiesterase-dependent cyclic
nucleotide metabolism (Fagni and Bockaert, 1996). In
addition to GC activation, NO activates ribosyl trans-
ferases, increases prostaglandin biosynthesis via stim-
ulation of cyclo-oxygenases, and indirectly regulates
phosphoinositide turnover and cAMP levels (see Vin-
cent, 1994, for review). NO is also capable of modulat-
ing the activity of multiple ion channels directly via
nitrosylation mechanisms or indirectly via protein ki-
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nase activation, indicating that nitrergic signaling is
likely to exert a powerful influence over neuronal mem-
brane excitability (see Fagani and Bockaert, 1996, for
review). For example, NO interacts with regulatory
site(s) on the NMDA receptor and inhibits calcium ion
influx (Fagni and Bockaert, 1996; Hoyt et al., 1992; Lei
et al., 1992; Lipton and Stamler, 1994; Manzoni and
Bockaert, 1993; Manzoni et al., 1992). This NO-medi-
ated inhibition can be induced using multiple NO do-
nors, all of which decrease the probability of NMDA
channel opening and block unitary ion conductances
across the membrane (Fagni and Bockaert, 1996). In
addition to its actions at NMDA receptors, NO inhibits
chloride influx through GABA, receptors in vitro via
direct and indirect cGMP/PKG-mediated pathways
(Robello et al., 1996).

In addition to modulating ion channel function, NO
was found to stimulate the calcium-independent re-
lease of GLU from synaptic vesicles in the hippocampal
synaptosome preparation (Meffert et al., 1994). This
effect occurred concurrently with a decrease in intra-
cellular calcium and was not dependent on GC activa-
tion or PKG. Additional studies show that NO facili-
tates the release of GLU-containing synaptic vesicles
by inducing the docking and fusion of the vesicle and
plasma membrane proteins involved in exocytosis
(Meffert et al., 1996). Certainly, many more effector
pathways involved in nitrergic signaling remain to be
characterized.

REGULATION OF STRIATAL
DOPAMINERGIC NEUROTRANSMISSION BY
NITRIC OXIDE: NEUROCHEMICAL STUDIES

Modulation of striatal dopaminergic
neurotransmission by endogenous NO

Multiple studies have demonstrated that the addi-
tion of NOS substrate(s) to biological systems stimu-
lates the production of endogenous NO beyond basal
levels via an NOS-dependent enzymatic process (Ab-
dul-Hussain, 1996; Carlberg, 1994; Ohta et al,,
1994a,c; Wallace et al., 1991; Zembowicz et al., 1992).
Also, recent studies have demonstrated that glial cell
L-ARG uptake systems and metabolic pools are regu-
lated by glutamatergic (Do et al., 1996) and adrenergic
(Feinstein and Rozelman, 1997) receptor activation,
suggesting that under basal conditions NOS activity
may be influenced by substrate availability.

L-ARG has also been found to be a potent modulator
of DA release. Thus, initial studies by Zhu and Luo
(1992) that examined the effects of local NOS substrate
infusions demonstrated that endogenous NO increases
DA overflow from striatal slice preparations. The re-
sults of these studies using NOS substrate as a means
to augment endogenous NO levels were replicated and
extended in several studies using in vitro (Chaparro-
Huerta et al., 1997; Liang and Kaufman, 1998) and in
vivo (Strasser et al., 1994; Spatz et al., 1995; West and
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Fig. 1. N%hydroxy-L-arginine-mediated striatal dopamine release
is dependent on neuronal NOS-activity. Either 7-nitroindazole (7-NI)
or L-N%(1-iminoethyl)lysine (L-NIL) was delivered for four 20-min
fractions and coperfused with H-ARG (1 mM) for an additional six
fractions. Pretreatment with either 7-NI (10 pM) or L-NIL (100 pM)
did not affect basal extracellular DA levels (data not shown). When
perfused without antagonist pretreatment, H-ARG (1 mM) elevated
extracellular DA by 122 + 16% (*P < 0.01 as compared to basal DA
levels). Pretreatment and coperfusion with L-NIL (100 pM) did not
affect H-ARG-facilitated DA release (P > 0.05). Administration of
7-NI during the H-ARG pulse attenuated the H-ARG effect to 25 = 8%
above basal levels (P < 0.05). Mean basal extracellular DA concen-
tration = SEM for the H-ARG control, 7-NI, and L-NIL groups were
1.63 = 0.11, 1.27 = 0.09, and 1.68 * 0.15 fmol/pL, respectively. Bars
represent the mean = SEM from 5-8 experiments. Adapted from
West and Galloway, 1997a. Reprinted from Neuropharmacology, Vol
36, No 11/12, West and Galloway, 1571-1581, 1997, with permission
from Elsevier Science.

Galloway, 1997a,b) preparations. Studies in our labo-
ratory revealed that the increase in extracellular DA
levels observed following intrastriatal infusion of NOS
substrate was dependent on neuronal NOS activity, as
the facilitatory effect of H-ARG was blocked by intra-
striatal coperfusion of the selective neuronal NOS in-
hibitor 7-nitroindazole (7-NI, Fig. 1). In contrast, sim-
ilar treatments with the inducible NOS inhibitor
L-N¢(1-iminoethyl)lysine (L-NIL) were ineffective at
blocking the effect of H-ARG (Fig. 1). Additional sup-
port for endogenous NO-mediated facilitation of tonic
striatal DA release stems from observations that the
NOS inhibitors reduce both basal DA (Black and Hum-
phrey, 1994) and L-ARG-stimulated DA release
(Strasser et al., 1994, Zhu and Luo, 1992) as well as DA
release evoked by electrical stimulation (Sandor et al.,
1995) or facilitated by NMDA infusion (Hanbauer et
al., 1992; Ishida et al., 1994, Leslie et al., 1994). De-
creases in basal DA efflux are generally not observed
following the local infusion of low to moderate doses
(<1 mM in the perfusate) of NOS inhibitors in micro-
dialysis studies (Ishida et al., 1994; West and Gallo-
way, 1997a,b; Segovia and Mora, 1998), although sys-
temically administered NOS inhibitors (Kiss et al.,
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1999) and higher doses of NOS inhibitors delivered
locally (Strasser et al., 1994) have been shown to de-
crease basal DA efflux. However, if only specific striatal
circuits or subregions were under the influence of a
nitrergic tone, a potential decrease in DA release fol-
lowing inhibition of neuronal NOS may not be detect-
able using a gross sampling technique like microdialy-
sis. Thus, an in vivo voltammetry study demonstrated
that pressure injection of the NOS inhibitor L-N¢-
nitro-L-arginine resulted in either no change or a slight
decrease in the DAergic electrochemical signal (Lin et
al., 1995). Moreover, the selective neuronal (Type-1)
NOS inhibitor 7-NI (10 wM) produced a decrease in
basal DA overflow in striatal brain slice preparations
(Black and Humphrey, 1994). Additional voltammetric
studies have shown that pressure injection of exoge-
nous NO gas increases electrically stimulated DA re-
lease measured in vivo to a greater extent in the dor-
solateral than in the dorsomedial striatum (Iravani et
al., 1998). Thus, the influence of endogenous nitrergic
tone on basal striatal DA release may be localized to
specific striatal circuitry. Further examination of local
nitrergic effector pathways and the dynamic effects of
tonic NO synthesis on striatal neurotransmission as a
whole using techniques which provide real-time reso-
lution are necessary before the complexities of tonic
nitrergic signaling can be understood.

