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Modern molecular biology has revealed vast numbers 
of large and complex proteins and genes that regulate 
body function. By contrast, discoveries over the past 
ten years indicate that crucial features of neuronal 
communication, blood vessel modulation and immune 
response are mediated by a remarkably simple chemi- 
cal, nitric oxide (NO). Endogenous NO is generated 
from arginine by a family of three distinct calmodulin- 
dependent NO synthase (NOS) enzymes. NOS from 
endothelial cells (eNOS) and neurons (nNOS) are both 
constitutively expressed enzymes, whose activities are 
stimulated by increases in intracellular calcium. Im- 
mune functions for NO are mediated by a calcium- 
independent inducible NOS (iNOS). Expression of 
iNOS protein requires transcriptional activation, which 
is mediated by specific combinations of cytokines. 
All three NOS use NADPH as an electron donor and 
employ five enzyme cofactors to catalyze a five-electron 
oxidation of arginine to NO with stoichiometric forma- 
tion of citrulline. The highest levels of NO throughout 
the body are found in neurons, where NO functions 
as a unique messenger molecule. In the autonomic 
nervous system NO functions as a major non-adrener- 
gic non-cholinergic (NANC) neurotransmitter. This 
NANC pathway plays a parti~larly important role 
in producing relaxation of smooth muscle in the 
cerebral circulation and the gastrointestinal, urogenital 
and respiratory tracts. Dysregulation of NOS activity 
in autonomic nerves plays a major role in diverse 

pathophysiological conditions including migraine 
headache, hypertrophic pyloric stenosis and male 
impotence. In the brain, NO functions as a neuro- 
modulator and appears to mediate aspects of learning 
and memory. 

Although endogenous NO was originally appre- 
dated as a mediator of smooth muscle relaxation, NO 
also plays a major role in skeletal muscle. Physiologi- 
cally, muscle-derived NO regulates skeletal muscle 
contractility and exercise-induced glucose uptake. 
nNOS occurs at the plasma membrane of skeletal 
muscle which facilitates diffusion of NO to the vascu- 
lature to regulate muscle perfusion, nNOS protein 
occurs in the dystrophin complex in skeletal muscle 
and NO may therefore participate in the pathophysiol- 
ogy of muscular dystrophy. 

NO signalling in excitable tissues requires rapid and 
controlled delivery of NO to specific cellular targets. 
This tight control of NO signalling is largely regulated 
at the level of NO biosynthesis. Acute control of nNOS 
activity is mediated by allosteric enzyme regulation, 
by posttranslational modification and by subcellular 
targeting of the enzyme, nNOS protein levels are also 
dynamically regulated by changes in gene transcrip- 
tion, and this affords long-lasting changes in tissue NO 
levels. While NO normally functions as a physiological 
neuronal mediator, excess production of NO mediates 
brain injury. Overactivation of glutamate receptors 
associated with cerebral ischemia and other excitotoxic 
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processes results in massive release of NO. As a free 
radical, NO is inherently reactive and mediates cellular 
toxicity by damaging critical metabolic enzymes and by 
reacting with superoxide to form an even more potent 
oxidant, peroxynitrite. Through these mechanisms, NO 
appears to play a major role in the pathophysiology of 
stroke, Parkinson's disease, Huntington's disease and 
amyotrophic lateral sclerosis. 

INTRODUCTION AND HISTORICAL 
PERSPECTIVE 

Nitric oxide, whose chemical formula is NO, is a 
gas under ambient conditions. It is distinct from 
nitrous oxide, the "laughing gas" used as anes- 
thetic and whose formula is N20. Nitric oxide 
(NO) is notoriously noxious because of its free- 
radical structure: it possesses an extra electron, 
making it chemically reactive. Though NO has 
long been known to occur in bacteria, no one 
anticipated that such a reactive agent would have 
vital functions in mammals. Yet, discoveries over 
the past ten years reveal that NO is one of the 
major messenger molecules of biology, enabling 
white blood cells to kill certain pathogens, allow- 
ing neurotransmitters to dilate blood vessels and 
serving as a neuronal messenger molecule. 

Discovery of Endogenous NO as an 
Immune Mediator 

NO is extraordinarily labile, with a half-life of 
only about 3-5 sec, after which it is converted 
by oxygen and water into nitrates and nitrites. 
While humans excrete nitrates, these were gen- 
erally thought to derive from dietary sources. In 
1981, Steven Tannenbaum and associates noted 
that humans and rats fed diets with low levels 
of nitrates still excreted substantial amounts of 
nitrates in the urine, ll-3] A clue to one source of 
nitrate formation came from studies showing 
increased levels of urinary nitrates in patients 
with diarrhea and fever. [4] Inflammatory pro- 
cesses associated with the diarrhea seemed to 

be responsible for the nitrate formation. Indeed, 
it was noted that injections of bacterial endo- 
toxin or lipopolysaccharide, stimulated nitrate 
excretion.IS] 

Determining the source of the nitrate formation 
and its biological role in inflammatory responses 
derived primarily from the work of Michael 
Marletta and Dennis Stuehr and by John Hibbs 
and associates. Marietta and Stuehr noted that 
mice with genetically determined deficiency of 
macrophages had very low levels of nitrate 
excretion. Is] Utilizing isolated cultures of macro- 
phages they found that the combination of 
lipopolysaccharide and interferon-7 stimulated 
nitrate formation by the macrophages. I7"81 They 
also noted that nitrate formation by macrophages 
was abolished when arginine was removed from 
the incubation medium. This indicated that a 
specific enzyme in macrophages converts argi- 
nine into an intermediate chemical that turned 
out to be NO, [9] which in turn is transformed 
into nitrites and nitrates. 

Independently, Hibbs was evaluating the abil- 
ity of macrophages to kill tumor cells and bacteria. 
He cultured tumor cells together with macro- 
phages and noted that the tumor killing effects of 
the macrophages were abolished when arginine 
was removed from the medium. [1°] He demon- 
strated that arginine is converted to both nitrates 
and to the amino acid citrulline. Ill] This work 
provided independent evidence that a specific 
enzyme of activated macrophages generates 
NO from arginine (Figure 1). Hibbs also identi- 
fied the first inhibitor of the NO synthesizing 
enzyme, when he showed that certain methyl 
derivatives of arginine blocked the formation 
of nitrates as well as the tumoricidal activity of 
macrophages. ~1°] 

Discovery of NO as an Endogenous 
Messenger Molecule 

A completely unrelated line of investigation in- 
dependently led to the identification of NO as 
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FIGURE 1 NO biosynthesis. NOS forms NO from L-argi- 
nine with a stoichiometric generation of L-citnflline. The 
nitrogen in NO (*) derives from one of the two equivalents 
chemically equivalent guaniclino-nitrogens (*) in L-arginine. 
The oxygen in NO derives from molecular oxygen (02). 

a messenger molecule. There are two arms to this 
story, one relating to mechanisms whereby neuro- 
transmitters dilate blood vessels and the other 
dealing with drugs that relieve the symptoms of 
angina. 

NO as the Endothelial Derived 
Relaxing Factor 

For much of this century it was assumed that 
acetylcholine acted directly on vascular smooth 
muscle cells to cause vasodilation. However, in 
1980, Robert Furchgott demonstrated that acetyl- 
choline acts upon receptors located on endothe- 
lial cells to provoke the release of a small molecule 
that diffuses to and relaxes the adjacent muscle. [121 
Numerous investigators, including Furchgott, 
tried to isolate this "endothelial derived relaxing 
factor," also called EDRF, but were unsuccessful, 
because EDRF seemed to be extremely labile. E13"14] 
Even without knowing the chemical identity of 
the factor, researchers were able to show that it 
acted by stimulating the formation of cyclic 
GMP, Elsl a second messenger related to the better 
known cyclic AMP. 

