Perspectives Series: Nitric Oxide and Nitric Oxide Synthases

Nitric Oxide in Excitable Tissues: Physiological Roles and Disease

Karen S. Christopherson and David S. Bredt

Departments of Physiology, University of California at San Francisco, San Francisco, California 94143

Introduction

The discovery of nitric oxide (NO)! as a uniquely diffusible
and reactive molecular messenger in the vascular and immune
systems motivated searches for NO biosynthesis throughout
the body. NO was soon found in abundance in the central
and peripheral nervous systems (1-3). Indeed, NO synthase
(NOS), the enzyme that produces NO from L-arginine, occurs
at higher levels in brain than in any other tissue, which facili-
tated the initial isolation of an NOS protein and cloning of an
NOS cDNA (4). Intensive studies over the past 10 yr have de-
termined that NO mediates diverse physiological functions as-
sociated with neurons. In the peripheral nervous system, NO
acts much like a classical neurotransmitter in regulating gas-
trointestinal motility, regional blood flow, and neuroendocrine
function. In the brain, NO acts as a neuromodulator to control
behavioral activity, influence memory formation, and intensify
responses to painful stimuli. Furthermore, NO biosynthesis in
excitable tissues is not restricted to neurons. Recent studies
have identified skeletal muscle as a major source for NO in the
body (5, 6) where NO regulates both metabolism and muscle
contractility.

NO biosynthesis in excitable tissues is regulated by in-
creases in intracellular calcium, which activate NOS through
the enzyme’s dependence upon calmodulin (7). Although
small amounts of NO synthesized during neural and skeletal
muscle activity mediate physiological functions, excess NO
production can mediate tissue injury. For example, large
amounts of NO produced during periods of cerebral ischemia
mediate neuronal injury in various forms of stroke (8). Similar
NO-mediated damage may account for neurodegeneration in
other conditions as well, including Parkinson’s disease, amyo-
trophic lateral sclerosis, and Huntington’s disease. NO signal-
ing is also perturbed in various muscle diseases, particularly in
Duchenne muscular dystrophy, and these derangements may
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contribute to the disease processes (9). Therefore, pharmaco-
logical regulation of NO synthesis offers an important strategy
for treatment of neurodegenerative and muscle diseases.

Physiological functions for NO in excitable tissues

Regulation of intestinal function. Physiological functions for
neuron-derived NO were first demonstrated in the gastrointes-
tinal tract. These studies resolved pharmacological observa-
tions that had puzzled physiologists for more than 20 yr. After
the development of adrenergic blocking agents in the early
1960s it became clear that certain actions of the autonomic
nervous system are mediated by nonadrenergic, noncholin-
ergic (NANC) nerves. This NANC pathway plays a particu-
larly important role in producing relaxation of smooth muscle
in the cerebral circulation and the gastrointestinal, urogenital,
and respiratory tracts. Parallel studies by several investigators
in the late 1980s demonstrated that the NANC transmitter in
several of these pathways is identical to the endothelial-derived
relaxing factor described by Furchgott.

Molecular biological studies have helped detail the mecha-
nisms for NO-mediated neurotransmission. In the intestine,
neuronal NOS (nNOS) is selectively concentrated in axon var-
icosities of myenteric neurons. Adjacent intestinal smooth
muscle cells contain an “NO receptor,” the soluble guanylyl
cyclase. During intestinal peristalsis, myenteric neurons fire
action potentials, and the resulting calcium influx activates
calmodulin, which in turn stimulates nNOS. The NO then dif-
fuses into adjacent smooth muscle cells and augments accumu-
lation of cGMP, which mediates intestinal relaxation.

Definitive evidence that neuron-derived NO regulates in-
testinal motility derives from studies of genetically engineered
mutant mice. nNOS knockout mice, which selectively lack the
nNOS isoform from conception, display a grossly enlarged
stomach that histologically resembles the human disease hy-
pertrophic pyloric stenosis (10). Alterations in NOS may play
a causal role in some newborns with this disorder, as recent ge-
netic studies indicate that nNOS is a susceptibility locus for in-
fantile pyloric stenosis (11).

Regulation of blood flow. Neuron-derived NO also plays a
major role in regulation of blood flow. In brain, neuronal activ-
ity is associated with an increase in local blood flow, and this
response is prevented by NOS inhibitors (12). Particularly high
levels of nNOS occur in vasodilator nerves that innervate the
large cerebral blood vessels (13). Abnormal reactivity of these
vessels appears to mediate migraine headache, as sumatriptan
constricts these large vessels and controls headache (14).
Sumatriptan is also effective in treatment of nitroglycerin-
induced headache, suggesting a role for endogenous NO in mi-
graine. Therefore, pharmacological manipulations of nNOS
may offer an avenue for migraine therapy.

Therapeutic modulation of NO levels for treatment of mi-
graine or other recurring disorders may be complicated by



adaptive responses to the therapy. Control of cerebral blood
flow involves complex and overlapping physiological pathways
regulated by NO and a variety of other vasoactive compounds,
and alterations in NO biosynthesis are often compensated by
changes in the levels of other mediators. One illustrative ex-
ample involves the increase in cerebral blood flow that nor-
mally occurs in response to hypercapnia. This local vascular re-
flex to hypercapnia is NO-dependent, as it is acutely blocked
by NOS inhibitors (12). Surprisingly, hypercapnic cerebral
blood flow responses are intact in nNOS knockout mice, and
NOS inhibitors do not block the response in the nNOS knock-
out mice (15). Therefore, the maintenance of hypercapnic
blood flow response in the nNOS knockout mice is not due to
upregulation of other NOS isoforms but instead is mediated by
an NO-independent mechanism. Compensation by such alter-
native pathways appears to be a common physiological reac-
tion to deficiencies in NO biosynthesis and has been observed
in several systems.