In contrast to the above reports, evidence suggesting
that NO inhibits basal DA efflux and that NOS inhib-
itors can elevate basal and NMDA-induced striatal DA
release has also been reported (Silva et al., 1995). For
example, a microdialysis study suggested that NOS
inhibition increases striatal DA release by eliminating
an inhibitory endogenous NO tone (Silva et al., 1995).
The specificity of the reported NOS inhibition was not
clear, however, as a large dose of the neuronal NOS
inhibitor 7-NI (1 mM for 90 min) was used to elevate
extracellular DA (Silva et al., 1995). Additionally, the
7-NI effect on DA efflux was only partially antagonized
by L-ARG co-infusion. Other studies have reported a
near complete blockade of NOS substrate-induced in-
creases in DA efflux with 7-NI concentrations as low as
10 uM (West and Galloway, 1997b). Administration of
NOS inhibitors has also been shown to both attenuate
(Hanbauer et al., 1992; Ishida et al., 1994; Kendrick et
al., 1996) and potentiate (Lin et al., 1995; Shibata et
al., 1996; West and Galloway, 1997a) the increase in
striatal DA release elicited by NMDA.

Modulation of striatal dopaminergic
neurotransmission by exogenous NO

The most consistent effect observed across studies
examining the impact of exogenous NO or NO genera-
tors on striatal DA release is one of facilitation. Thus,
multiple NO-generating agents have been shown to
increase striatal DA efflux or inhibit reuptake in both
in vitro (Hanbauer et al., 1992; Zhu and Luo, 1992;
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Fig. 2. Exogenous NO increases striatal extracellular dopamine
and glutamate levels concurrently. Intrastriatal infusion of SNAP (1
mM for 100 min) elevated extracellular DA and GLU maximally to
approximately 330 = 47 and 197 *= 35% above basal levels, respec-
tively (*P < 0.05, asterisks indicate time point values during SNAP
administration that differed significantly from baseline DA and GLU
levels, respectively, as determined by ANOVA-RM with a Dunnet’s
post-hoc test). Mean extracellular DA and GLU concentrations =+
SEM for basal conditions were 1.5 *+ 0.09 and 124 *= 15 fmol/pL
respectively (n = 6-12 experiments). Adapted from West and Gallo-
way, 1997a. Reprinted from Neuropharmacology, Vol 36, No 11/12,
West and Galloway, 1571-1581, 1997, with permission from Elsevier
Science.

Black et al., 1994; Lonart and Johnson, 1994; Lonart et
al., 1993; Pogun et al., 1994b; Stewart et al., 1996) and
in vivo (Nakahara et al., 1994; West and Galloway,
1996, 1997a, 1998; Iravani et al., 1998; Trabace and
Kendrick, 2000; Serra et al., 2000, 2001) preparations.

The stimulatory action of exogenous NO or NO gen-
erators on DA release observed in the above-mentioned
studies contrasts with the results from an earlier study
by Guevara-Guzman et al. (1994), who report that NO
gas and the NO donor *-S-nitroso-N-acetylpenicilla-
mine (SNAP) decrease striatal DA release, whereas the
non-NO-containing carrier molecule, penicillamine, el-
evates DA efflux. It is difficult to reconcile their results
with those from our studies and others cited above, as
a consistent facilitatory effect of SNAP and other NO
generators on DA efflux was observed (Fig. 2; West and
Galloway, 1996, 1997a) whereas penicillamine was
without effect (West and Galloway, 1996). Further ev-
idence that the DA-releasing effect of SNAP is medi-
ated by NO is provided by studies showing that reverse
dialysis of SNAP into the hippocampus potently in-
creases extracellular NO concentrations, as deter-
mined using a sensitive electrochemical NO sensor
(Stout and Woodward, 1994), and that SNAP is one of
the most potent activators of GC found to date
(Southam and Garthwaite, 1991).

While some investigators have attributed the above
inconsistencies in NO actions across studies to meth-
odological differences and nonspecific drug effects (see
Kiss, 2000, for review), recent studies have indicated
that these discrepancies may be related to the redox
state of the tissue sampled in the particular biological
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preparation (Biyiikuysal, 1997a; Trabace and Ken-
drick, 2000). Stamler and colleagues have shown that
the local redox milieu of the brain tissue or preparation
will influence the species of NO generated, its reactiv-
ity, and the neurotoxic or neuroprotective nature of
NO. As such, oxidatively stressed environments favor the
reaction of the NO radical with superoxide anions and the
formation of peroxynitrite. In biological systems with
minimal free radical production, generation of the posi-
tively charged nitrosonium species of NO may act as an
antioxidant (Lipton and Stamler, 1994). In support of
this, a recent study has demonstrated that endogenous
NO exerts a neuroprotective function on striatal systems
in vivo via the quenching of superoxide anions (Lancelot
et al., 1995). Thus, the effect of local NOS inhibitor ad-
ministration on NMDA-mediated DA release may be de-
termined by the dose of NMDA and the level of superox-
ide anions generated during the activation of striatal
NMDA receptors (Connop et al., 1994, 1995; Lancelot et
al., 1995). This is supported by recent findings showing
that, in preparations in which NO infusion inhibits DA
efflux, the inhibition can be blocked or reversed by coper-
fusion of an antioxidant or peroxynitrite scavenger
(Biiytikuysal, 1997a; Trabace and Kendrick, 2000), sug-
gesting that NO acts to decrease DA release under con-
ditions where oxygen radical production is accelerated
and antioxidants are depleted. In contrast, when the bi-
ological system is not in a state of oxidative stress (i.e.,
physiological conditions), NO primarily acts to facilitate
DA neurotransmission. The electrophysiological studies
reviewed below also clearly support this contention.

MECHANISMS OF NO-FACILITATED
DA RELEASE
Calcium-dependent vesicular release vs.
inhibition of dopamine reuptake

Although the majority of studies conclude that NO
generators increase basal striatal DA overflow, the
mechanism by which NO produces this effect remains
controversial. To date, few studies investigating the
mode of release and/or the underlying mechanism of
this NO modulation are in agreement. In reports dem-
onstrating NO-mediated DA release, the DA-releasing
effect of NO has been shown to be calcium-dependent
(Lonart et al., 1993; West and Galloway, 1996, 1998;
Biytikuysal, 1997b; Trabace and Kendrick, 2000) as
well as calcium-independent (Black et al., 1994; Stew-
art et al., 1996). Given the above studies, it is possible
that both calcium-dependent and -independent modes
of release are operating in NO-facilitated DA efflux.
For example, as discussed below, NO can facilitate DA
release via an NMDA receptor-dependent mechanism.
This would presumably require calcium influx through
the NMDA ion channel for the initiation of vesicular
DA release. Our observations that both supraphysi-
ological concentrations of magnesium (10 mM, West
and Galloway, 1996) and the substitution of magne-
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sium for calcium in the perfusate (West and Galloway,
1998) attenuate NO-mediated DA release also support
this contention, as magnesium is a nonspecific calcium
channel blocker known to inhibit NMDA receptor-me-
diated calcium flux. Also, as shown in hippocampal
synaptosomes, NO can induce the release of synaptic
vesicles directly in a calcium-independent manner via
a nitrosylation mechanism that facilitates the docking
and fusion of synaptic vesicles (Meffert et al., 1994,
1996). Although calcium-independent NO-mediated
exocytosis has not been demonstrated in dopaminergic
terminals, studies by Humphrey and colleagues (Black
et al., 1994; Stewart et al., 1996) suggest that a calci-
um-independent mode of release is involved in NO-
induced DA efflux from striatal slices. Thus, removal of
calcium or addition of BAPTA-AM, a chelator of inter-
nal calcium, does not block the NO effect. Additionally,
our studies demonstrating a lack of a complete block of
SNAP and SIN-1-mediated DA release in calcium-free
ACSF (West and Galloway, 1996, 1998), suggest that
endogenous NO may release DA via both calcium/
NMDA channel-dependent and -independent mecha-
nisms. The extent to which each mode of release plays
a role in NO-facilitated DA efflux may be determined
by the intensity of nitrergic signaling and the state of
the DA system. Further investigations at the cellular
level are necessary to elucidate the complexities of
NO-dependent modulation of calcium influx and intra-
cellular release mechanisms.