Quite independently other investigators were 
trying to understand how nitroglycerin exerts its 
extraordinarily potent and dramatic alleviation 
of cardiac angina. Nitroglycerin is the active 
chemical in dynamite, invented by Alfred Nobel. 
Nitroglycerin's therapeutic effects in angina were 
sufficiently well known in the late nineteenth 

century that in 1885, Nobel, who had cardiac sym- 
ptoms, wrote a friend "It sounds like the irony 
of fate that I should be ordered by my doctor to 
take nitroglycerin internally." The great success of 
nitroglycerin resulted in numerous derivatives, 
the organic nitrates, which are still mainstays in 
anginal therapy. Insight into the molecular mech- 
anism of action of organic nitrates came in the 
late 1970s, based on research of Ferid Murad and 
Louis Ignarro, who showed that nitroglycerin and 
the organic nitrates are themselves inactive, but 
elicit blood vessel relaxation after they are con- 
verted to an active metabolic product, NO. [16"17] 
Moreover, Murad showed that NO relaxes the 
muscle by stimulating the formation of cyclic 
GMP. [151 NO augments cGMP levels by binding to 
iron in the heme that is part of soluble guanylyl 
cyclase, stimulating the formation of cGMP. [18'19] 

By 1986 it was predicted that NO or some 
closely related derivative may account for EDRF 
activity. [2°-22] Definitive proof that EDRF is iden- 
tical to NO was provided by Salvador Moncada 
and his associates. Using cultured endothelial 
ceils as a source, they monitored the release of 
EDRF activity, and at the same time, chemically 
quantitated NO release. They found that the 
endothelium releases sufficient NO to fully 
account for relaxation of adjacent muscle cells. [23! 
Moncada's group also found that endothelium 
synthesizes NO from arginine I24I with the stoi- 
chiometic formation of citrulline, t251 Besides re- 
laxing blood vessels, endothelium-flerived NO 
was also shown to inhibit blood clotting by pre- 
venting the aggregation of platelets. [26-29] 

How important is NO as a normal regulator of 
blood pressure? Other substances, such as angio- 
tensin and norepinephrine, were previously as- 
sumed to be the major determinants of blood 
pressure. However, physiological studies using 
inhibitors of NOS demonstrate a primary role 
for NO in regulating vascialar tone. Intravenous 
administration of NOS inhibitors, such as mono- 
methyl arginine, to animals [3°-32] or humans [33'34] 
provokes a rapid and marked increase in vascu- 
lar resistance. NOS inhibitors also cause a more 
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notable increase in blood pressure than do drugs 
that influence norepinephrine or angiotensin. 
Thus, NO may be the principal regulator of basal 
blood pressure. 

N O  as a Neuronal Mess enger Mole cule 

The third major site of NO messenger activities 
is in neurons. The first hint for a neuronal role 
for NO dates back to 1977 when Takeo Deguchi 
noticed that activation of cyclic GMP formation 
in the brain requires a low molecular weight 
substance, which he subsequently identified as 
the amino acid arginine. [35'36] Once EDRF was 
shown to be NO, Moncada reasoned that argi- 
nine's role in cyclic GMP formation in the brain 
likely relates to NO formation. [37I Moncada 
directly demonstrated a NO forming enzyme 
in brain preparations. [37] Independently, John 
Garthwaite observed the formation of a short- 
lived substance that had the properties of NO 
when he stimulated cultured neurons by admin- 
istering the amino acid glutamate. [381 The regu- 
lation of NOS by neurotransmitters was first 
examined in the cerebellum. The cerebellum 
contains the highest levels of cGMP in the brain 
with its formation stimulated by glutamate act- 
ing on N-methyl-D-aspartate (NMDA) recep- 
tors. [39"40] By monitoring the conversion of 
arginine to NO or to citrulline, David Bredt 
and Solomon Snyder demonstrated in cerebellar 
slices that NOS activity is enhanced 300% in 
response to NMDA receptor stimulation. [41] The 
concentration-response relationship for NOS 
activation was the same as for the stimulation 
of cGMP levels (Figure 2). The enhanced NOS 
activity is responsible for the increased levels 
of cGMP, since methyl-arginine, an inhibitor of 
NOS, completely prevented the stimulation of 
cGMP formation in brain. [41'421 

CHARACTERIZATION OF NO SYNTHASE 

Because NO cannot be stored, released or inacti- 
vated by conventional regulatory mechanisms, 
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FIGURE 2 Nitric oxide mediates glutamate-linked en- 
hancement of cGMP levels in cerebellum. (A) NMDA treat- 
ment of cerebellar slices simultaneously augments both 
cGMP levels and NOS activity, which is reflected by [3H]- 
citrulline accumulation. (B) Methyl-arginine, an NOS inhib- 
itor blocks NMDA-stimulated cGMP formation and NOS 
activation cerebellar slices. All slices in (B) were stimulated 
with 500 glVl NMDA (adapted from Bredt and Snyder[4~l). 
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biosynthetic regulation is more important for 
NO than for other mediators. Indeed, the NO 
biosynthetic enzyme, NO synthase is one of the 
most regulated enzymes in biology. Initial efforts 
to purify the enzyme were unsuccessful because 
of a rapid loss of enzyme activity upon purifica- 
tion. Observations that calmodulin is required for 
NOS activity in the brain led to a simple purifica- 
tion of neuronal NOS (nNOS) to homogeneity. [431 
Using this approach, other groups purified 
nNOS; I44'451 inducible NOS 146-491 (iNOS) and 

endothelial NOS (eNOS).[S°l Cloning of the cDNA 
for neuronal, Is1"52} endothelial, 153-ss] and induci- 
ble 156-s9l forms of NOS has helped elucidate NOS 
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function. The structure of NOS reveals numerous 
regulatory mechanisms. 

NOS oxidizes the guanidine group of L-argi- 
nine in a process that consumes five electrons 
and results in the formation of NO with stoichio- 
metric formation of L-citrulline. L-N~-substituted 
arginine analogs such as L-N~nitro-arginine 
(L-NNA) and L-N~-methyl-arginine (L-NMA), 
function as NOS inhibitors. I6°l The inhibition of 
NOS by these substrate analogs can initially be 
reversed by simultaneous application of excess 
arginine consistent with their competitive block- 
ade of the active site. However, following pro- 
longed exposure N0S is irreversibly inhibited by 
some of these agents. The irreversible inactivation 
of the macrophage enzyme and brain enzymes by 
L-NMA requires simultaneous incubation with 
NOS cofactors suggesting "mechanism-based" 
irthibition. [61"62] The time-dependent inactivation 
of the brain enzyme by L-NNA [631 is independent 
of NOS enzymatic turnover. I64] 

NOS isoforms display modest differences in 
their sensitivity to various arginine analogs. 
L-NNA is a more potent inhibitor of the brain 
and endothelial enzymes (Ki = 200-500 nM) and 
L-N°~-aminoarginine (L-NAA) is a more most 
potent blocker of the inducible enzyme (Ki= 
1-5~VI). Clinically useful inhibitors of NOS 
will likely need to be isoform specific. Intensive 
work by numerous pharmaceutical companies 
has focused on discovery of such selective 

antagonists. High throughput drug screening 
has yielded a highly selective nNOS antagonist [65] 
that appears useful for mitigating neuronal injury 
in an animal model of cerebral ischemia (see 
below). 

N O  Formation 

The conversion of arginine to NO is catalyzed in 
two independent steps (Figure 3). The first step is 
a two-electron oxidation of arginine to N°~-hydro - 
xyarginine (NHA)J 661 Although this hydroxy- 
lated intermediate is tightly bound to NOS, 
under certain conditions NHA can be isolated as 
a product. E641 This hydroxylation step resembles 
a classical P450 type monooxygenation reaction 
utilizing 1 equivalents of NADPH and 1 equiva- 
lents of 02 .[661 The hydroxylation reaction is 
accelerated by H4B, requires calcium and calmo- 
dulin as activators, and is blocked by CO. [64"66'67] 

The steps in the pathway from NHA to NO 
and citrulline are less dear. Any proposed mech- 
anism should account for experiments which find 
that this oxidation (i) utilizes 0.5 equivalents of 
NADPH, (ii) requires 02 and calcium/calmo- 
dulin, (iii) is accelerated by H4B, (iv) is inhibited 
by CO and arginine analogs with a pharmacology 
similar to that seen in the initial hydroxylation 
reaction, t64"66'671 In one model consistent with 
these data NOS would use both its reductase 
and heme domains for successive independent 

OH 

÷ I Cal CaM HeN NH2 Ca I CaM HeN N HeN O 

I~1 NADI:q-I NH 1/2 NADPH 

HaN CO0" 02 H~O HaN CO0" 02 H20 HaN -CO0" 
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FIGURE 3 Mechanism of NO synthesis. NOS catalyzes a five-electron oxidation of a guanidine nitrogen of L-arginine to 
generate NO and L-dtnflline. L-hydroxyarginine is formed as an intermediate that is tightly bound to the enzyme. Both 
steps in the reaction are dependent upon calcium and calmodulin and are enhanced by tetrahydrobiopterin. 
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oxidations of arginine at a common active site 
with heme directly functioning in the activation of 
molecular oxygen. For the first hydroxylation 
both reducing equivalents for oxygen activation 
derive from NADPH. It has been speculated that 
NHA and NADPH each provide one electron 
for the second oxidation step. I681 This explains 
both the 0.5 stoichiometry of NADPH utilization 
and the unusual five electron chemistry of NO 
biosynthesis. The crystallographic structure of 
dimeric iNOS oxygenase domain is consistent 
with this proposed mechanism. Indeed, these 
iigand-bound NOS crystal structures suggest 
that the different protonation state of arginine vs. 
N-hydroxyl-arginine differentiate the two chemi- 
cal steps of NO synthesis. I691 

Cloning of nNOS 

Isolation of the brain isoform [431 permitted its 
cloning. I51] The cDNA predicts a polypeptide of 
160kD and was striking in having 36% identity 
to CPR in its C-terminal half, the NOS reduc- 
tase domain, which contains the binding sites of 
NADPH, FAD and FMN (Figure 4). This homol- 
ogy to CPR is shared by all NOSs cloned to date 
and reflects the oxidative mechanism of NO 

biosynthesis. The sequence of the N-terminal half 
of NOSs, the heine domains, is not similar to 
any cloned gene. Although the classic P450 heine 
binding cysteinyl peptide sequence is absent, the 
amino acids surrounding cysteine-414 showed 
some of the expected homology. Indeed muta- 
genesis and X-ray crystallographic studies have 
definitively demonstrated cysteine-414 of nNOS 
as the site for heme coordination. 