Neuron-derived NO also mediates penile erection through
regulation of blood flow. nNOS is enriched in neurons of the
pelvic plexus and NOS inhibitors block penile erection in ani-
mal models in vivo (16) and in strips of human cavernosal tis-
sue in vitro (17). However, nNOS mutant mice display normal
erectile function (18). Apparently NO derived from other
NOS isoforms compensates for the loss of nNOS, as NOS in-
hibitors block penile erection in nNOS mutant mice. Recent
studies demonstrate that abnormalities in NO biosynthesis
may also underlie erectile dysfunction. Diabetes mellitus is as-
sociated with impaired NOS-dependent erectile function (19).
NOS levels in penis are also decreased in aging rats, and this
age-related decrease correlates with impaired erectile re-
sponses (20). Androgens are essential for penile reflexes in the
rat and are also essential for normal libido. Similarly, nNOS
expression in penis is dependent upon active androgens as
nNOS levels decrease by 60% 1 wk after castration but are re-
stored to normal levels with testosterone replacement (21).
Therefore, pharmacological manipulation of NO or NOS ex-
pression may offer a viable strategy for treatment for some
causes of erectile dysfunction.

Functions for NO in the central nervous system. Functions
for NO in brain remain less certain. Because NO is a uniquely
diffusible mediator, it was proposed on theoretical grounds
that NO may mediate neuronal plasticity, which underlies as-
pects of both development and information storage in brain.
Evidence for NO involvement in synaptic plasticity has accu-
mulated steadily. At the cellular level, NO signaling appears to
be essential for two forms of neuronal plasticity: long-term po-
tentiation (LTP) in the hippocampus (22) and long-term de-
pression in the cerebellum (23). In these cellular models, re-
peated neuronal stimulation yields long-lasting changes in
synaptic strength. NOS inhibitors prevent these changes. Stud-
ies with NOS inhibitors have been controversial because these
arginine analogues often have nonspecific effects. This contro-
versy may now be resolved by studies of NOS knockout mice.
Both endothelial NOS (eNOS) and nNOS activities are found
in hippocampus. Mice that lack either eNOS or nNOS have es-
sentially normal LTP, whereas mutant mice deficient in both
eNOS and nNOS have substantially decreased LTP (24).

Through regulation of synaptic plasticity, NO mediates
complex influences on brain development, memory formation,
and behavior. For example, inhibition of NOS prevents the
precise targeting of retinal axons to their proper location in the

optic tectum (25). In adult animals, NOS inhibitors hinder mo-
tor learning (26) and the formation of olfactory memories (27).
NOS inhibitors also prevent the long-lasting hyperalgesia that
follows tissue injury (28). In rodent experimental models using
formalin injection to the paw to induce hyperalgesia, inhibitors
of NOS prevent the subsequent augmented response triggered
by noxious inputs. However, nNOS knockout mice display
normal sensitization to peripheral tissue damage in this model,
and NOS inhibitors do not block sensitization in the nNOS
knockout mice (29). Again, the deficiency of nNOS is comp-
ensated by an NO-independent pathway. Any potential devel-
opment of nNOS inhibitors for chronic pain or other neuro-
logical disorders must be prepared to tackle this recurring
phenomenon of compensation after chronic removal of NOS
activity.

Functions for NO in skeletal muscle. Although endogenous
NO was originally appreciated as a mediator of smooth muscle
relaxation, more recent studies indicate a role for NO in skele-
tal muscle as well. nNOS mRNA is expressed at high levels in
human skeletal muscle (5), where it is alternatively spliced,
yielding a muscle-specific isoform (nNOS) (30). Understand-
ing functions for nNOS in skeletal muscle has been facilitated
by the discrete localization of nNOS in myofibers. In rodent
muscle, nNOS is specifically enriched beneath the sarcolemma
of fast twitch muscle fibers (6). NOS activity stimulated during
muscle membrane depolarization inhibits contractile force in
fast twitch fibers.

In addition to modulating contractile force, NO derived
from sarcolemmal nNOS regulates physiologic functions at the
muscle membrane. During muscle development, myocytes
fuse to form muscle myotubes, and this membrane fusion is
blunted by NOS inhibitors (31). In myocyte/motor neuron co-
cultures, NOS produced at the postsynaptic muscle membrane
functions as a retrograde messenger to regulate myotube in-
nervation (32). In mature muscle fibers, NOS regulates glucose
uptake across the sarcolemma. Glucose uptake in skeletal
muscle is regulated by both acute exercise and by insulin. NOS
inhibitors selectively blunt exercise-induced uptake but have
no effect on insulin-stimulated glucose transport (33). Interest-
ingly, chronic exercise increases nNOS protein expression in
muscle and this has long-lasting enhancing effects on glucose
transport in heavily used muscle (33).