We have reported in previous microdialysis studies
that pretreatment with reserpine abolished both basal
and SNAP-mediated DA efflux (West and Galloway,
1996; Fig. 3). However, in the same reserpinized ani-
mals, local amphetamine (AMPH, 1 nM) infusion elic-
ited a robust increase in extracellular DA levels, indi-
cating that under reserpinized conditions a cytosolic
pool of DA is maintained and released via AMPH-
induced reversal of the DA transporter (Fig. 3). We
have also observed that SNAP (1 mM) increased DA
efflux to a similar magnitude as AMPH (1 pM) under
non-reserpinized conditions (Fig. 3, inset). Thus, a de-
tectable change in DA efflux should have been observed
following SNAP administration in reserpinized condi-
tions if, like AMPH, SNAP induced the non-vesicular
release of DA. As this was not the case, these studies
demonstrate that the mode of release involved in NO-
facilitated DA efflux in vivo is largely dependent on
intact stores of vesicular DA.

Additional studies performed in vitro suggest that
NO enhances extracellular striatal DA concentrations
by inhibiting the DA transporter responsible for re-
uptake of DA into DA terminals (Lonart and Johnson,
1994; Pogun et al., 1994b; Lin et al., 1995; Biyiikuysal,
1997b). Moreover, multiple studies have indicated that
NO modulates DA transporter activity in vivo (Lin et
al., 1995; Kiss et al., 1999); however, they are not in
agreement as to the nature of this NO-dependent mod-
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Fig. 3. Reserpine pretreatment abolished SNAP-mediated dopa-
mine release. In animals pretreated with reserpine (5 mg/kg), extra-
cellular DA levels were below the limit of detection. Following 80 min
of aCSF perfusion, intrastriatal infusion of SNAP (1 mM) did not
elevate extracellular DA to detectable levels. One 20-min pulse of
amphetamine (1 pM) delivered 20 min following the SNAP pulse
increased extracellular DA levels to 5.64 = 0.71 fmol/pL immediately,
and 6.21* 0.69 fmol/ pl in the subsequent fraction. Forty minutes
after the amphetamine pulse, extracellular DA concentrations re-
turned to undetectable levels. Symbols represent the mean + SEM
from n = 6 experiments. Inset: Comparison between SNAP and am-
phetamine (1 pM)-induced DA release under non-reserpinized condi-
tions. Intrastriatal infusion of either SNAP (1 mM) or AMPH (1 pM)
elicited significant increases in DA concentrations (**P > 0.05, as
compared to respective baselines using ¢-test). Also, SNAP (1 mM) and
amphetamine (1 pM) had a similar potency in releasing DA at these
concentrations (P < 0.05). Symbols represent the mean = SEM from
n = 8-10 experiments. Adapted from J Neurochem, Blackwell Pub-
lishing, see West and Galloway, 1996.

ulation. On the other hand, our findings showing that
NO generator pretreatment and coperfusion does not
alter local amphetamine-mediated DA release suggest
that NO does not produce a significant block of DA
transporter activity in vivo (West and Galloway, 1996).
Our results demonstrating that NO-facilitated DA re-
lease occurs via a vesicular-mediated release process in
a manner dependent on GLU receptor stimulation also
suggest that it is unlikely that NO is significantly
interfering with DA transporter function in vivo. Given
the above discrepancies, additional studies are neces-
sary to determine the precise influence of NO on DA
reuptake in vivo.

Involvement of guanylyl cyclase

The most thoroughly characterized nitrergic signal-
ing pathway involves NO-mediated activation of cyto-
solic GC and a resulting elevation of intracellular
c¢cGMP levels (see Garthwaite and Boulton, 1995, for
review). Elevations in cytosolic cGMP can have multi-
ple consequences, including activation of PKG, alter-
ation of phosphodiesterase activity and cyclic nucleo-
tide metabolism, and modulation of ion channel
function (see above). Additionally, cGMP-dependent
mechanisms have been shown to play central roles in
multiple neural functions, including neurotransmitter
release, transporter regulation, gene expression, syn-
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aptic plasticity, cellular differentiation, and cytotoxic
processes (Garthwaite and Boulton, 1995).

Given that NO modulates GC activity and ¢cGMP-
dependent influences on neurotransmission, it is pos-
sible that NO-facilitated DA release is mediated via
this pathway. We tested this possibility by infusing the
GC inhibitor LY 83583 prior to and during local admin-
istration of the NO generator SNAP (West and Gallo-
way, 1996). Previous studies have demonstrated that
LY 83583 infusion into the cerebellum, using the same
concentration (100 pM) we employed in our studies,
attenuated cGMP formation induced by systemic har-
maline (Luo et al., 1994). Additionally, the magnitude
of GC inhibition in these studies was similar to that
induced by the classic GC inhibitor, methylene blue
(Luo et al., 1994). In our studies, LY 83583 infusion
into the striatum markedly increased basal DA levels
and potentiated the DA releasing action of SNAP (West
and Galloway, 1996). The effects of LY 83583 on basal
DA release are consistent with studies by Lonart et al.
(1993), showing that GC inhibition following methyl-
ene blue administration enhanced basal DA efflux in
striatal slice preparations. It may be that inhibition of
striatal GC activity reduces the impact of an inhibitory
tone on DA neurotransmission. This possibility is sup-
ported by reports demonstrating that the primary stri-
atal immunoreactivies for antibodies against GC,
cGMP, PKG, and ¢cGMP-phosphodiesterase are local-
ized to medium spiny neurons believed to be predomi-
nately GABAergic (Ariano et al., 1982; Ariano, 1983,
1984). Indeed, intrastriatal infusion of cGMP analogs
has been shown to increase extracellular GABA levels
(Guevara-Guzman et al., 1994). Studies demonstrating
that striatal GABA neurotransmission exerts an inhib-
itory influence on dopamine terminals (Smolders et al.,
1996b; see Glowinski et al., 1988, for review) also sug-
gest a role for GABAergic mechanisms in NO modula-
tion of striatal DA release.

As LY 83583 inhibits soluble GC activity, the LY
83583-induced potentiation of SNAP-mediated DA ef-
flux observed in our studies would not be expected if
NO was acting to activate GC (West and Galloway,
1996). It is conceivable that locally produced NO inter-
acts with multiple striatal effector enzymes or target
proteins, one of which is mediated by GC and exerts an
inhibitory influence on DA neurotransmission. As men-
tioned above, multiple studies suggest that the
GABAergic neurons mediate this secondary inhibitory
influence. Thus, the removal of this influence during
LY 83583 coperfusion may also explain the observed
increases in SNAP-mediated DA release. It is also pos-
sible that LY 83583-induced inactivation of GC may
increase the half-life of NO by blocking a significant
portion of NO binding sites (on GC) within the stria-
tum. This potential prolongation of NO signaling fol-
lowing LY 83583 infusion could then increase the ef-
fectiveness of NO in activating other target proteins
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(e.g., GLU receptors, transporters, other heme-contain-
ing proteins). Further investigations aimed at deter-
mining the impact of the striatal cGMP system on
striatal neurons and their afferent inputs are neces-
sary to substantiate these possible mechanisms of LY
83583-induced potentiation of SNAP-mediated DA re-
lease.