The reductase domain of NOS shares many 
functional properties with CPR nNOS catalyzes 
a rapid NADPH dependent reduction of cyto- 
chrome c. In the absence of arginine NOS can 
transfer electrons from NADPH to 02 and form 
0 2 and H202 .[70] The formation of these reactive 
oxygen intermediates may contribute to gluta- 
mate neurotoxicity and neurodegeneration as 
discussed below. Near the middle of the nNOS 
cDNA there is an amphipathic alpha helix 
domain, which conforms to the consensus se- 
quence for calmodulin binding. I511 This assign- 
ment was confirmed by experiments showing 
that peptides corresponding to this region bind 
calmodulin with low nanomolar affinity in a 
calcium-dependent manner. [711 Cloning of nNOS 
from human cerebellum predicts 94% acid iden- 
tity with the rat protein. [521 

m 
nNOS 

mrr 

FIGURE 4 Schematic alignment of the cofactor recognition sites within NOS enzymes. Predicted sites for binding heme, 
calmodulin (CAM), FMN, FAD and NADPH are noted. The N-terminal PDZ domain in nNOS, and the myristoyation (Myr) 
and palmitoylation (Palm) sites in eNOS are marked. The unique alternatively spliced region in nNOS~ from skeletal muscle 
corresponds to the domain not present in iNOS. 
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PHYSIOLOGICAL FUNCTIONS FOR 
NEURON-DERIVED NO 

that nNOS is a susceptibility locus for infantile 
pyloric stenosis. I77] 

Regulation of Intestinal Function 

Physiological functions for neuron-derived NO 
were first demonstrated in the gastrointestinal 
tract. These studies resolved pharmacological 
observations that had puzzled physiologists for 
over twenty years. Following the development 
of adrenergic blocking agents in the early 1960s 
it became clear that certain actions of the auto- 
nomic nervous system are mediated by non- 
adrenergic, non-cholinergic (NANC) nerves. This 
NANC pathway plays a particularly important 
role in producing relaxation of smooth muscle 
in the cerebral circulation and the gastrointesti- 
nal, urogenital and respiratory tracts. I721 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 (EDRF) 
described by Furchgott. I73'741 Molecular biologi- 
cal studies have helped detail the mechanisms 
for NO-mediated neurotransmission. In the in- 
testine neuronal NOS (nNOS) is selectively con- 
centrated in axon varicosities of myenteric 
neurons. [75| Adjacent intestinal smooth muscle 
ceils contain an "NO receptor", the soluble 
guanylyl cyclase. During intestinal peristalsis, 
myenteric neurons fire action potentials. The 
resulting calcium influx activates calmodulin, 
which stimulates nNOS. The NO then diffuses 
into adjacent smooth muscle cells and augments 
accumulation of cGMP, which mediates intesti- 
nal relaxation. Definitive evidence that neuron- 
derived NO regulates intestinal motility derives 
from studies of genetically engineered mutant 
mice. nNOS knockout mice, which selectively 
lack the neuronal NOS isoform from conception, 
display a grossly enlarged stomach that histo- 
logically resembles the human disease hyper- 
trophic pyloric stenosis. [76] Alterations in NOS 
may play a causal role in some newborns with 
this disorder, as recent genetic studies indicate 

Regulation of Blood Flow 

Neuron-derived NO also plays a major role in 
regulation of blood flow. In brain, neuronal 
activity is associated with an increase in local 
blood flow and this response is prevented by 
NOS inhibitors. E781 Particularly high levels of 
nNOS occur in vasodilator nerves that innervate 
the large cerebral blood vessels. [79] Abnormal 
reactivity of these vessels appears to mediate 
migraine headache as sumatriptan constricts 
these large vessels and controls headache. [8°j 
Sumatriptan is also effective in treatment of 
nitroglycerin induced headache, suggesting a 
role for endogenous NO in migraine. [811 Pharma- 
cological manipulations of nNOS may therefore 
offer an avenue for migraine therapy. 

Therapeutic modulation of NO levels for treat- 
ment of migraine 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. Alterations in NO 
biosynthesis are often compensated by changes 
in the levels of other mediators. An illustrative 
example involves the increase in cerebral blood 
flow that normally occurs in response to hyper- 
capnia. This local vascular reflex to hypercapnia 
is NO-dependent, as it is acutely blocked by 
NOS inhibitors. [781 Surprisingly, hypercapnic 
cerebral blood flow responses are intact in nNOS 
knockout mice, and NOS inhibitors do not block 
the response in the nNOS knockouts. [82] There- 
fore, 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 alternative pathways ap- 
pears to be a common physiological reaction to 
deficiencies in NO biosynthesis and has been 
observed in several systems. 
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Regulation of Penile Erection 

Through regulation of blood flow, neuron- 
derived NO also mediates penile erection, nNOS 
is enriched in neurons of the pelvic plexus and 
is concentrated in their axonal varicosities that 
ramify in the trabecular smooth muscle of the 
penis and about the adventitia of the penile 
arteries. I83] Activation of these nerves causes 
increased blood flow and engorgement of the 
erectile tissue. NOS inhibitors block penile erec- 
tion in animal models in vivo (Table I) [84] and in 
strips of human cavernosal tissue in vitro. |Ssl 
nNOS mutant mice, however, display normal 
erectile function.~86j Apparently NO derived from 
other NOS isoforms compensates for the loss of 
nNOS as NOS inhibitors block penile erection in 
nNOS mutant mice. 

Recent studies demonstrate that abnormalities 
in NO biosynthesis may also underlie erectile 
dysfunction. Diabetes mellitus is associated with 
impaired NOS-dependent erectile function. [871 
NOS levels in penis are also decreased in aging 
rats, and this age-related decrease correlates 
with impaired erectile responses. I881 Androgens 
are essential for penile reflexes in the rat and are 
essential for normal libido. Similarly, nNOS 

TABLE I Effect of NOS inhibition on penile erection in 
intact rats 

Agent Dose % Intracavernous n 
(mg/kg) pressure (± SEM) 

L-Nitroarginine 1.0 75 ± 7 3 
methyl ester 

N-Methyl-L-arginine 

N-Methyl-D-arginine 

2.5 47 ± 5 10 
5.0 16 ± 1 4 

10.0 10 ± 10.3 3 
40.0 0 5 
10.0 63 + 3 11 
20.0 172 2 2 
40.0 15 ± 5 4 
40.0 128 4- 5 2 

Penile erection was induced electrically with a Grass $48 
square wave stimulator in anesthetized male rats with optimal 
stimulation parameters. Intracavernous pressures were mea- 
sured with a 25-gauge needle inserted unilaterally at the base 
of the penis and connected to a pressure transducer (from 
Burnett et al.I843). 

expression in penis is dependent upon active 
androgens as nNOS levels decrease by 60% 
one week after castration and are restored to 
normal levels with testosterone replacement. [89] 
Pharmacological manipulation of NO or NOS 
expression may therefore offer a viable strategy 
for treatment for some causes of erectile dysfunc- 
tion. Indeed, sildenafil (Viagra), an inhibitor of 
cGMP-specific phosphodiesterase type 5. I9°'91] 
enhances male sexual function by promoting the 
actions of NO in relaxing corpora cavernosum 
smooth muscle. [92'93] 

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 
aspects of both development and information 
storage in brain. Evidence for NO involvement 
in synaptic plasticity has accumulated steadily. 
At the cellular level, NO signalling appears to be 
essential for two forms of neuronal plasticity: 
long-term potentiation (LTP) in the hippocam- 
pus [94] and long-term depression (LTD) in the 
cerebeUum. [95] In these cellular models repeated 
neuronal stimulation yields long-lasting chan- 
ges in synaptic strength, and NOS inhibitors 
prevent these changes. Studies with NOS inhibi- 
tors have been controversial because these argi- 
nine analogs often have non-specific effects. This 
controversy may now be resolved by studies 
of NOS knockout mice. Both endothelial NOS 
(eNOS) and nNOS activities are found in hippo- 
campus. Mice that lack either eNOS or nNOS 
have essentially normal LTP whereas mutant 
mice deficient in both eNOS and nNOS have 
substantially decreased LTP. I96] 