A striking aspect of skeletal muscle nNOS is that the syn-
thase is quantitatively associated with the sarcolemma. nNOS
occurs at skeletal muscle sarcolemma owing to its association
with the dystrophin complex (9). Detailed biochemical studies
have determined the specific protein in the dystrophin com-
plex that binds to nNOS. This work shows that the PDZ pro-
tein motif at the NH, terminus of nNOS binds to a similar
PDZ motif near the NH, terminus of syntrophin (34), a dystro-
phin-associated protein. Syntrophin directly binds to dystro-
phin and links nNOS to the dystrophin complex.

Patients with Duchenne muscular dystrophy and mdx mice
that lack dystrophin evince a loss of nNOS from the sarco-
lemma. Certain mutations in the rod-like domain of dystro-
phin that cause Becker’s dystrophy result in loss of sarcolem-
mal nNOS but not other components of the dystrophin
complex (34). The specific cause of muscle pathology that re-
sults from dystrophin deficiency is unknown. One model pro-
poses that the loss of dystrophin in Duchenne dystrophy dis-
rupts the normal link between the extracellular matrix and the
myofiber cytoskeleton (35). This results in sarcolemmal dam-
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age and myofiber necrosis. Other evidence suggests that dis-
ruptions of intracellular calcium homeostasis and subsequent
free radical-induced oxidative damage contribute to muscle
pathology in Duchenne dystrophy (36). nNOS represents a
possible source for free radical injury in Duchenne dystrophy.
On the other hand, because NO also plays a role in myofiber
differentiation, the loss of sarcolemmal nNOS signaling may
contribute to failed muscle regeneration in Duchenne dystro-
phy. Future work will determine whether manipulation of
skeletal muscle NO levels represents a valuable therapeutic
approach to Duchenne dystrophy or other muscle diseases.

Cellular mechanisms regulating NO actions in excitable tissue

NO signaling in excitable tissues requires rapid and controlled
delivery of NO to specific cellular targets. Other neurotrans-
mitters are packed in secretory vesicles that are released at
synaptic sites. Signal termination is mediated by enzymes and
pumps that eliminate the active transmitter from the synapse.
Regulation of NO signaling is complicated by the physical
properties of NO, which prevent storage of NO in lipid-lined
vesicles or metabolism of NO by hydrolytic degratory en-
zymes. In addition, excessive production of NO is toxic to neu-
rons and other cells. Therefore, NO signaling must allow for
rapid and localized NO production and immediate termination
of biosynthesis. This tight control of NO signaling is largely
regulated at the level of NO biosynthesis. Indeed, the NOS
proteins are among the most highly regulated of all neuronal
enzymes. Acute control of nNOS activity is mediated by allo-
steric regulation, by posttranslational modification, and by
subcellular targeting of the enzyme. nNOS protein levels are
also dynamically regulated by changes in gene transcription,
and this affords long-lasting changes in tissue NO levels.
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Regulation of nNOS by specific calcium channels. nNOS ac-
tivity is primarily regulated by local increases in intracellular
calcium, which stimulates nNOS through interaction with
calmodulin (7). Distinct calcium influx pathways specifically
regulate nNOS in various tissues. In the myenteric nervous
system where NO functions as a neurotransmitter, NOS activ-
ity is primarily regulated by calcium influx through voltage-
dependent calcium channels (Fig. 1 C). Intestinal relaxation
mediated by NO is suppressed by the N-type calcium channel
antagonist, w-conotoxin (37). In the brain, NO biosynthesis is
predominately regulated by calcium influx at the synapse.
Glutamate, the major excitatory neurotransmitter in the brain,
is the most effective activator of NO biosynthesis in most brain
regions. Calcium influx through the N-methyl-D-aspartate
(NMDA) receptor potently activates nNOS in brain (1).
NMDA receptors are also known to play a critical role in
learning and memory; the intimate relationship of NMDA re-
ceptors with nNOS helps to explain the role of NO in memory
consolidation.

Selective regulation of NOS activity by distinct calcium
stores is mediated by targeting nNOS protein to specific intra-
cellular regions. nNOS protein contains an NH,-terminal PDZ
protein motif which mediates subcellular targeting of the en-
zyme (9). In the brain, the PDZ domain of nNOS targets the
enzyme to postsynaptic sites by binding to PDZ domains in
PSD-95 and PSD-93 proteins (38). Importantly, NMDA recep-
tors also occur at postsynaptic densities through binding to
PSD-95 (39, 40). PSD-95 and related proteins thereby function
as molecular scaffolds and physically link nNOS to NMDA re-
ceptors (Fig. 1 A). Internalization of peptides that antagonize
the interaction of nNOS with PSD-95 block NMDA-coupled
increases in NOS activity (Christopherson, K.S., and D.S.
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Figure 1. Synaptic regulation of nNOS. Protein interactions with nNOS target the synthase to discrete sites in neurons and skeletal muscle.