Involvement of excitatory amino acids

In addition to its effects on dopaminergic and
GABAergic neurotransmission, NO has also been
shown to increase GLU and aspartate efflux from mul-
tiple brain regions in both in vivo (Guevara-Guzman et
al., 1994; Lawrence and Jarrott, 1993; Segieth et al.,
1995; Segovia et al., 1994; West and Galloway, 1997a;
Fig. 2) and in vitro (Lonart and Johnson, 1995; Meffert
et al., 1994; Oh and McCaslin, 1996; Montague et al.,
1994) preparations. NO has been shown to inhibit the
GLU transporter, which presumably underlies the NO-
induced increase in extracellular GLU concentrations
(Lonart and Johnson, 1995; Pogun et al., 1994a). Other
studies have demonstrated that NO produced following
NMDA receptor activation can promote additional
GLU efflux (Bogdanov and Wurtman, 1997; Montague
et al., 1994; Oh and McClaslin, 1996). For instance,
NMDA receptor-mediated release of [PH]-GLU and
[*H]-norepinephrine from cortical synaptosomes is sen-
sitive to both NOS inhibition and NO chelation by
hemoglobin (Montague et al., 1994). Endogenous NO
generated via striatal NMDA infusion increases extra-
cellular GLU levels in vivo in a manner sensitive to
NOS inhibitors and extracellular calcium removal
(Bogdanov and Wurtman, 1997). Also, NOS inhibition
in cerebellar granule neurons decreases NMDA-medi-
ated GLU release and blocks cGMP production (Oh and
McClaslin, 1996). NO-mediated GLU release appears
to involve a direct mechanism acting on the GLU ter-
minal as NO has been shown to: 1) elevate GLU release
in striatal synaptosome preparations via the modula-
tion of GLU transporter function (Lonart and Johnson,
1994; Pogun et al., 1994a), and 2) inhibit GLU uptake
into synaptic vesicles via s-nitrosylation of transporter
enzyme sulfyhydryl groups (Wolosker et al., 1996).
This is further substantiated by the work of Meffert et
al. (1994), which demonstrated that NO releases vesic-
ular GLU from hippocampal synaptosomes in a calci-
um-independent manner (see above). When taken to-
gether, these studies suggest that NO-mediated GLU
release is a widespread phenomenon and a common
signaling pathway utilized in nitrergic neurotransmis-
sion.

Given that NO induces both DA and GLU release
concurrently (Fig. 2) and GLU can facilitate DA release
via NMDA, AMPA, kainate, and metabotropic GLU
receptor-dependent mechanisms (see Glowinski et al.,
1988 for review), we tested whether GLU is an inter-
mediary in NO-facilitated DA release using multiple
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Fig. 4. Effects of GLU receptor antagonists on H-ARG (1 mM)-
induced DA release. Pretreatment and coperfusion with NMDA and
AMPA/kainate, but not kainate GLU receptor antagonists, attenu-
ated H-ARG (1 mM)-mediated DA release. The NMDA receptor an-
tagonist MK-801 (10 pM) attenuated H-ARG-mediated DA release to
32 + 25% above basal levels (*P < 0.05). The AMPA/kainate receptor
antagonist AMOA (100 M) attenuated H-ARG-mediated DA release
to 21 + 25% above basal levels (*P < 0.05). No significant change in
H-ARG-mediated DA release (P > 0.05) was observed following pre-
treatment and coperfusion of the selective kainate receptor antagonist
GAMS (100 nM). All significant differences in coperfusion drug effects
were determined by comparison to the H-ARG alone (control) group
using a Dunnet’s multiple comparisons test. Mean basal extracellular
DA concentrations = SEM prior to drug pretreatment for control,
MK-801, AMOA, and GAMS groups were 1.63 = 0.11, 1.62 = 0.16,
2.29 = 0.34, and 1.23 *+ 0.16 fmol/pL, respectively. Bars represent the
mean * SEM from n = 6-8 experiments. Adapted from West and
Galloway, 1997a. Reprinted from Neuropharmacology, Vol 36, No
11/12, West and Galloway, 1571-1581, 1997, with permission from
Elsevier Science.

selective GLU receptor antagonists. In these experi-
ments, either SNAP or H-ARG was coperfused with
either an NMDA, AMPA, AMPA/kainate, kainate, or
metabotropic GLU receptor antagonist following an
80-100 min pretreatment period with the respective
antagonist (Figs. 4, 5; West and Galloway, 1996,
1997a). Consistent with previous results (Keefe et al.,
1992, 1993; Kiss et al., 1994; Moghaddam and Gruen,
1991), perfusion of ionotropic GLU receptor antago-
nists at the 10-100 M dose range did not alter basal
DA efflux (West and Galloway, 1996, 1997a). Addition-
ally, local application of the NMDA channel blocker
Mg?* did not affect basal DA efflux. These results may
indicate a lack of an endogenous glutamatergic tone on
basal DA efflux. When using an anesthetized prepara-
tion, however, this conclusion should be interpreted
with caution, as general anesthetics such as chloral
hydrate have been shown to decrease extracellular con-
centrations of many neurotransmitters, including stri-
atal GLU (Moghaddam and Bolinao, 1994) and DA
(Hamilton et al., 1992). Additionally, studies in which
ionotropic GLU receptor antagonists were intrastria-
tally perfused in the presence of a DA transporter
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Fig. 5. Pretreatment and coperfusion with ionotropic glutamate
receptor antagonists or Mg*2 blocked SNAP-mediated dopamine re-
lease. The NMDA receptor antagonists MK801 (10 pM) and =CPP
(100 uM), the NMDA channel blocker Mg*2 (10 mM), and the AMPA/
kainate receptor antagonist DNQX (10 pM) attenuated SNAP-medi-
ated DA release (*P < 0.05). No significant change in SNAP-mediated
DA release was observed with pretreatment and coperfusion of AP-3
(10 uM, P > 0.05). All differences in drug effects were determined by
comparison of SNAP control (fmol/pL DA) to the effect of coperfusing
the respective drug with SNAP using Dunnett’s multiple comparisons
test. Mean basal extracellular DA concentrations = SEM prior to drug
pretreatment were 1.65 + 0.08 fmol/pL (control). Bars represent the
mean = SEM from n = 5-10 experiments. Adapted from J Neuro-
chem, Blackwell Publishing, see West and Galloway, 1996.

blocker have shown that GLU exerts a subtle facilita-
tory influence on tonic extracellular DA levels which is
unmasked following the blockade of DA reuptake
(Moghaddam and Bolinao, 1994). Moreover, an inhibi-
tory pathway activated by NMDA receptor stimulation
has been shown to release GABA and, subsequently,
inhibit DA release (Krebs et al., 1994). Thus, pharma-
cological blockade of this GABAergic pathway uncovers
an NMDA-mediated facilitation of DA release which is
tetrodotoxin-resistant and is believed to represent the
direct presynaptic influence of GLU on terminal DA
transmission (Krebs et al., 1994). In contrast, interac-
tions between corticostriatal glutamatergic and nigrostri-
atal dopaminergic inputs are likely to be more prominent
in the conscious animal following exposure to behavior-
ally relevant stimuli. The considerable homeostatic capa-
bilities of the nigrostriatal dopaminergic system (Grace,
1991) and the temporal sampling limitations of the dial-
ysis procedure may also result in a lack of detection of
subtle glutamatergic influences on DA release following
some pharmacological manipulations.