Regulation of Neurotransmitter Release 

NO appears to mediate synaptic plasticity by 
potentiating neurotransmitter release. In several 
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model systems NOS inhibitors such as nitroargi- 
nine block the release of neurotransmitters. [97-991 
In brain synaptosomes the release of neurotrans- 
mitter evoked by stimulation of NMDA receptors 
is blocked by nitroarginine. I97'1°°'1°1] Presumably 
glutamate acts at NMDA receptors on NOS 
terminals to stimulate the formation of NO, which 
diffuses to adjacent terminals to enhance neuro- 
transmitter release so that blockade of NO for- 
mation inhibits release. In addition to regulating 
glutamate release, NO can also regulate secretion 
of hormones and neuropeptides. Regulation of 
hormone secretion by NO has been most convin- 
cingly demonstrated in the hypothalamus, t1°21 
An elegant series of experiments by McCann 
and colleagues has shown that NO directly 
stimulates release of lutenizing hormone-releas- 
ing hormone (LHRH) from hypothalamic ex- 
plants. [1°31 These findings explain physiological 
studies showing that NOS inhibitors block 
mating behavior in vivo, as this behavior requires 
LHRH release. I1°4] NO formation in hypothalamic 
explants can be stimulated by oxytocin, which 
also induces mating behavior in an NO-depen- 
dent manner in vivo. [104"10sl 

Behavioral Roles for NO 

Through regulation of synaptic plasticity and 
transmitter release, NO mediates complex influ- 
ences on brain development, memory formation, 
and behavior. Inhibition of NOS prevents the 
precise targeting of retinal axons to their proper 
location in the optic tectum. [~°61 In adult animals, 
NOS inhibitors hinder motor learning [1°71 and the 
formation of olfactory memories. [1°81 NOS inhibi- 
tors also prevent the long-lasting hyperalgesia 
that follows tissue injury. [1°91 In rodent experi- 
mental models using formalin injection to the 
paw to induce hyperalgesia, inhibitors of NOS 
prevent the subsequent augmented response 
triggered by noxious inputs, nNOS knockout 
mice, however, display normal sensitization to 
peripheral tissue damage in this model, and 
NOS inhibitors do not block sensitization in the 

nNOS knockouts. 111°1 Again, the deficiency of 
nNOS is compensated by an NO-independent 
pathway. Any potential development of nNOS 
inhibitors for chronic pain or other neurological 
disorders must be prepared to tackle this recur- 
ring phenomenon of compensation following 
chronic removal of NOS activity. 

ROLES FOR NO IN SKELETAL MUSCLE 

Although endogenous NO was originally appre- 
ciated as a mediator of smooth muscle relaxa- 
tion, more recent studies indicate a role for NO 
in skeletal muscle, nNOS mRNA is expressed at 
high levels in human skeletal muscle, [521 where 
nNOS mRNA is alternatively spliced yielding a 
muscle specific isoform, nNOSI~, nNOSI~ contains 
an additional 102 base pair exon, which is inserted 
between exons 16 and 17 and encodes a 34 amino 
acid insert between the calmodulin- and FMN- 
binding domains. Im] Regulation of nNOS~ activ- 
ity by calcium/calmodulin and other biochemical 
cofactors is indistinguishable from that of nNOS 
purified from brain, suggesting that the alterna- 
tive splicing may instead regulate nNOS interac- 
tions with specific skeletal muscle proteins. 

Physiological Functions for NO in 
Skeletal Muscle 

Understanding 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. II121 
NOS activity stimulated during muscle mem- 
brane depolarization inhibits contractile force in 
fast-twitch fibers. Depression of contractile force 
also occurs following induction of iNOS in 
skeletal muscle, iNOS protein is expressed in 
diaphragm 12h following LPS inoculation of 
rat. In3] The decrease in diaphragmatic tone that 
accompanies sepsis is rapidly reversed by a 
NOS inhibitor. NO derived from skeletal muscle 
iNOS therefore appears to mediate a critical 
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component of the respiratory depression asso- 
ciated with sepsis. 

In addition to modulating contractile force, 
NO also appears to regulate blood flow to skeletal 
muscle. II14] During exercise, blood flow rapidly 
increases in contracting muscles to accommodate 
the elevated metabolic demands of the tissue.k uSl 
This exercise-induced hyperemia is blunted by 
NOS inhibitors, suggesting a role for NO in this 
response. I~6-n83 Because NOS inhibitors do not 
completely block exercise hyperemia, NO must 
play a modulatory rather than an absolute role 
in this response. I~x41 

One critical component of the vascular re- 
sponse to exercise is the attenuation of sympa- 
thetic vasoconstriction that occurs in contracting 
muscle. Because muscle contraction reflexively 
increases sympathetic drive to skeletal muscle, 
exercise hyperemia requires that vessels in con- 
tracting muscles are less responsive to the sym- 
pathetic discharge. Experiments in intact rodent 
models indicated that this exercise-induced sym- 
patholysis occurs predominately in fast-twitch 
muscle groups and appears to be mediated by a 
local metabolite. Iu9'I2°I Pharmacological studies 
with NOS inhibitors have shown that NO is 
responsible for exercise-induced sympatholysis, 
but the cellular source of the NO has remained 
unclear. I12~1 This uncertainty is due to the fact that 
NOS inhibitors do not discriminate between 
constitutive NOS isoforms, so that the NO could 
derive either from endothelial NOS (eNOS) in the 
vasculature or from nNOS in the skeletal myo- 
fibers. To identify the source of vasoactive NO in 
this pathway, Thomas et al. have recently eval- 
uated skeletal muscle blood flow responses in 
mutant mice lacking nNOS. [1221 The authors 
found that exercise-induced hyperemia is gener- 
ally preserved in the nNOS knockouts, but the 
nNOS knockouts specifically lack contraction- 
induced suppression of adrenergic vasoconstric- 
tion. These experiments definitively demonstrate 
that skeletal muscle-derived NO mediates sym- 
patholysis. Also, because nNOS is enriched in 
fast-twitch muscle fibers, El121 these results explain 

why exercise-induced sympatholysis occurs pre- 
dominately in fast-twitch fibers. 

NO in Muscular Dystrophy 

A striking aspect of nNOS in skeletal muscle is 
the cellular localization of the synthase at the 
plasma membrane, or sarcolemma. In21 Targeting 
the synthase to the sarcolemma serves at least 
two purposes. First, this localization dictates that 
membrane depolarization and subsequent cal- 
cium influx across the sarcolemma regulate 
calcium/calmodulin-dependent nNOS activity 
in skeletal muscle. Second, synthesis of NO at 
the muscle plasma membrane facilitates delivery 
of NO to surrounding cellular targets such as 
the vasculature. 

Sarcolemmal localization of nNOS is mediated 
by association of the synthase with a protein 
complex containing dystrophin, the gene mutated 

[1231 in Duchenne muscar dystrophy. Muscle biop- 
sies from patients with Duchenne dystrophy 
evince a selective loss of nNOS enzyme protein 
from the sarcolemma, and a similar loss of 
membrane-associated nNOS occurs in muscles 
from mdx mice, which lack dystrophin (Figure 5). 
Molecular studies have established that nNOS 
does not directly bind to dystrophin; instead, 
nNOS associates with syntrophin, a cytosolic 
dystrophin binding protein. I124J Interaction of 
nNOS with syntrophin is mediated by PDZ 
protein motifs near the N-termini of nNOS and 
syntrophin. 

The absence of nNOS in Duchenne dystrophy 
has been postulated to play a pathological role 
in the disease. [123'125] As evidence for this, nNOS 
is the only component of the dystrophin complex 
that is specifically enriched in fast-twitch muscle 
fibers, and these fibers preferentially degenerate 
in Duchenne dystrophy. [1261 However, it is still 
uncertain how the loss o f  skeletal muscle nNOS 
might contribute to pathophysiology. To address 
this, Thomas et al. evaluated skeletal muscle blood 
flow responses in a mouse model of Duchenne 
dystrophy, the mdx mouse, t1221 Strikingly, they 
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m m 
FIGURE 5 nNOS is absent from sarcolemma in Duchenne 
dystrophy muscle biopsies. Skeletal muscle cryosections of 
biopsies from normal (N1) or Duchenne muscular dystro- 
phy (D1) skeletal muscle were immunostained with antibo- 
dies to dystrophin, nNOS and spectrin. In healthy muscle 
all thine proteins occur at the sarcolemma or plasma mem- 
brane of skeletal muscle. The absence of dystrophin in 
Duchenne muscular dystrophy disrupts nNOS localization 
to the sarcolemma but has no influence on spectrin, which 
is not part of the dystrophin complex (from Brenman 
et al.1123r). 

limitation of the mouse model. In humans with 
Becker muscular dystrophy, which is due to 
specific mutations of dystrophin, the absence of 
nNOS, but not other components of the dystro- 
phin complex, correlates closely with the sever- 
ity of the disease, t132] The absence of nNOS in 
Duchenne and Becker muscular dystrophies 
subjects the contracting muscle to hypoperfusion 
and ischemia due to unopposed adrenergic 
vasoconstriction. As fast-twitch muscle fibers 
are highly dependent upon nutrient delivery 
and are not exercise tolerant, this mechanism 
may help explain the preferential destruction of 
these fibers in the initial stages of Duchenne 
dystrophy, t126] Manipulating NO levels in muscle 
may, therefore, represent a possible strategy for 
treatment of muscular dystrophy. 

find that contraction-induced suppression of 
adrenergic vasoconstriction is absent in the mdx 
mice, which are identical in this regard to nNOS 
knockout mice. Additionally, the contraction- 
induced increase in cGMP and inhibition of 
smooth muscle myosin light chain phosphoryla- 
tion are compromised in fast-twitch muscles from 
mdx mice. I1271 Aside from lacking this exercise- 
induced sympatholytic response, blood flow in 
the mdx mice is normal  and this is similar to what 
is observed in nNOS knockouts. 