These interactions likely account for differential regulation of nNOS by specific calcium influx pathways. (A) Associations with PSD-95 medi-
ates coupling of nNOS to NMDA receptor activity in the CNS. (B) In skeletal muscle (Sk. Mus.) nNOS occurs at the sarcolemma owing to inter-
action of nNOS with the dystrophin complex. Accordingly, nNOS activity is regulated by calcium influx associated with sarcolemmal depolariza-
tion. (C) Myenteric axon varicosities contain both nNOS and PSD-95. Calcium influx through voltage-dependent calcium channels (VDCC)
regulates nNOS activity in myenteric neurons and the NO relaxes the adjacent smooth muscle (Sm. Mus.) cells. ACh, Acetylcholine; ACh R,
acetylcholine receptor; Glu, glutamate; SR, sarcoplasmic reticulum. Illustration by Naba Bora, Medical College of Georgia.
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Bredt, manuscript in preparation). Some nNOS protein in
brain occurs outside the postsynaptic density and can be regu-
lated by calcium influx through voltage-dependent calcium
channels. Molecular mechanisms that link nNOS to these volt-
age-dependent channels are not yet known. In skeletal muscle,
nNOS activity is linked to muscle acetylcholine receptors and
also to membrane depolarization. nNOS protein in skeletal
muscle occurs at the endplate and at the plasma membrane
owing to association with the dystrophin glycoprotein complex
(9). Again, the nNOS protein is targeted to the cellular do-
main, which regulates the enzyme’s activity (Fig. 1 B).

Transcriptional regulation of NOS in the nervous system.
The calcium-dependent NOS in normal brain was originally
termed “constitutive” to distinguish the activity from “induc-
ible” NOS (iNOS) that is present only in cells stimulated with
cytokines or similar factors. However, it is now clear that tran-
scription of all three forms of NOS is dynamically regulated in
the nervous system. Induction of nNOS appears to be an adap-
tive response to permit sustained increases in NO biosynthesis.
For example, in sensory pathways, NO participates in process-
ing of nociceptive inputs (28). nNOS protein is induced in sen-
sory neurons after tissue damage or peripheral nerve lesion,
and this nNOS induction appears to participate in the pro-
longed nociceptive responses that follow these injuries (41).
Dramatic regulation of nNOS also occurs in the central ner-
vous system after certain traumatic neuronal insults. This in-
duction of nNOS in the injured central nervous system can
also be a maladaptive response, which mediates neuronal cell
death. Avulsion of nerve roots from the ventral spinal cord
causes induction of nNOS in motor neurons. The ensuing
death of the nNOS positive motor neurons can be prevented
with NOS inhibitors, thus demonstrating the toxic role for NO
in this response (42).

Roles of iNOS in brain. Although traumatic injury is asso-
ciated with upregulation of nNOS protein levels in neurons, in-
flammatory processes in brain often cause induction of iNOS
in brain astrocytes and microglia. In Toxoplasma gondii infec-
tion, the induction of iNOS serves as a nonspecific immune re-
sponse that prevents parasite invasion. Accordingly, iNOS
knockout mice are uniquely susceptible to colonization of the
central nervous system after peripheral inoculation with 7.
gondii (43). While iNOS induction can protect brain from cer-
tain infectious diseases, the excessive levels of NO that result
can instead be toxic to neurons. In patients with multiple scle-
rosis, high levels of iNOS are found in reactive astrocytes in ac-
tive demyelinating lesions (44). iNOS protein levels are also
increased in patients with severe AIDS dementia compared
with seropositive individuals displaying no or mild impairment
(45). Purified viral gp41 from HIV increases iNOS expression
and induces cell death in neuronal cultures, and this cell death
is prevented by an NOS inhibitor. Defining the potential role
of iNOS inhibitors as therapy in AIDS dementia and other in-
flammatory brain disorders is an area of active research.

Role of NO in excitotoxic processes in brain

Inappropriate induction of NOS protein in brain and other tis-
sues clearly mediates injury in diverse disease states. In a simi-
lar way, excess stimulation of nNOS at the synapse has the po-
tential to mediate neurotoxicity in brain. Many causes of
neuronal injury, including those associated with stroke and
certain neurotoxins, are due to excess release of glutamate,
which acts at synaptic NMDA receptors to cause neurotoxic-
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ity. Accordingly, NMDA receptor antagonists are protective
in animal models of cerebral ischemia. The first experimental
evidence that endogenous NO mediates brain injury associ-
ated with NMDA receptor activity derived from studies in cul-
tured neurons (46). This work showed that inhibition of NOS
attenuates glutamate toxicity in primary neuronal cultures
from rat cerebral cortex. Initially this work was controversial,
as subsequent studies concerning the role of NO in glutamate
toxicity yielded contradictory results. These discrepancies were
difficult to resolve due to the use of different neuronal cell
types and culture conditions, which can have large effects on
nNOS protein levels. nNOS knockout mice have subsequently
helped clarify the role of nNOS in glutamate neurotoxicity.
Cultured neurons derived from these knockout mice are resis-
tant to glutamate toxicity, establishing that NO derived from
nNOS can be toxic (47).

NO toxicity in stroke. By mediating toxicity associated with
excess glutamate release, NO plays a central role in stroke and
other neurodegenerative diseases in vivo (8). Decisive evi-
dence that neuron-derived NO mediates injury in stroke de-
rives from studies of nNOS knockout mice. Compared with lit-
termate controls, nNOS knockout mice show similar changes
in regional blood flow after focal ischemia, but have 38%
smaller infarcts (48). In contrast, eNOS-deficient mice show
decreased blood flow at the periphery of the ischemic region,
where NO-mediated excitotoxicity is most prevalent, and suf-
fer an increased infarct size (49). iNOS protein is not present
in normal brain, so this isoform does not participate in the
acute phase after ischemia. However, iNOS expression is in-
duced in reactive astrocytes and in infiltrating neutrophils after
cerebral ischemia (50). iNOS levels peak within 48 h, suggest-
ing that postischemic inflammation and iNOS induction may
contribute to a late phase of neuronal death. Indeed, mice defi-
cient in iNOS display decreased infarct size in models of cere-
bral ischemia (50).