While intrastriatal infusion of ionotropic antagonists
did not alter basal striatal DA efflux, they were effec-
tive in blocking NO-mediated increases in striatal DA
efflux (Figs. 4, 5; West and Galloway, 1996, 1997a).
Thus, pretreatment and coperfusion of the ionotropic
GLU receptor channel blockers MK-801, CPP, Mg?",
and DNQX consistently antagonized the ability of
SNAP to increase DA efflux (Fig. 5; West and Gallo-
way, 1996). Additionally, similar treatments with
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NMDA and AMPA receptor antagonists almost en-
tirely blocked the effect of the NOS substrate H-ARG
on striatal DA efflux (Fig. 4; West and Galloway,
1997a). These data point to the involvement of NMDA
and AMPA receptor-dependent mechanisms in NO-
facilitated DA release. These findings, together with
our observations that local NO generator infusion ex-
erts a concurrent facilitatory effect on striatal DA and
GLU efflux (Fig. 2; West and Galloway, 1997a) and
that elevations in endogenous GLU induced by the
local infusion of GLU reuptake inhibitors potentiates
NO mediated DA efflux (West and Galloway, 1997b)
strongly suggest that GLU is the secondary neuro-
transmitter responsible for the activation of ionotropic
GLU-receptor mechanisms involved in NO-mediated
DA release (West and Galloway, 1997a). This NMDA
and AMPA receptor dependence of NO-induced DA re-
lease is also supported by previous studies in vivo using
the NO donor sodium nitroprusside (Nakahara et al.,
1994). Our experiments were not likely confounded by
the use of anesthesia, as they are consistent with the
above report showing that treatment with tetrodotoxin
or MK-801 blocked and reduced, respectively, sodium
nitroprusside-mediated striatal DA release in freely
moving rats (Nakahara et al., 1994).

While it is clear that GLU-mediated NMDA receptor
activation plays a critical role in NO-facilitated DA
release, the ability of NO to influence DA release is
highly dependent on the concentration of NO present
in the experimental preparation. For instance, we have
found that intrastriatal infusion of the NOS substrate
H-ARG stimulated DA release at the 100, 200, and
1,000 puM concentrations, but had no effect on DA re-
lease at the 2 mM concentration (Fig. 6). Thus, high
concentrations of NOS substrate, which are known to
inhibit NMDA receptor function, do not facilitate DA
release (Fig. 6). Also, in accordance with the results of
Lin et al. (1995) and Shibata et al. (1996), NO produced
following H-ARG (2 mM) pretreatment and during
NMDA-receptor activation attenuated NMDA-facili-
tated DA release, while coperfusion of the neuronal
NOS inhibitor 7-NT potentiated the NMDA effect (Fig.
7). These data demonstrate that under conditions of
high NO output occurring during NMDA receptor acti-
vation and, presumably, following high concentrations
of NOS substrate infusion (H-ARG, 2 mM dose), NO
may activate a negative feedback pathway. As men-
tioned above, this autoregulatory mechanism probably
involves an NO-mediated nitrosylation of the redox-
modulatory site of the NMDA receptor (see Lipton and
Stamler, 1994, for review).

Direct and indirect influences of NO on
DA neurotransmission

Although the precise striatal pathways utilized in
NO-facilitated DA transmission remain to be com-
pletely elucidated, it is likely that NO exerts it effects
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Fig. 6. Time-course and differential dose-effect of N®hydroxy-L-
arginine on striatal dopamine release. Time course of the effects of
intrastriatal perfusion (120 min) of the NOS substrate H-ARG (100—
2,000 pM) on striatal DA release. H-ARG (100 pM) significantly
increased extracellular DA above basal levels during 120 min of
intrastriatal perfusion, peaking during the final fraction at 60 = 8%
above basal levels. H-ARG (200 pM) significantly increased extracel-
lular DA to 147 * 38% of basal levels following 40 min of intrastriatal
perfusion. DA concentrations remained elevated for the remainder of
drug perfusion, peaking during the final drug fraction at 169 = 22% of
basal levels. Local infusion of H-ARG (1 mM) increased DA release in
the first fraction to 194 * 14% of basal levels, reaching a maximal
increase of 232 * 31% of basal levels in the sixth fraction. In most
cases, upon removal of H-ARG from the perfusate DA levels decreased
towards basal levels. H-ARG (2 mM) did not significantly increase
extracellular DA when infused under similar conditions (P > 0.05).
Symbols represent the mean = SEM from n = 7-16 experiments.
Asterisks indicate values that differ significantly from baseline DA
levels as determined by ANOVA-RM with a Dunnet’s post-hoc test
(*P < 0.05). Mean = SEM basal DA levels for the 100 pM, 200 pM, 1
mM, and 2 mM H-ARG experiments were 1.29 = 0.07, 1.94 + 0.15,
1.63 + 0.11, and 1.69 *= 0.13 fmol/pl, respectively. Reprinted from
Neuropharmacology, Vol 36, No 11/12, West and Galloway, 1571—
1581, 1997, with permission from Elsevier Science.

via multiple effector circuits. The above-mentioned
studies using in vitro preparations provide consider-
able evidence indicating that in the denervated or iso-
lated striatum, NO facilitates DA release through a
direct action on the DA terminal. This action of NO is
likely to result following alteration of DA transporter
function or proteins involved in regulating synaptic
vesicle release (see above). In the intact animal, these
direct influences of NO on the DA terminal appear to be
less important, as multiple studies have provided evi-
dence that at least 75% of the NO effect is blocked by
GLU antagonists (West and Galloway, 1996, 1997a;
Nakahara et al., 1994) or tetrodotoxin (Nakahara et al.,
1994). These in vivo studies, together with the electro-
physiological studies described below, indicate that an
indirect polysynaptic pathway is likely to play a pri-
mary role in NO regulation of DA neurotransmission.
Recent studies have also demonstrated that striatal
NO increases the firing activity of identified cholinergic
neurons (Centonze et al., 2001) and promotes ACh
release (Guevara-Guzman et al., 1994). Thus, a second-
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Fig. 7. Endogenous NO modulates NMDA-facilitated DA release.
Top: local infusion of NMDA (100 pM) for one 20-min fraction elevated
extracellular DA by 96 = 28% above basal levels (*P < 0.05, as
determined by paired ¢-test). Symbols represent the mean = SEM
from n = 8 experiments. Bottom: Intrastriatal perfusion (80 min) with
either the NOS substrate H-ARG (2 mM) or the neuronal NOS inhib-
itor 7-NI (10 pM) did not affect basal DA efflux (P > 0.05, data not
shown). Pretreatment and coperfusion with H-ARG (2 mM) blocked
NMDA-induced DA efflux (*P < 0.05, as determined ANOVA with
Tukey post-hoc test). Pretreatment and coperfusion with 7-NT (10 pM)
potentiated NMDA-induced DA efflux 209 + 83% over the effect of
NMDA alone, an effect significantly greater than NMDA alone (¥*P <
0.05, as determined ANOVA with Tukey post-hoc test). Thus, these
data indicate that endogenous NO, stimulated during high levels of
NOS substrate infusion or during intense NMDA receptor activation,
inhibits NMDA receptor function. Mean basal extracellular DA con-
centrations = SEM prior to drug pretreatment for NMDA, NMDA +
7-NI, and NMDA + H-ARG groups were 1.25 * 0.05, 2.27 + 0.16, and
1.63 *= 0.18 fmol/pl, respectively. Bars represent the mean + SEM
from n = 6 experiments. Reprinted from Neuropharmacology, Vol 36,
No 11/12, West and Galloway, 1571-1581, 1997, with permission from
Elsevier Science.

ary role for ACh in NO-mediated DA release may be
indicated. This is supported by studies showing that
NO-facilitated ACh release is blocked by ionotropic
GLU receptor antagonists in the nucleus accumbens
(Prast et al., 1998).