Taken together, these studies demonstrate that 
NO plays a major role in regulating blood flow 
to exercising muscle by blunting the constrictive 
response to an otherwise destructive increase 
in sympathetic tone. Through this mechanism, 
NO may play a major role in muscle tolerance to 
heavy exercise. In this regard, it is interesting to 
note that nNOS protein levels in muscle drama- 
tically increase following exercise. I128"129] 

This work also suggests that an abnormal 
vascular response may mediate pathophysiologi- 
cal aspects of Duchenne muscular dystrophy. 
Although nNOS knockout mice do not them- 
selves show pathological changes characteristic 
of muscular dystrophy, [130'131] this may reflect a 

CELLULAR MECHANISMS 
REGULATING nNOS 

NO signaling in excitable tissues requires rapid 
and controlled delivery of NO to specific cellular 
targets. Other neurotransmitters 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 
that prevent storage of NO in lipid-lined vesicles 
or metabolism of NO by hydrolytic degradatory 
enzymes. In addition, excessive production of 
NO is toxic to neurons and other cells. NO 
signaling must therefore allow for rapid and 
localized NO production and immediate termi- 
nation of biosynthesis. This tight control of NO 
signalling is largely regulated at the level of 
NO biosynthesis. Indeed, the NOS proteins are 
amongst the most highly regulated of all neuro- 
nal enzymes. Acute control of nNOS activity is 
mediated by allosteric regulation, by posttransla- 
tional modification and by subcellular targeting 
of the enzyme, nNOS protein levels are also 
dynamically regulated by changes in gene 
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transcription, and this affords long-lasting chan- 
ges in tissue NO levels. 

Regulation of nNOS by Specific 
Calcium Channels 

nNOS activity is primarily regulated by local 
increases in intracellular calcium, which stimu- 
lates nNOS through interaction with calmodu- 
lin. [431 Distinct cellular calcium influx pathways 
specifically regulate nNOS in  various tissues. 
In the myenteric nervous system where NO 
functions as a neurotransmitter, NOS activity is 
primarily regulated by calcium influx through 
voltage-dependent calcium channels (Figure 6). 
Intestinal relaxation mediated by NO is sup- 
pressed by the N-type calcium channel anta- 
gonist, w-conotoxin, t1331 Vasoactive intestinal 
polypeptide (VIP) also appears to play an im- 
portant role in regulating NO synthesis in in- 
testinal neurons. I~34] In the brain, calcium influx 
through the N-methyl-D-aspartate (NMDA) type 
glutamate receptor potently activates nNOS in 
brain. I3s] NMDA receptors are also known to play 

a critical role in learning and memory; the 
intimate relationship of NMDA receptors 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 intracellular regions, nNOS 
protein contains an N-terminal PDZ protein 
motif that mediates subcellular targeting of the 
enzyme. [1231 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. [1241 Importantly, NMDA receptors also 
occur at postsynaptic densities through binding 
to PSD-95. [13sA361 PSD-95 and related proteins 
thereby function as molecular scaffolds and phys- 
ically link nNOS to NMDA receptors (Figure 6). 
Internalization of peptides that antagonize 
the interaction of nNOS with PSD-95 block 
NMDA-coupled increases in NOS activity. Some 
nNOS protein in brain occurs outside the post- 
synaptic density and can be regulated by cal- 
cium influx through voltage-dependent calcium 
channels. Molecular mechanisms that link 

FIGURE 6 Synaptic regulation of neuronal nitric oxide synthase. 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) Association with PSD-95 mediates coupling of nNOS to NMDA receptor activity in the CNS. 
(B) In skeletal muscle (Sk. Mus.) nNOS occurs at the sarcolemma owing to interaction of nNOS with the dystrophin 
complex. Accordingly, nNOS activity is regulated by calcium influx associated with sarcolemmal depolarization. (C) Myen- 
teric 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. Abbrevia- 
tions: ACh, acetylcholine; AChR, acetylcholine receptor; Glu, glutamate; SR, sarcoplasmic reticulum (adapted from 
Christopherson and Bredtf16°l). 
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nNOS to these voltage-dependent channels are 
not yet known. 

In skeletal muscle nNOS activity is linked to 
muscle acetylcholine receptors and also to mem- 
brane depolarization, nNOS protein in skeletal 
muscle occurs at the endplate and at the plasma 
membrane owing to association with the dystro- 
phin glycoprotein complex. I1231 Again, the nNOS 
protein is targeted to the cellular domain that 
regulates the enzyme's activity (Figure 6). Addi- 
tional protein interactions appear to regulate NOS 
activity directly. A small molecular weight protein 
inhibitor ofnNOS (PIN) has been described which 
is enriched in both brain and testes and is highly 
conserved between species, t~371 PIN binds speci- 
ficaUy to the neuronal isoform of NOS and acts by 
destabilizing the nNOS dimer, which is the active 
form of the enzyme. 

ROLE OF NO IN EXCITOTOXIC 
PROCESSES IN BRAIN 

Inappropriate induction of NOS protein in brain 
and other tissues clearly mediates injury in 
diverse disease states. In a similar way, excess 
stimulation of nNOS at the synapse has the 
potential to mediate neurotoxicity in brain. Many 
causes of neuronal injury, including those asso- 
ciated with stroke and certain neurotoxins, are 
due to excess release of glutamate, which acts 
at synaptic NMDA receptors to cause neurotoxi- 
city. [138] Accordingly, NMDA receptor antago- 
nists are protective in animal models of cerebral 
ischemia, t1391 The first experimental evidence 
that endogenous NO mediates brain injury asso- 
dated with NMDA receptor activity derived 
from studies in cultured neurons. [14°1 This work 
showed that inhibition of NOS attenuates gluta- 
mate toxicity in primary neuronal cultures from 
rat cerebral cortex. Initially this work was con- 
troversial, as subsequent studies concerning the 
role of NO in glutamate toxicity yielded contra- 
dictory 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 helped clarify the role of 
nNOS in glutamate neurotoxicity. Cultured neu- 
rons derived from these knockout mice are 
resistant to glutamate toxicity, establishing that 
NO derived from nNOS can be t ox ic .  [141] 

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. I142J Decisive evidence that neuron-derived 
NO mediates injury in stroke derives from studies 
of nNOS knockout mice. Compared to litter-mate 
controls, nNOS knockouts show similar changes 
in regional blood flow following focal isehemia 
but have 38% smaller infarets (Figure 7). [143] In 
contrast, eNOS deficient mice show decreased 
blood flow at the periphery of the ischemic region, 
where NO-mediated excitotoxicity is most pre- 
valent, and suffer an increased infarct sizeJ 1441 
iNOS protein is not present in normal brain, so 
this isoform does not participate in the acute 
phase following isehemia, iNOS expression is 
induced, however, in reactive astrocytes and in 
infiltrating neutrophils following cerebral ische- 
miaJ 1451 iNOS levels peak within 48 h suggesting 
that post-isehemic inflammation and iNOS in- 
duction may contribute to a late phase of neuronal 
death. Indeed, mice deficient in iNOS display 
decreased infarct size in models of cerebral 
ischemia. [14s] 

Because eNOS activity protects the ischemic 
brain by maintaining blood flow, initial pharma- 
cological studies showed that non-specific NOS 
inhibitors, which block both nNOS and eNOS 
do not effectively protect from injury following 
stroke. The recent development of specific 
nNOS antagonists such as ARL17477, 7-nitroin- 
dazole and S-methyl-isothioureido-L-norvaline 
demonstrate that selective blockade of nNOS 
offers a useful pharmacological strategy for con- 
trolling brain injury following stroke in rodent 
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FIGURE 7 Reduced infarct volume in nNOS-/- (knock- 
out) mice. Wild type or NOS -/- mice were subjected to 
middle cerebral artery occlusion for 24h. Infarction area 
for each of five coronal sections from rostral to caudal 
(2-10ram) shown for wild type and mutants (adapted from 
Huang et a/,1143)). 

models. [1451 Protective actions by NOS inhib- 
itors are clearly mediated by antagonism of 
nNOS, as non-specific NOS blockers paradoxir 
cally increase infarct volume in nNOS knockouts 
due to inhibition of eNOS. 