Because eNOS activity protects the ischemic brain by
maintaining blood flow, initial pharmacological studies showed
that nonspecific NOS inhibitors, which block both nNOS
and eNOS, do not effectively protect from injury after stroke.
The recent development of specific nNOS antagonists such
as ARL17477, 7-nitroindazole, and S-methyl-isothioureido-
L-norvaline demonstrates that selective blockade of nNOS of-
fers a useful pharmacological strategy for controlling brain in-
jury after stroke in rodent models (50). Protective actions by
NOS inhibitors are clearly mediated by antagonism of nNOS,
as nonspecific NOS blockers paradoxically increase infarct vol-
ume in nNOS knockout mice due to inhibition of eNOS.

Mechanisms for NO toxicity. NO neurotoxicity is likely
mediated by its free radical character, which makes NO reactive
with certain proteins containing heme-iron prosthetic groups,
iron-sulfur clusters, or reactive thiols (51). Cellular energy deple-
tion is a hallmark of neuronal cell death associated with ischemic
injury, and NO can attenuate oxidative phosphorylation by in-
hibiting mitochondrial iron-sulfur cluster enzymes including
NADH ubiquinone/oxidoreductase and NADH succinate/oxi-
doreductase. NO can also inhibit glycolysis by reactions with cis-
aconitase and by competing with oxygen at cytochrome oxidase.

In addition to directly reacting with protein prosthetic
groups, NO also reacts readily with superoxide (O3 ) to pro-
duce peroxynitrite (ONOO™), which may mediate much of the
NO neurotoxicity (52). Peroxynitrite is a powerful oxidant, but
is sufficiently stable to diffuse through a cell to react with a
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target. Peroxynitrite is particularly efficient at oxidizing iron-
sulfur clusters, zinc-fingers, and protein thiols, and these re-
actions would contribute to cellular energy depletion. Peroxy-
nitrite will also react with SOD, and this combination catalyzes
the 3-nitration of protein tyrosine residues, particularly those
in cytoskeletal proteins. The accumulation of 3-nitrotyrosine—
containing proteins, detected with antisera to 3-nitrotyrosine,
is a convenient marker of peroxynitrite formation (52).

Direct evidence that NO and O3 conspire in neuronal tox-
icity derives from studies of transgenic animals. Cu/Zn SOD is
a cytosolic scavenging enzyme that removes reactive O3 and
prevents formation of peroxynitrite. Overexpression of Cu/Zn
SOD in transgenic mice reduces the infarct volume in the mid-
dle cerebral artery occlusion model of focal ischemia com-
pared with wild-type mice (53). Cu/Zn SOD overexpressing
mice have now been bred with nNOS knockout mice and the
resulting double transgenic mice acquire even less ischemic
damage than either single-transgenic parental strain (8).

NO in neurodegenerative diseases. Although NO clearly
participates in neuronal injury after vascular stroke, the role of
NO in human neurodegenerative disease is not as easily un-
derstood. The slow progression of these diseases, occurring
over 50 yr or more, complicates experimental approaches to
modeling their pathophysiological mechanism. However, his-
topathological evidence suggests that certain neurodegenera-
tive diseases may also be mediated by NO and glutamate tox-
icities. For example, NADPH-diaphorase positive neurons in
the corpus striatum, which are the NOS neurons, are selec-
tively spared in Huntington’s disease. This selective pathology
can be replicated in striatal culture models and in vivo after le-
sions with NMDA but not other classes of glutamate agonists.
The spared NADPH diaphorase neurons are uniquely en-
dowed with high levels of SOD, which may protect the cells
from peroxynitrite-mediated NO neurotoxicity (54). Indeed,
3-nitrotyrosine, the footprint of peroxynitrite, is detected in
striatal neurons in animals models of Huntington’s disease (55).

Although stigmata of NO toxicity only correlate with Hun-
tington’s disease pathology, a more causal role for NO and
peroxynitrite toxicity has been established in some forms of
Parkinson’s disease. MPTP, which contaminated batches of il-
licit drugs in the 1970s, produces Parkinsonian-like symptoms
in humans. MPTP causes pathology by targeting the destruc-
tion of nigrostriatal dopaminergic neurons, the same cells that
are selectively lost in idiopathic Parkinson’s disease. Treat-
ment of experimental animals, including mice and primates,
with MPTP replicates this selective toxicity and results in accu-
mulation of 3-nitrotyrosine in the nigrostriatal pathway. Inhi-
bition of NOS prevents both the neurotoxicity of MPTP and
the associated formation of 3-nitrotyrosine (56). Definitive ev-
idence that NO and peroxynitrite mediate toxicity in the
MPTP model of Parkinson’s disease again derives from studies
of transgenic mice (57). Both nNOS knockout mice and mice
that overexpress Cu/Zn SOD are resistant to MPTP toxicity.