REGULATION OF STRIATAL SPINY
NEURONS AND NIGROSTRIATAL
DOPAMINERGIC NEUROTRANSMISSION BY
NITRIC OXIDE: ELECTROPHYSIOLOGICAL
STUDIES

As mentioned above, multiple neurochemical and an-
atomical studies provide evidence that striatal NOS
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striatal neuron firing activity under basal conditions and during oPFC
stimulation. The activity of slow firing (=1 Hz) striatal neurons (n =
6) was monitored extracellularly during local aCSF and SNAP (2 mM)
infusion (10—30 min) under basal conditions and during electrical
stimulation of the oPFC (500 and 1,000 pA) as described above. A:
During aCSF (vehicle) infusion, the majority of striatal neurons fired
at low rates in an irregular pattern of discharge. The frequency and

interneurons are likely to modulate the activity of stri-
atal spiny projection neurons involved in the feedback
regulation of nigrostriatal DA neurons. Thus, studies
have shown that striatal GABAergic projection neu-
rons have high levels of GC and NO signaling increases
extracellular GABA and ¢cGMP levels. Moreover, recent
anatomical studies have shown that striatal NOS in-
terneurons make synapses on dendritic spines of stri-
atal projection neurons, often in close proximity to the
GLUergic and DAergic inputs (Sancesario et al., 2000;
Hidaka and Totterdell, 2001). In support of a physio-
logical regulation of these spiny neurons by NO, stud-
ies by Greengard and colleagues (Tsou et al., 1993)
have shown that sodium nitroprusside elevates cGMP
levels in striatonigral nerve terminals, leading to the
PKG-dependent phosphorylation of DARPP-32. Also,
striatal quinolinic acid lesions induce a maximal 85%
and 44% decrease in PKG activity levels in the stria-
tum and substantia nigra, respectively (Walaas et al.,
1989).

Recent electrophysiological studies have also pro-
vided considerable evidence that NO is an important
modulator of striatal neuron activity and that this
modulation is likely to be mediated by a complex inter-
action involving GC activation and augmentation of
GLUergic and DAergic neurotransmission (O’Donnell
and Grace, 1997; Calabresi et al., 1999a,b; West and
Grace, 2000; Onn et al., 2000; Centonze et al., 2001;
West and Grace, submitted). For example, a critical
role for striatal NOS interneurons has been proposed
by Calabresi et al. (1999a,b) in the NO-dependent in-
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duration of firing episodes was robustly increased following intrastri-
atal SNAP infusion. The vertical dashed line indicates the onset of
intrastriatal SNAP infusion. B: SNAP infusion increased the average
firing rate under basal conditions (no stimulation) and during electri-
cal stimulation of the oPFC (F = 8.96, *P < 0.05, two-way RM-
ANOVA); however, there was no significant overall effect of electrical
stimulation on firing rate (F = 0.035, P > 0.05) and no interaction
between drug and electrical stimulation (' = 0.315, P > 0.05).

duction of long-term depression of corticostriatal neu-
rotransmission. This form of synaptic plasticity re-
quires the synchronization of striatal glutamate and
dopamine receptor stimulation, NO-mediated activa-
tion of GC and ¢cGMP formation, activation of PKG, and
membrane depolarization in spiny GABAergic projec-
tion neurons (Calabresi et al., 1999a,b). These authors
also indicated that the concurrent facilitation of DA
and GLU release by NO described in the above micro-
dialysis studies is likely to play a critical role in the
induction phase of LTD.

In addition to its influence on synaptic plasticity
and neuronal excitability, NO that is produced fol-
lowing the activation of corticostriatal afferents has
been shown to increase the incidence of dye coupling
between striatal spiny neurons recorded in vitro
(O’Donnell and Grace, 1997). This increase in dye
coupling is thought to be mediated by increases in
the permeability of gap junctions between spiny neu-
rons. Additionally, the effect of endogenous NO sig-
naling on electrotonic coupling activated during elec-
trical stimulation of cortical afferents is blocked by
the infusion of an NOS inhibitor and mimicked by
the NO generator sodium nitroprusside. These stud-
ies indicate that NO may play an important role in
synchronizing functionally related striatal sub-
systems. This NO-mediated synchronization of spe-
cific striatal output neuron clusters may also be im-
portant for promoting the simultaneous transition of
coupled bistable neurons to the depolarized up state
(O’Donnell and Grace, 1997). The successful transi-
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Fig. 9. Intrastriatal infusion of the NO chelator CPT-10 decreased  injection steps. Top traces indicate the membrane voltage response.

the responsiveness of striatal neurons to intracellular current injec-
tion. A: Left column: Response of a single cell to increasing amplitudes
of intracellular current injected during aCSF infusion. Right column:
Response of the same cell to depolarizing current pulses injected
during CPT-10 infusion (~7-10 min). Bottom traces indicate current

tion of the striatal spiny neuron into this depolarized
upstate is critical for neuronal membrane informa-
tion integration and required for action potential
generation. NO may also play a role in the long-term
modulation of gap junction function following re-
peated drug administration. Thus, following re-
peated administration of amphetamine the nucleus
accumbens exhibits changes in NOS immunoreactiv-
ity that parallel alterations in dye coupling and bist-
able states (Onn and Grace, 2000). Such changes in
NOS immunoreactivity and dye coupling were found
to only take place following the withdrawal of am-
phetamine and, moreover, persisted for more than 1
month following this withdrawal. This may point to a
role of NO in mediating some of the plasticity in-
duced in the DA system by repeated drug adminis-
tration.

Our recent studies combining in vivo extracellular
and intracellular electrophysiological recordings

B: Left: The average current amplitude required to reach threshold
(rheobase) was significantly increased following intrastriatal CPT-10
infusion (n = 5, *P < 0.05, paired ¢-test). Right: The average mem-
brane potential of the same striatal neurons was unchanged following
local CPT-10 infusion (n = 5, P > 0.05).

with reverse microdialysis have yielded results that
are consistent with a role of NO in modulating the
above-mentioned bistable neuronal activity of spiny
neurons (West and Grace, 1999, submitted). Thus,
we have found that intrastriatal infusion of the NO
generator SNAP increased the firing activity of stri-
atal neurons under basal conditions and during elec-
trical stimulation of the orbital prefrontal cortex
(Fig. 8). Additionally, neurons responding to orbital
prefrontal cortex stimulation exhibited decreased
membrane excitability following intrastriatal infu-
sion of NO antagonists, as evidenced by: 1) an in-
crease in the intracellular current injection ampli-
tude required to elicit an action potential (Fig. 9),
and 2) a decrease in the maximal depolarized mem-
brane potential occurring while the neuron is in the
upstate. Moreover, a decrease in maximal EPSP am-
plitude and duration evoked by electrical stimulation
of the orbital prefrontal cortex was observed follow-
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Intrastriatal CPT-10 infusion decreases the responsiveness of striatal neurons to electrical stimulation of the orbital prefrontal

cortex. A series of single pulses (0.2 Hz) of electrical stimuli were delivered to the oPFC during intrastriatal aCSF or CPT-10 infusion (1 mM).
A: Representative traces of EPSPs evoked by a series of increasing stimulus intensities in the same striatal neuron during aCSF (left) and
CPT-10 (right) infusion. B: Left: the mean maximal EPSP amplitude was reduced following intrastriatal CPT-10 infusion (n = 5, *P < 0.05,
paired ¢-test). Right: The mean EPSP duration was reduced following intrastriatal CPT-10 infusion (n = 5, *P < 0.05, paired ¢-test).

ing local infusion of an NO chelator (Fig. 10). These
findings are particularly interesting, as they support
the above-mentioned observations from microdialy-
sis studies demonstrating that NO augments GLUer-
gic neurotransmission. These electrophysiological
studies provide further evidence for this phenome-
non and indicate that NO signaling facilitates GLU
transmission specifically across prefrontal-striatal
synapses.