Mechanisms for NO Toxicity 

The molecular targets mediating NO toxicity are 
not yet certain. Unlike the NO pathways that 
regulate intestinal motility and hippocampal LTP, 
cGMP is almost certainly not involved in toxicity. 
Instead, NO neurotoxicity is likely mediated by 
its free radical character, which makes NO reac- 
tive with certain proteins containing heme-iron 
prosthetic groups, iron-sulfur clusters or reactive 

[ 1 4 6 ]  thiols. Cellular energy depletion is a hallmark 
of neuronal cell death associated with ischemic 
injury and NO can attenuate oxidative phosphor- 
ylation by inhibiting mitochondrial iron-sulfur 
cluster enzymes including NADH-ubiquinone 
oxidoreductase and succinate-coenzyme Q: oxi- 
doreductase. NO can also inhibit glycolysis by 
reactions with aconitase [147[ and by competing 
with oxygen at cytochrome oxidase.[14s] 

In addition to directly reacting with protein 
prosthetic groups, NO also reacts readily with 

superoxide (O2") to produce peroxynitrite 
(ONOO-) (Figure 8), which may mediate much 
of the NO neurotoxicity. I149I Peroxynitrite is a 
powerful oxidant, but is sufficiently stable to 
diffuse through a cell to react with a target. 
Peroxynitrite is particularly efficient at oxidizing 
iron-sulfur clusters, zinc-fingers, and protein 
thiols, and these reactions would contribute 
to cellular energy depletion. Peroxynitrite will 
also react with superoxide dismutase (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 anfisera to 3-nitrotyrosine, is a convenient 
marker of peroxynitrite formation. [149l 

Direct evidence that NO and 02  ° conspire in 
neuronal toxicity derives from studies of trans- 
genic animals. Cu/Zn SOD is a cytosolic scaveng- 
ing enzyme that removes reactive 02  ° and 
prevents formation of peroxynitrite. Overexpres- 
sion of Cu/Zn SOD in transgenic mice reduces 
the infarct volume in the middle cerebral artery 
(MCA) occlusion model of focal ischemia com- 
pared to wild-type mice. [1s°1 Cu/Zn SOD over- 
expressing mice have now been bred with nNOS 
knockout mice and the resulting double trans- 
genics acquire even less ischemic damage than 
either single-transgenic parental strain. [151I 

NO in Neurodegenerative Diseases 

While NO clearly participates in neuronal in- 
jury following vascular stroke, the role of NO in 
human neurodegenerative disease is not as easily 
understood. The slow progression of these dis- 
eases perhaps occurring over fifty years or more, 
complicates experimental approaches to model- 
ling their pathophysiological mechanism. Histo- 
pathological evidence, however, suggests that 
certain neurodegenerative diseases including 
Huntington's disease, may also be mediated by 
NO and glutamate toxicities. NADPH-diaphor- 
ase positive neurons in the corpus striatum, which 
are the NOS neurons, are selectively spared in 
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FIGURE 8 Mechanisms for NO neurotoxicity. NO reacts rapidly with superoxide (02 °) to form a peroxynitrite (OONO-), 
which is a potent oxidant. NO and peroxynitrite mediate cytotoxicity by causing oxidative damage, DNA damage and by 
depleting cellular energy stores. 

Huntington 's  disease. [1521 This selective pathol- 
ogy can be replicated in striatal culture models 
and in vivo following lesions with NMDA but 
not other classes of glutamate agonists. I153] 
The spared NADPH diaphorase neurons are 
uniquely endowed with  high levels of SOD, 
which may  protect the cells from peroxynitri te-  
mediated NO neurotoxicity. Ils41 Indeed, 3- 
nitrotyrosine, the footprint of peroxynitrite, is 
detected in striatal neurons in animals models of 
Huntington 's  disease. I15sl 

While stigmata of NO toxicity correlate with 
Huntington '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 illicit drugs 
in the 1970s, produces Parkinsonian-like symp- 
toms in humans.  MPTP causes pathology by 
targeting the destruction of nigrostriatal dopami- 
nergic neurons, the same ceils that are selectively 
lost in idiopathic Parkinson's disease. Treatment 
of experimental animals, including mice and 
primates, with MPTP replicates this selective 
toxicity and results in accumulation of 3-nitro- 
tyrosine in the nigrostriatal pathway. Inhibition 
of NOS prevents both the neurotoxicity of MPTP 
and the associated formation of 3-nitrotyro- 
sine. I~s61 Definitive evidence that NO and peroxy- 
nitrite mediate toxicity in the MPTP model of 
Parkinson's disease again derives from studies of 
transgenic mice. [157] Both nNOS knockouts and 

mice that overexpress C u / Z n  SOD are resistant 
to MPTP toxicity. 

While nNOS inhibitors can prevent acute 
toxicity associated with MPTP, it remains less 
clear whether long-term treatment would  be 
therapeutic for slowly developing neurodegen-  
erative disorders. Chronic animal models for 
these diseases will first need to be established, 
and then the role of NO can then be rigorously 
evaluated. The recent identification of a 
Parkinson's disease gene, I~sSl and the devel- 
opment  of a transgenic animal model  for 
Hunt ington 's  disease, I~591 suggest that it will 
not  be long until these issues are decisively 
addressed. 

References 

[1] L.C. Green, S.R. Tannenbaum and P. Goldman: Nitrate 
synthesis in the germfree and conventional rat. Science 212: 
56,1981. 

[2] L.C. Green, K. Ruiz de Luzuriaga, D.A. Wagner, 
W. Rand, N. Istfan, V.R. Young and S.R. Tannenbaum: 
Nitrate biosynthesis in man. Proceedings of the National 
Academy of Sciences of the United States of America 78: 7764, 
1981. 

[3] D.A. Wagner, V.R. Young, S.R. Tannenbaum, D.S. Schultz 
and W.M. Deen: Mammalian nitrate biochemistry: metab- 
olism and endogenous synthesis. Iarc Scientific Publications 
34: 247,1984. 

[4] E. Hegesh and J. Shiloah: Blood nitrates and infantile 
methemoglobinemia. Clinica Chimica Acta 125: 107, 1982. 

[5] D.A. Wagner, V.R. Young and S.R. Tannenbaum: Mamma- 
lian nitrate biosynthesis: incorporation of 15NH3 into 
nitrate is enhanced by endotoxin treatment. Proceedings of 
the National Academy of Sciences of the United States of America 
80: 4518,1983. 



592 D.S. BREDT 

[6] D.J. Stuehr and M.A. Marietta: Mammalian nitrate 
biosynthesis: mouse macrophages produce nitrite and 
nitrate in response to Escherichia coli lipopolysaccharide. 
Proceedings of the National Academy of Sciences of the United 
States of America 82: 7738,1985. 

[7] D.J. Stuehr and M.A. Marietta: Synthesis of nitrite and 
nitrate in murine macrophage cell lines. Cancer Research 
47: 5590,1987. 

[8] D.J. Stuehr and M.A. Marietta: Induction of nitrite/nitrate 
synthesis in murine macrophages by BCG infection, 
lymphokines, or interferon-gamma. Journal of Immunology 
139: 518,1987. 

[9] M.A. Marietta, P.S. Yoon, R. Iyengar, C.D. Leaf and J.S. 
Wishnok: Macrophage oxidation of L-arginine to nitrite 
and nitrate: nitric oxide is an intermediate. Biochemistry 27: 
8706, 1988. 

[10] J.B. Hibbs, Jr., Z. Vavrin and R.R. Taintor: L-arginine is 
required for expression of the activated macrophage 
effector mechanism causing selective metabolic inhibition 
in target cells. Journal of Immunology 138: 550,1987. 

[11] J.B. Hibbs, Jr., R.R. Taintor and Z. Vavrin: Macrophage 
cytotoxicity: rote for Lrarginine deiminase and imino 
nitrogen oxidation to nitrite. Science 235: 473,1987. 

[12] R.E Furchgott and J.V. Zawadzki: The obligatory role of 
endothelial cells in the relaxation of arterial smooth 
muscle by acetylcholine. Nature 288: 373, 1980. 

[13] T.M. Griffith, D.H. Edwards, M.J. Lewis, A.C. Newby and 
A.H. Henderson: The nature of endothelium-derived 
vascular relaxant factor. Nature 308: 645,1984. 