Although nNOS inhibitors can prevent acute toxicity asso-
ciated with MPTP, it remains less clear whether long-term
treatment would be therapeutic for slowly developing neuro-
degenerative disorders. Chronic animal models for these dis-
eases will first need to be established, and then the role of NO
can be evaluated rigorously. The recent identification of a Par-
kinson’s disease gene (58), and the development of transgenic
animal model for Huntington’s disease (59), suggests it will not
be long until we NO.

2428  Christopherson and Bredt

Acknowledgments

This work was supported by grants (to D.S. Bredt) from the National
Institutes of Health, the Council for Tobacco Research, the Searle
Scholars Program, the EJLB Foundation, the Culpeper Foundation,
the Muscular Dystrophy Association, and the Lucille P. Markey
Charitable Trust.

References

1. Garthwaite, J., S.L. Charles, and R. Chess-Williams. 1988. Endothelium-
derived relaxing factor release on activation of NMDA receptors suggests role
as intercellular messenger in the brain. Nature. 336:385-388.

2. Knowles, R.G., M. Palacios, R.M. Palmer, and S. Moncada. 1989. Forma-
tion of nitric oxide from L-arginine in the central nervous system: a transduction
mechanism for stimulation of the soluble guanylate cyclase. Proc. Natl. Acad.
Sci. USA. 86:5159-5162.

3. Bredt, D.S., and S.H. Snyder. 1989. Nitric oxide mediates glutamate-
linked enhancement of cGMP levels in the cerebellum. Proc. Natl. Acad. Sci.
USA. 86:9030-9033.

4. Bredt, D.S., P.M. Hwang, C.E. Glatt, C. Lowenstein, R.R. Reed, and
S.H. Snyder. 1991. Cloned and expressed nitric oxide synthase structurally re-
sembles cytochrome P-450 reductase. Nature. 351:714-718.

5. Nakane, M., H.H. Schmidt, J.S. Pollock, U. Forstermann, and F. Murad.
1993. Cloned human brain nitric oxide synthase is highly expressed in skeletal
muscle. FEBS Lett. 316:175-180.

6. Kobzik, L., M.B. Reid, D.S. Bredt, and J.S. Stamler. 1994. Nitric oxide in
skeletal muscle. Nature. 372:546-548.

7. Bredt, D.S., and S.H. Snyder. 1990. Isolation of nitric oxide synthetase, a
calmodulin-requiring enzyme. Proc. Natl. Acad. Sci. USA. 87:682-685.

8. Samdani, A.F., T.M. Dawson, and V.L. Dawson. 1997. Nitric oxide syn-
thase in models of focal ischemia. Stroke. 28:1283-1288.

9. Brenman, J.E., D. Chao, S.H. Xia, K. Aldape, and D. Bredt. 1995. Nitric
oxide synthase complexed with dystrophin and absent from skeletal muscle sar-
colemma in Duchenne muscular dystrophy. Cell. 82:743-752.

10. Huang, P.L., T.M. Dawson, D.S. Bredt, S.H. Snyder, and M.C. Fishman.
1993. Targeted disruption of the neuronal nitric oxide synthase gene. Cell. 75:
1273-1286.

11. Chung, E., D. Curtis, G. Chen, P.A. Marsden, R. Twells, W. Xu, and M.
Gardiner. 1996. Genetic evidence for the neuronal nitric oxide synthase gene
(NOST1) as a susceptibility locus for infantile pyloric stenosis. Am. J. Hum.
Genet. 58:363-370.

12. Iadecola, C., F. Zhang, and X. Xu. 1993. Role of nitric oxide synthase-
containing vascular nerves in cerebrovasodilation elicited from cerebellum.
Am. J. Physiol. 264:R738-R746.

13. Bredt, D.S., P.M. Hwang, and S.H. Snyder. 1990. Localization of nitric
oxide synthase indicating a neural role for nitric oxide. Nature. 347:768-770.

14. Welch, K.M. 1993. Drug therapy of migraine [see comments]. N. Engl. J.
Med. 329:1476-1483.

15. Irikura, K., P.L. Huang, J. Ma, W.S. Lee, T. Dalkara, M.C. Fishman,
T.M. Dawson, S.H. Snyder, and M.A. Moskowitz. 1995. Cerebrovascular alter-
ations in mice lacking neuronal nitric oxide synthase gene expression. Proc.
Natl. Acad. Sci. USA. 92:6823-6827.

16. Burnett, A.L., S.L. Tillman, T.S. Chang, J.I. Epstein, C.J. Lowenstein,
D.S. Bredt, S.H. Snyder, and P.C. Walsh. 1993. Immunohistochemical localiza-
tion of nitric oxide synthase in the autonomic innervation of the human penis. J.
Urol. 150:73-76.

17. Rajfer, J., W.J. Aronson, P.A. Bush, F.J. Dorey, and L.J. Ignarro. 1992.
Nitric oxide as a mediator of relaxation of the corpus cavernosum in response
to nonadrenergic, noncholinergic neurotransmission. N. Engl. J. Med. 326:90—
94.

18. Burnett, A.L., R.J. Nelson, D.C. Calvin, J.X. Liu, G.E. Demas, S.L.
Klein, L.J. Kriegsfeld, V.L. Dawson, T.M. Dawson, and S.H. Snyder. 1996. Ni-
tric oxide-dependent penile erection in mice lacking neuronal nitric oxide syn-
thase. Mol. Med. 2:288-296.