By modulating synaptic excitability and increasing
the electrotonic coupling between striatal projection
neurons, NO may exert effects that alter the balance of
the input—output relationship of the striatum in a way
that produces a functionally significant impact on its
target neurons in downstream basal ganglia nuclei.
This is supported by our recent studies indicating that
striatal NO regulates the activity of DA neurons in the

substantia nigra indirectly by modulating the activity
of striatonigral feedback pathways (Fig. 11; West and
Grace, 2000; Onn et al., 2000). In these studies, we
found that local infusions of NOS substrate, performed
concurrently with intermittent periods of striatal and
cortical stimulation, increased the mean DA neuron
population firing rate over activity rates observed in
animals receiving vehicle (aCSF) infusions (Fig. 11A).
This effect was reproduced via intrastriatal infusion of
the NO generator hydroxyamine. Additionally, infu-
sion of either an NOS inhibitor or NO chelator via
reverse microdialysis increased the proportion of DA
neurons showing an initial inhibition followed by a
rebound excitation to striatal stimulation by 34%. NO
scavenger infusion also markedly decreased the stim-
ulation intensity required to elicit an initial inhibitory
response to electrical stimulation of the striatum (Fig.
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Fig. 11. Striatal NO signaling regulates the responsiveness of DA

neurons to electrical stimulation of the striatum and prefrontal cor-
tex. A: Intrastriatal infusion of NO generators enhanced the basal
firing rate of DA cells recorded in between intermittent periods of
electrical stimulation of the striatum and orbital prefrontal cortex.
The mean (= SEM) population firing rate of DA cells recorded in the
substantia nigra was determined in rats receiving intrastriatal aCSF
or drug infusion. Intermittent electrical stimulation of the striatum
and PFC decreased the basal firing rate of DA cells in control animals
from 4.74 + 0.4 (NO-stim control) to 3.29 = 0.2 (Control, P < 0.05,
ANOVA/ Dunnet’s test). When infused during periods of intermittent
striatal and orbital prefrontal cortical stimulation, the NO generators
NGC-hydroxy-L-arginine (H-ARG) and hydroxylamine (HA) increased
the mean population DA cell firing rate from 3.29 = 0.2 (control) to
4.34 = 0.2 and 4.67 + 0.2 spikes/sec, respectively (*P < 0.05, ANOVA/
Dunnet’s test). Similar treatment with the NOS inhibitor, 7-nitro-
indazole 100-300 pM, (7-NI), or the NO chelator carboxy PT-10 (CPT-
10) did not affect basal DA cell firing rate (P > 0.05, ANOVA/Dunnet’s
test). The above data were summarized from n = 285 DA cells re-
corded in vivo in the substantia nigra. B: Pharmacological disruption
of striatal NO signaling increased the responsiveness of DA neurons
to electrical stimulation of the striatum. Thus, intrastriatal infusion
of the NO chelator CPT-10 (1 mM) (n = 21-25 cells per data point)
increased the probability of eliciting an initial inhibition/rebound

11B). In single neurons in which either orbital prefron-
tal cortex or striatal stimulation evoked responses be-
fore and after drug delivery, NO antagonist infusion
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excitation (IE response) in response to striatal stimulation (250—800
rA, 0.6 hz, 250 ps) without changing the threshold of response. C:
Intrastriatal infusion of the NO antagonist CPT-10 also decreased the
excitatory response to electrical stimulation of the striatum. Top:
Predrug ACSF control. The asterisk is positioned over the initial
excitatory response induced by striatal stimulation. Bottom: Response
of the same DA cell following intrastriatal CPT-10 (1 mM) infusion (45
min). Note that following drug infusion, the initial excitatory response
is significantly attenuated (indicated by large arrow). D: The duration
of inhibitory responses of DA cells to electrical stimulation of the
prefrontal cortex also was significantly increased following pharma-
cological disruption of striatal NO signaling. Thus, intrastriatal infu-
sion of 7-NT (300 wM) enhanced the responsiveness of a single DA
neuron to electrical stimulation of the orbital prefrontal cortex. Top:
Predrug aCSF control. Bottom: 7-NT infused for 25-30 min. Note that
following drug infusion, the onset latency of the initial inhibitory
response is significantly decreased while the duration of the inhibition
is increased. The asterisks indicate secondary excitatory responses.
Each histogram represents the spike distribution over approximately
100 sweeps. Arrows indicate the onset of the initial inhibition.
Adapted from J Neurophys, American Physiological Society, see West
and Grace, 2000. Reprinted from Trends in Neuroscience, Vol 23, Onn
et al., S48-S56, 2000, with permission from Elsevier Science.

attenuated the initial excitatory responses (Fig. 11C)
and decreased the onset of latency and extended the
duration of the initial inhibitory response (Fig. 11D).
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These studies demonstrate that striatal NO tone reg-
ulates the basal neuronal activity and responsiveness
of DA neurons to prefrontal cortical and striatonigral
inputs.

FUNCTIONAL CONSIDERATIONS: ROLE OF
STRIATAL NO IN NORMAL AND
PATHOLOGICAL STATES

Taken together, the neurochemical and electrophysi-
ogical studies reviewed above demonstrate that stria-
tal NO signaling plays an important role in modulating
striatal DA neurotransmission both at the level of the
DA neuron terminal and cell body. Given that endoge-
nous striatal NO production increases striatal extra-
cellular DA levels (tonic DA transmission) and regu-
lates the firing rate and pattern of nigrostriatal DA
neurons (phasic DA transmission), it is likely that stri-
atal NOS interneurons play an important role in reg-
ulating the balance between tonic and phasic DA neu-
rotransmission (Grace, 1991; Moore et al., 1999; West
and Grace, 2000, 2001). For example, by facilitating
local DA release while concurrently suppressing phasic
DA neurotransmission, tonic endogenous NO signaling
may enhance tonic extracellular DA levels under basal
conditions when the motor system is not activated (Fig.
12). In contrast, when the animal is in a state of be-
havioral activation, local NO concentrations may be-
come elevated resulting in an inhibition of NMDA re-
ceptor function and a decrease in tonic extracellular
DA levels. This decrease in tonic DA levels would then
increase the throughput of phasic DA transmission via
disinhibition of terminal autoreceptors. Additionally,
action potentials generated by phasic DA neuron dis-
charge may be regulated in part by prefrontal cortical
activation of striatal NO and striatonigral pathways
involved in disinhibiting DA neuron activity (Fig. 13;
Grace and Bunney, 1979, 1985; West and Grace, 2000).
In this way, NO signaling may play a key role in
maintaining the homeostatic balance between tonic DA
levels, as regulated by low levels of GLUergic and
nitrergic activity and overflow from sustained DA neu-
ron firing, and stimulus-driven, spike-dependent pha-
sic DA neurotransmission. Thus, glutamatergic activa-
tion of striatal nitrergic signaling pathways may
represent an important modulatory mechanism by
which the prefrontal cortex exerts dynamic and rapid
control over the activity of the nigrostriatal DA system.