[14] T.M. Cocks, J.A. Angus, J.H. Campbell and G.R. Campbell: 
Release and properties of endothelium-derived relaxing 
factor (EDRF) from endothelial cells in culture. Journal of 
Cellular Physiology 123: 310,1985. 

[15] R.M. Rapoport and E Murad: Agonist-induced endothe- 
lium-dependent relaxation in rat thoracic aorta may be 
mediated through cGME Circulation Research 52: 352,1983. 

[16] W.E Arnold, C.K. Mittal, S. Katsuki and E Murad: Nitric 
oxide activates guanylate cyclase and increases guanosine 
3':5'-cyclic monophosphate levels in various tissue 
preparations. Proceedings of the NationaI Academy of Sciences 
of the United States of America 74: 3203,1977. 

[17] L.J. Ignarro, H. Lippton, J.C. Edwards, W.H. Baricos, 
A.L. Hyman, E~. Kadowitz and C.A. Gruetter: Mechanism 
of vascular smooth muscle relaxation by organic nitrates, 
nitrites, nitroprusside and nitric oxide: evidence for the 
involvement of S-nitrosothiols as active intermediates. 
Journal of Pharmacology and Experimental Therapeutics 218: 
739,1981. 

[18] EA. Craven and ER. DeRubertis: Restoration of the 
responsiveness of purified guanylate cyclase to nitroso- 
guanidine, nitric oxide, and related activators by heme 
and hemeproteins. Evidence for involvement of the para- 
magnetic nitrosyl-heme complex in enzyme activation. 
Journal of Biological Chemistry 253: 8433, 1978. 

[19] L.J. Ignarro, J.N. Deguan, W.H. Baricos, P.J. Kadowitz and 
M.S. Wolin: Activation of purified guanylate cydase by 
nitric oxide requires heme. Comparison of heme-defi- 
cient, heme-reconstituted and heine-containing forms of 
soluble enzyme from bovine lung. Biochimica et Biophysica 
Acta 718: 49,1982. 

[20] R.E Furchgott (1988) VasodiIation: Vascular Smooth Muscle, 
Peptides, Autonomic Nerves and Endothelium (Vanhoutte, 
P.M., Ed), pp. 401, Raven Press, New York. 

[21] L.J. Ignarro, G.M. Buga, K.S. Wood, R.E. Byrns and 
G. Chaudhuri: Endothelium-derived relaxing factor 

produced and released from artery and vein is nitric 
oxide. Proceedings of the National Academy of Sciences of the 
United States of America 84: 9265,1987. 

[22] L.J. Ignarro, R.E. Byrns and K.S. Wood (1988) Vasodilation: 
Vascular Smooth Muscle, Peptides, Autonomic Nerves and 
Endothelium (Vanhoutte, P.M., Ed), pp. 427, Raven Press, 
New York. 

[23] R.M. Palmer, A.G. Ferrige and S. Moncada: Nitric oxide 
release accounts for the biological activity of endothelium- 
derived relaxing factor. Nature 327: 524,1987. 

[24I R.M. Palmer, D.S. Ashton and S. Moncada: Vascular 
endothelial cells synthesize nitric oxide from L-arginine. 
Nature 333: 664,1988. 

[25] R.M. Palmer and S. Moncada: A novel citrulline-forming 
enzyme implicated in the formation of nitric oxide by 
vascular endothelial ceils. Biochemical and Biophysical 
Research Communications 158: 348, 1989. 

[26] H. Azuma, M. Ishikawa and S. Sekizaki: Endothelium- 
dependent inhibition of platelet aggregation. British 
Journal of Pharmacology 88: 411,1986. 

[27] B. Furlong, A.H. Henderson, M.J. Lewis and J.A. Smith: 
Endothelium-derived relaxing factor inhibits in vitro 
platelet aggregation. British Journal of Pharmacology 90: 
687,1987. 

[28] M.W. Radomski, R.M. Palmer and S. Moncada: Endo- 
genous nitric oxide inhibits human platelet adhesion to 
vascular endothelium. Lancet 2: 1057, 1987. 

[29] M.W. Radomski, R.M. Palmer and S. Moncada: The anti- 
aggregating properties of vascular endothelium: interac- 
tions between prostacyclin and nitric oxide. British Journal 
of Pharmacology 92: 639,1987. 

[30] K. Aisaka, S.S. Gross, O.W. Griffith and R. Levi: NG- 
methylarginine, an inhibitor of endothelium-derived nitric 
oxide synthesis, is a potent pressor agent in the guinea pig: 
does nitric oxide regulate blood pressure in vivo? Biochem- 
ical and Biophysical Research Communications 160: 881,1989. 

[31] B.J. Whittle, J. Lopez-Belmonte and D.D. Rees: Modula- 
tion of the vasodepressor actions of acetylcholine, brady- 
kinin, substance P and endothelin in the rat by a specific 
inhibitor of nitric oxide formation. British Journal of 
Pharmacology 98: 646,1989. 

[32] D.D. Rees, R.M. Palmer and S. Moncada: Role of 
endothelium-derived nitric oxide in the regulation 
of blood pressure. Proceedings of the National Academy 
of Sciences of the United States of America 86: 3375,1989. 

[33] E Vallance, J. Collier and S. Moncada: Effects of endothe- 
lium-derived nitric oxide on peripheral arteriolar tone in 
man. Lancet 2: 997,1989. 

[34] P. Vallance, J. Collier and S. Moncada: Nitric oxide 
synthesised from L-arginine mediates endothelium de- 
pendent dilatation in human veins in vivo. Cardiovascular 
Research 23: 1053,1989. 

[35] T. Deguchi: Endogenous activating factor for guanylate 
cyclase in synaptosomal-soluble fraction of rat brain. 
Journal of Biological Chemistry 252: 7617, 1977. 

[36] T. Deguchi and M. Yoshioka: L-Arginine identified as an 
endogenous activator for soluble guanylate cyclase from 
neuroblastoma cells. Journal of Biological Chemistry 257: 
10147, 1982. 

[37] R.G. Knowles, M. Palacios, R.M. Palmer and S. Moncada: 
Formation of nitric oxide from L-arginine in the central 
nervous system: a transduction mechanism for stimula- 
tion of the soluble guanylate cyclase. Proceedings of the 
National Academy of Sciences of the United States of America 
86: 5159,1989. 



NITRIC OXIDE 593 

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

[39] J.A. Ferrendelli, M.M. Chang and D.A. Kinscheff: Eleva- 
tion of cyclic GMP levels in central nervous system by 
excitatory and inhibitory amino acids. Journal of Neuro- 
chemistry 22: 535,1974. 

[40] J. Garthwaite and R. Balaza: Excitatory amino acid- 
induced changes in cyclic GMP levels in slices and cell 
suspensions from the cerebellum. Advances in Biochemical 
Psychopharmacology 27: 317,1981. 

[41] D.S. Bredt and S.H. Snyder: Nitric oxide media glutamate- 
linked enhancement of cGMP levels in the cerebellum. 
Proceedings of the National Academy of Sciences of the United 
States of America 86: 9030,1989. 

[42]J. Garthwaite, G. Garthwaite, R.M. Palmer and 
S. Moncada: NMDA receptor activation induces nitric 
oxide synthesis from arginine in rat brain slices. European 
Journal of Pharmacology 172: 413, 1989. 

[43] D.S. Bredt and S.H. Snyder: Isolation of nitric oxide 
synthetase, a calmodulin-requiring enzyme. Proceedings 
of the National Academy of Sciences of the United States of 
America 87: 682,1990. 

[44] B. Mayer, M. John and E. B6hme: Purification of a 
Ca2+/calmodulin-dependent nitric oxide synthase from 
porcine cerebellum. Cofactor-role of tetrahydrobiopterin. 
FEBS Letters 277: 215,1990. 

[45] H.H.H.W. Schmidt, J.S. Pollock, M. Nakane, L.D. Gorsky, 
U. Forstermann and F. Murad: Purification of a soluble 
isoform of guanylyl cyclase-activating-factor synthase. 
Proceedings of the National Academy of Sciences of the United 
States of America 88: 365,1991. 

[46] J.M. Hevel, K.A. White and M.A. Marietta: Purification of 
the inducible murine macrophage nitric oxide synthase. 
Identification as a flavoprotein. Journal of Biological 
Chemistry 226:22 789,1991. 

[47] Y. Yui, R. Hattori, K. Kosuga, H. Eizawa, K. Hiki and C. 
Kawai: Purification of nitric oxide synthase from rat mac- 
rophages. Journal of Biological Chemistry 266:12 544,1991. 

[48] D.J. Stuehr, H.J. Cho, N.S. Kwon, M.E Weise and C.E 
Nathan: Purification and characterization of the cytokine- 
induced macrophage nitric oxide synthase: an FAD- and 
FMN-containing flavoprotein. Proceedings of the National 
Academy of Sciences of the United States of America 88: 7773, 
1991. 