19. Vernet, D., L. Cai, H. Garban, M.L. Babbitt, F.T. Murray, J. Rajfer, and
N.F. Gonzalez-Cadavid. 1995. Reduction of penile nitric oxide synthase in dia-
betic BB/WORdp (type I) and BBZ/WORJp (type II) rats with erectile dys-
function. Endocrinology. 136:5709-5717.

20. Carrier, S., P. Nagaraju, D.M. Morgan, K. Baba, L. Nunes, and T.F. Lue.
1997. Age decreases nitric oxide synthase-containing nerve fibers in the rat pe-
nis. J. Urol. 157:1088-1092.

21. Penson, D.F., C. Ng, L. Cali, J. Rajfer, and N.F. Gonzalez-Cadavid. 1996.
Androgen and pituitary control of penile nitric oxide synthase and erectile
function in the rat. Biol. Reprod. 55:567-574.

22. Schuman, E.M., and D.V. Madison. 1994. Nitric oxide and synaptic
function. Annu. Rev. Neurosci. 17:153-183.

23. Shibuki, K., and D. Okada. 1991. Endogenous nitric oxide release re-
quired for long-term synaptic depression in the cerebellum. Nature. 349:326—
328.



24. Son, H., R.D. Hawkins, K. Martin, M. Kiebler, P.L. Huang, M.C. Fish-
man, and E.R. Kandel. 1996. Long-term potentiation is reduced in mice that are
doubly mutant in endothelial and neuronal nitric oxide synthase. Cell. 87:1015-
1023.

25. Wu, H.H., C.V. Williams, and S.C. McLoon. 1994. Involvement of nitric
oxide in the elimination of a transient retinotectal projection in development.
Science. 265:1593-1596.

26. Hawkins, R.D. 1996. NO honey, I don’t remember. Neuron. 16:465-467.

27. Kendrick, K.M., R. Guevara-Guzman, J. Zorrilla, M.R. Hinton, K.D.
Broad, M. Mimmack, and S. Ohkura. 1997. Formation of olfactory memories
mediated by nitric oxide. Nature. 388:670-674.

28. Meller, S.T., and G.F. Gebhart. 1993. Nitric oxide (NO) and nociceptive
processing in the spinal cord [see comments]. Pain. 52:127-136.

29. Crosby, G., J.J. Marota, and P.L. Huang. 1995. Intact nociception-induced
neuroplasticity in transgenic mice deficient in neuronal nitric oxide synthase.
Neuroscience. 69:1013-1017.

30. Silvagno, F., H. Xia, and D.S. Bredt. 1996. Neuronal nitric oxide syn-
thase-p, an alternatively spliced isoform expressed in differentiated skeletal
muscle. J. Biol. Chem. 271:11204-11208.

31. Lee, K.H., M.Y. Baek, K.Y. Moon, W.K. Song, C.H. Chung, D.B. Ha,
and M.S. Kang. 1994. Nitric oxide as a messenger molecule for myoblast fusion.
J. Biol. Chem. 269:14371-14374.

32. Wang, T., Z. Xie, and B. Lu. 1995. Nitric oxide mediates activity-depen-
dent synaptic suppression at developing neuromuscular synapses. Nature. 374:
262-266.

33. Roberts, C.K., R.J. Barnard, S.H. Scheck, and T.W. Balon. 1997. Exer-
cise-stimulated glucose transport in skeletal muscle is nitric oxide dependent.
Am. J. Physiol. 273:E220-E225.

34. Chao, D.S., R.M. Gorospe, J.E. Brenman, J.A. Rafael, M.F. Peters, S.C.
Froehner, E.P. Hoffman, J.S. Chamberlain, and D.S. Bredt. 1996. Selective loss
of sarcolemmal nitric oxide synthase in Becker muscular dystrophy. J. Exp.
Med. 184:609-618.

35. Campbell, K.P. 1995. Three muscular dystrophies: loss of cytoskeleton-
extracellular matrix linkage. Cell. 80:675-679.

36. Brown, R.H. 1995. Free radicals, programmed cell death and muscular
dystrophy [editorial]. Curr. Opin. Neurol. 8:373-378.

37. Daniel, E.E., C. Haugh, Z. Woskowska, S. Cipris, J. Jury, and J.E. Fox-
Threlkeld. 1994. Role of nitric oxide-related inhibition in intestinal function: re-
lation to vasoactive intestinal polypeptide. Am. J. Physiol. 266:G31-G39.

38. Brenman, J.E., D.S. Chao, S.H. Gee, A.W. McGee, S.E. Craven, D.R.
Santillano, F. Huang, H. Xia, M.F. Peters, S.C. Froehner, and D.S. Bredt. 1996.
Interaction of nitric oxide synthase with the postsynaptic density protein PSD-
95 and a-1 syntrophin mediated by PDZ motifs. Cell. 84:757-767.

39. Kornau, H.-C., P.H. Seeburg, and M.B. Kennedy. 1997. Interaction of
ion channels and receptors with PDZ domains. Curr. Opin. Neurobiol. 7:368-373.

40. Sheng, M. 1996. PDZs and receptor/channel clustering: rounding up the
latest suspects [comment]. Neuron. 17:575-578.

41. Wiesenfeld-Hallin, Z., J.X. Hao, X.J. Xu, and T. Hokfelt. 1993. Nitric
oxide mediates ongoing discharges in dorsal root ganglion cells after peripheral
nerve injury. J. Neurophysiol. 70:2350-2353.