These studies also suggest that a dysfunction within
corticostriatal NO-dependent signaling pathways could
disrupt the operation of striatonigral feedback circuits
involved in regulating DAergic transmission. This dys-
regulation of DAergic transmission could, in turn, alter
sensorimotor information processing in medium spiny
projection neurons and result in an inappropriate selec-
tion or inactivation of striatal output circuits involved in
coordinating the activity of neurons in premotor areas in
the brainstem and thalamus. In this way, NO may play a
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Tonic Dopamine Transmission

Fig. 12. Model of striatal NO effector pathways involved in regu-
lating tonic striatal DA transmission. In this model, GLUergic affer-
ents maintain tonic extracellular DA levels directly via activation of
ionotropic GLU receptors (iGLU-R) located on DA terminals and
indirectly via pathways involving striatal NOS interneurons. The
NOS pathway provides the GLUergic inputs with additional regula-
tory mechanisms and control over the modulation of tonic DA trans-
mission. GLU released from corticostriatal terminals (1), activates
iGLU-R in the membrane of aspiny interneurons (2), which in turn
activates NOS (3). NO produced following the activation of NOS
diffuses into the extracellular space and interacts with presynaptic
membrane proteins within nearby DA and GLU terminals. Low levels
of NO stimulation are likely to increase DA release by facilitating
additional increases in GLU release (4), which could then augment
the GLUergic stimulation of ionotropic GLU receptors (iGLUr) on the
DA terminal (4b). NO may also act to enhance extracellular DA levels
by inhibiting the activity of the DA transporter (DAT) and decreasing
DA reuptake (5). As initially described by Grace (1991), tonic DA
release regulates the phasic (impulse flow-dependent) release of DA in
the synaptic compartment by activating presynaptic DA autorecep-
tors (6) that are involved in inhibiting DA synthesis and release.
Robust activation of NOS and high levels of NO production that is
believed to occur during cortical activation and behavioral arousal,
results in the NO-mediated inhibition of NMDA receptor/iGLUr ac-
tivity (7) and, as such, a blockade of the local facilitatory effects of
GLU on DA release. For the sake of simplicity, presynaptic iGLUr
involved in facilitating tonic DA release are shown as being located
only on the DA terminal. However, it is likely that indirect cholinergic
pathways as well as other transmitter systems are involved in tonic
NO-facilitated DA release.

critical role in integrating corticostriatal sensorimotor in-
formation within striatal networks involved in regulating
motor behavior. Indeed, this is supported by recent be-
havioral studies indicating that NOS inhibitors decrease
basal motor activity (Stewart et al., 1994) and activity
stimulated by substance P (Mancuso et al., 1994) and
MK-801 (Deutsch et al., 1996).

Studies have also demonstrated changes in the num-
ber of NOS-expressing neurons in the brains of pa-
tients with Parkinson’s disease as compared to controls
(Hunot et al., 1996). A potential role for NO in the
etiology of Parkinson’s disease involves an overactive
excitatory glutamatergic input to the substantia nigra
which may directly damage nigrostriatal DA neurons
via excessive NMDA receptor activation and subse-
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Phasic Dopamine Transmission
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Fig. 13. Model of striatal NO effector pathways involved in regulating striatal output networks and phasic nigrostriatal DA cell activity. In
the absence of a barrage of excitatory input, the spiny neurons which make up the direct and indirect striatal output networks are relatively
inactive (i.e., not firing action potentials). During periods of intense corticostriatal transmission presumably occurring during behavioral
arousal (1), the activation of convergent corticostriatal GLUergic inputs and increased NOS activity and NO production (2) will potentiate and
prolong GLU release (3), which then depolarizes striatal projection neurons (4), induces electronic coupling (5), and provides a synchronized,
depolarized up state and firing activity within a network of striatal projection neurons (black neurons). It is further proposed that these neurons
make direct synaptic connections with inhibitory GABAergic neurons in the substantia nigra pars reticulata ((6) black arrow). These
GABAergic cells in the reticulata modulate the activity of DA cells in the pars compacta (Grace and Bunney, 1979, 1985) and are proposed to
be inhibited following NO activation of this striatonigral feedback pathway, resulting in a disinhibition of DA cell activity (7). An additional
network of striatal projection cells which are activated, independent of NO pathways (8), during intense corticostriatal signaling also regulate
DA cell activity via direct or indirect multisynaptic inhibitory inputs (9) to the substantia nigra pars compacta (grey neurons, dashed arrow).
Removal of striatal NO tone following local infusions of NO antagonists is proposed to decrease the activity of excitatory pathways and result
in an increase in the influence of the striatonigral inhibitory pathway during striatal stimulation. Thus, via its influence on extracellular DA
levels and the activity of a subpopulation of striatonigral projection neurons, NO regulates tonic (Fig. 12) and phasic (Fig. 13) DA transmission
differentially in a manner dependent on the arousal state of the animal.

quent free radical generation (Zeevalk et al., 1994).
This is supported by the observation that extensive
inhibition of nigral NOS activity in vivo potentiates
NMDA receptor-mediated neurotoxicity in the rat sub-
stantia nigra pars compacta (Connop et al., 1995). Ad-
ditionally, NADPH-d (NOS) enzymatic activity has
been shown to be elevated in the striatum of patients
with Huntington’s disease (Ferrante et al., 1985). Stri-
atal NOS-containing interneurons have been shown to
be selectively spared from the neurodegenerative influ-
ences observed in this disease (Ferrante et al., 1985). In
both disorders, the degenerative process may be initi-

ated by secondary NO-induced neurotoxic insults that
may mediate or contribute to the vicious excitotoxic
cycle, as NO generated following a GLUergic overacti-
vation of NMDA receptors could promote the further
release of terminal GLU. In neurochemical studies, we
found evidence suggesting that under normal condi-
tions this cycle would be interrupted by nitrergic inac-
tivation of the NMDA receptor (West and Galloway,
1997a). Thus, individuals with mutant NMDA recep-
tors which lack the critical NO binding site may be
prone to neurotoxic mechanisms resulting from dys-
functional glutamatergic neurotransmission.
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Given evidence of cortical hypoglutamatergic func-
tion in schizophrenia (Weinberger, 1987; Grace, 1991;
Weinberger and Lipska, 1995; Grace and Moore, 1998;
Moore et al., 1999; West and Grace, 2001), it is likely
that an understanding of DA and NO interactions in
the striatal complex will be relevant for the develop-
ment of novel pharmacotherapies for the treatment of
schizophrenia. This is supported by studies showing
that, similar to the actions of typical and atypical an-
tipsychotic drugs, NOS inhibitors attenuate the MK-
801-elicited jumping episodes in mice (Karatinos et al.,
1995; Deutsch et al., 1996) and the disruption of pre-
pulse inhibition induced by the psychotomimetic agent
phencyclidine (Wiley, 1998). The possibility that abnor-
mal NO signaling may play a role in the pathophysiol-
ogy of schizophrenia is also supported by studies show-
ing alterations in the density of NOS-containing
interneurons in frontal and limbic cortices of patients
with schizophrenia (Akbarian et al., 1993a,b). In-
creases in a correlate of NOS activity have also been
observed in the striatum in a rodent model of the de-
velopmental prefrontal-temporolimbic pathology of
schizophrenia (Moore et al., 1999). A recent study has
also demonstrated that 24 h following intrastriatal
SNAP infusion, D5 receptors are upregulated, suggest-
ing that NO-facilitated DA release can have long-term
effects on striatal DA receptor densities (Wallace and
Booze, 1997). Thus, an overactivity of the NO system
may parallel the hyperdopaminergic symptomatology
that is characteristic of this disorder. Therefore, the
multifaceted role played by NO in modulating DA and
GLU signaling pathways involved in the integration of
information flow within limbic structures makes this
an attractive potential target for pharmacotherapy for
schizophrenia.
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