42. Wu, W., and L. Li. 1993. Inhibition of nitric oxide synthase reduces mo-
toneuron death due to spinal root avulsion. Neurosci. Lett. 153:121-124.

43. Scharton-Kersten, T.M., G. Yap, J. Magram, and A. Sher. 1997. Induc-
ible nitric oxide is essential for host control of persistent but not acute infection

with the intracellular pathogen Toxoplasma gondii. J. Exp. Med. 185:1261—
1273.

44. Bo, L., T.M. Dawson, S. Wesselingh, S. Mork, S. Choi, P.A. Kong, D.
Hanley, and B.D. Trapp. 1994. Induction of nitric oxide synthase in demyelinat-
ing regions of multiple sclerosis brains. Ann. Neurol. 36:778-786.

45. Adamson, D.C., B. Wildemann, M. Sasaki, J.D. Glass, J.C. McArthur,
V.. Christov, T.M. Dawson, and V.L. Dawson. 1996. Immunologic NO syn-
thase: elevation in severe AIDS dementia and induction by HIV-1 gp41. Sci-
ence. 274:1917-1921.

46. Dawson, V.L., T.M. Dawson, E.D. London, D.S. Bredt, and S.H. Sny-
der. 1991. Nitric oxide mediates glutamate neurotoxicity in primary cortical cul-
tures. Proc. Natl. Acad. Sci. USA. 88:6368-6371.

47. Dawson, V.L., V. Kizushi, M.P.L. Huang, S.H. Snyder, and T.M. Daw-
son. 1996. Resistance to neurotoxicity in cortical cultures from neuronal nitric
oxide synthase-deficient mice. J. Neurosci. 16:2479-2487.

48. Huang, Z., P.L. Huang, N. Panahian, T. Dalkara, M.C. Fishman, and
M.A. Moskowitz. 1994. Effects of cerebral ischemia in mice deficient in neu-
ronal nitric oxide synthase. Science. 265:1883-1885.

49. Huang, Z., P.L. Huang, J. Ma, W. Meng, C. Ayata, M.C. Fishman, and
M.A. Moskowitz. 1996. Enlarged infarcts in endothelial nitric oxide synthase
knockout mice are attenuated by nitro-L-arginine. J. Cereb. Blood Flow Metab.
16:981-987.

50. Iadecola, C. 1997. Bright and dark sides of nitric oxide in ischemic brain
injury. Trends Neurosci. 20:132-139.

51. Stamler, J.S. 1994. Redox signaling: nitrosylation and related target in-
teractions of nitric oxide. Cell. 78:931-936.

52. Beckman, J.S., and W.H. Koppenol. 1996. Nitric oxide, superoxide, and
peroxynitrite: the good, the bad, and ugly. Am. J. Physiol. 271:C1424-C1437.

53. Kinouchi, H., C.J. Epstein, T. Mizui, E. Carlson, S.F. Chen, and P.H.
Chan. 1991. Attenuation of focal cerebral ischemic injury in transgenic mice
overexpressing CuZn superoxide dismutase. Proc. Natl. Acad. Sci. USA. 88:
11158-11162.

54. Inagaki, S., K. Suzuki, N. Taniguchi, and H. Takagi. 1991. Localization
of Mn-superoxide dismutase (Mn-SOD) in cholinergic and somatostatin-con-
taining neurons in the rat neostriatum. Brain Res. 549:174-177.

55. Galpern, W.R., R.T. Matthews, M.F. Beal, and O. Isacson. 1996. NGF
attenuates 3-nitrotyrosine formation in a 3-NP model of Huntington’s disease.
Neuroreport. 7:2639-2642.

56. Hantraye, P., E. Brouillet, R. Ferrante, S. Palfi, R. Dolan, R.T. Mat-
thews, and M.F. Beal. 1996. Inhibition of neuronal nitric oxide synthase pre-
vents MPTP-induced parkinsonism in baboons. Nat. Med. 2:1017-1021.

57. Przedborski, S., V. Jackson-Lewis, R. Yokoyama, T. Shibata, V.L. Daw-
son, and T.M. Dawson. 1996. Role of neuronal nitric oxide in 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP)-induced tetrahydropyridine (MPTP)-
induced dopaminergic neurotoxicity. Proc. Natl. Acad. Sci. USA. 93:4565-4571.

58. Polymeropoulos, M.H., C. Lavedan, E. Leroy, S.E. Ide, A. Dehejia, A.
Dutra, B. Pike, H. Root, J. Rubenstein, R. Boyer, et al. 1997. Mutation in the
alpha-synuclein gene identified in families with Parkinson’s disease [see com-
ments). Science. 276:2045-2047.

59. Davies, S.W., M. Turmaine, B.A. Cozens, M. DiFiglia, A.H. Sharp, C.A.
Ross, E. Scherzinger, E.E. Wanker, L. Mangiarini, and G.P. Bates. 1997. For-
mation of neuronal intranuclear inclusions underlies the neurological dysfunc-
tion in mice transgenic for the HD mutation. Cell. 90:537-548.

Nitric Oxide in Excitable Tissues: Physiological Roles and Disease ~ 2429