[49] "IF. Evans, A. Carpenter and J. Cohen: Purification of 
a distinctive form of endotoxin-induced nitric oxide 
synthase from rat liver. Proceedings of the National Academy 
of Sciences of the United States of America 89: 5361,1992. 

[50] J.S. Pollock, U. Forstermann, J.A. Mitchell, T.D. Warner, 
H.H. Schmidt, M. Nakane and E Murad: Purification and 
characterization of particulate endothelium-derived re- 
laxing factor synthase from cultured and native bovine 
aortic endothelial cells. Proceedings of the National Acad- 
emy of Sciences of the United States of America 88:10 480, 
1991. 

[51] D.S. Bredt, P.M. Hwang, C.E. Glatt, C. Lowenstein, R.R. 
Reed and S.H. Snyder: Cloned and expressed nitric oxide 
synthase structurally resembles cytochrome P-450 reduc- 
tase. Nature 351: 714,1991. 

[52] M. Nakane, H.H. Schmidt, J.S. Pollock, U. Forstermann 
and F. Murad: Cloned human brain nitric oxide synthase is 
highly expressed in skeletal muscle. FEBS Letters 316:175, 
1993. 

[531 W.C. Sessa, J.K. Harrison, C.M. Barber, D. Zeng, 
M.E. Dufieux, D.D. D'Angelo, K.R. Lynch and M.J. Peach: 
Molecular cloning and expression of a cDNA encoding 
endothelial cell nitric oxide synthase. Journal of Biological 
Chemistry 267:15 274,1992. 

[54] S. Lamas, P.A. Marsden, G.K. Li, P. Tempst and T. Michel: 
Endothelial nitric oxide synthase: molecular cloning and 
characterization of a distinct constitutive enzyme isoform. 
Proceedings of the National Academy of Sciences of the United 
States of America 89: 6348,1992. 

[55] S.P. Janssens, A. Shimouchi, T. Quertermous, D.B. Bloch 
and K.D. Bloch: Cloning and expression of a cDNA 
encoding human endothelium-derived relaxing factor/ 
nitric oxide synthase. Journal of Biological Chemistry 267: 
14 519,1992. 

[56] C.R. Lyons, G.J. Orloff and J.M. Cunningham: Molecular 
cloning and functional expression of an inducible nitric 
oxide synthase from a murine macrophage cell line. 
Journal of Biological Chemistry 267: 6370, 1992. 

[57] Q.W. Xie, H.J. Cho, J. Calaycay, R.A. Mumford, 
K.M. Swiderek, T.D. Lee, A. Ding, T. Troso and C. Nathan: 
Cloning and characterization of inducible nitric oxide 
synthase from mouse macrophages. Science 256: 225,1992. 

[58] C.J. Lowenstein, C.S. Glatt, D.S. Bredt and ~H. Snyder: 
Cloned and expressed macrophage nitric oxide synthase 
contrasts with the brain enzyme. Proceedings of the National 
Academy of Sciences of the United States of America 89: 6711, 
1992. 

[59] D.A. Geller, C.J. Lowenstein, R.A. Shapiro, A.K. Nussler, 
M. Di Silvio, S.C. Wang, D.K. Nakayama, R.L. Simmons, 
S.H. Snyder and T.R. Billiar: Molecular cloning and 
expression of inducible nitric oxide synthase from human 
hepatocytes. Proceedings of the National Academy of Sciences 
of the United States of America 90: 3491,1993. 

[60] S. Moncada, R.M. Palmer and E.A. Higgs: Nitric oxide: 
physiology, pathophysiology, and pharmacology. Phar- 
macological Reviews 43: 109,1991. 

[61] R.A. Pufahl, P.G. Nanjappan, R.W. Woodard and M.A. 
Marietta: Mechanistic probes of N-hydroxylation of L- 
arginine by the inducible nitric oxide synthase from 
murine macrophages. Biochemistry 31: 6822,1992. 

[62] EL. Feldman, O.W. Griffith, H. Hong and D.]. Stuehr: 
Irreversible inactivation of macrophage and brain nitric 
oxide synthase by L-NG-methylarginine requires 
NADPH-dependent hydroxylation. Journal of Medicinal 
Chemistry 36: 491,1993. 

[63] M.A. Dwyer, D.S. Bredt and S.H. Snyder: Nitric oxide 
synthase: irreversible inhibition by L-NG-nitroarginine in 
brain in vitro and in vivo. Biochemical and Biophysical 
Research Communications 176: 1136, 1991. 

[64] P. Klatt, K. Schmidt, G. Uray and B. Mayer: Multiple 
catalytic functions of brain nitric oxide synthase. Bio- 
chemical characterization, cofactor-requirement, and the 
role of N omega-hydroxy-L-arginine as an intermediate. 
Journal of Biological Chemistry 268: 14781,1993. 

[65] Z.G. Zhang, D. Reif, J. Macdonald, W.X. Tang, D.K. Kamp, 
R.J. Gentile, W.C. Shakespeare, R.J. Murray and M. Chopp: 
ARL 17477, a potent and selective neuronal NOS inhibitor 
decreases infarct volume after transient middle cerebral 
artery occlusion in rats. Journal of Cerebral Blood Flow and 
Metabolism 16: 599,1996. 

[66] D.J. Stuehr, N.S. Kwon, C.F. Nathan, O.W. Griffith, P.L. 
Feldman and J. Wiseman: N omega-hydroxy-L-arginine 
is an intermediate in the biosynthesis of nitric oxide from 
L-arginine. Journal of Biological Chemistry 266: 6259, 1991. 



594 D.S. BREDT 

[67] K.A. White and M.A. Marietta: Nitric oxide synthase is a 
cytochrome P-450 type hemoprotein. Biochemistry 31: 
6627,1992. 

[68] O.W. Griffith and D.J. Stuehr: Nitric oxide synthases: 
properties and catalytic mechanism. Annual Review of 
Physiology 57: 707, 1995. 

[69] B.R. Crane, A.S. Arvai, D.K. Ghosh, C. Wu, E.D. Getzoff, 
D.]. Stuehr and ].A. Tainer: Structure of nitric oxide 
synthase oxygenase dimer with pterin and substrate. 
Science 279: 2121, 1998. 

[70] S. Pou, W.S. Pou, D.S. Bredt, S.H. Snyder and G.M. Rosen: 
Generation of superoxide by purified brain nitric oxide 
synthasei Journal of Biological Chemistry 267:24173, 1992. 

[71] T. Vorherr, L. Kn6pfel, F. Hofmann, S. Mollner, T. Pfeuffer 
and E. Carafoli: The calmodulin binding domain of nitric 
oxidesynthase and adenylyl cyclase. Biochemistry32: 6081, 
1993. 

[72] G. Burnstock: Review lecture. Neurotransmitters and 
trophic factors in the autonomic nervous system. ]ournal 
of Physiology 313: 1,1981. 

[73] J.S. Gillespie, X.R. Liu and W. Martin: The effects of L- 
arginine and NG-monomethyl L-arginine on the response 
of the rat anococcygeus muscle to NANC nerve stimula- 
tion. British Journal of Pharmacology 98: 1080,1989. 

[74] C.G. Li and M.J. Rand: Evidence for a role of nitric oxide in 
the neurotransmitter system mediating relaxation of the 
rat anococcygeus muscle. Clinical and Experimental Phar- 
macology Physiology 16: 933,1989. 

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

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

[77] E. Chung, D. Curtis, G. Chen, P.A. Marsden, R. Twells, W. 
Xu and M. Gardiner: Genetic evidence for the neuronal 
nitric oxide synthase gene (NOS1) as a susceptibility locus 
for infantile pyloric stenosis. American Journal of Human 
Genetics 58 363,1996. 

[78] C. Iadecola, F. Zhang and X. Xu: Role of nitric oxide 
synthase-containing vascular nerves in cerebrovasodila- 
tion elicited from cerebellum. American Journal of Physiol- 
ogy 264: R738, 1993. 

[79] K. Nozaki, M.A. Moskowitz, K.I. Maynard, N. Koketsu, 
T.M. Dawson, D.S. Bredt and S.H. Snyder: Possible origins 
and distribution of immunoreactive nitric oxide synthase- 
containing nerve fibers in cerebral arteries. Journal of 
Cerebral Blood Flow and Metabolism 13: 70, 1993. 

[80] K.M. Welch: Drug therapy of migraine. New England 
Journal of Medicine 329: 1476,1993. 

[81] H.K. Iversen and J. Olesen: Headache induced by a nitric 
oxide donor (nitroglycerin) responds to sumatriptan. A 
human model for development of migraine drugs. 
Cephalalgia 16: 412,1996. 

[82] K. Irikura, P.L. Huang, J. Ma, W.S. Lee, T. Dalkara, 
M.C. Fishman, T.M. Dawson, S.H. Snyder and M.A. 
Moskowitz: Cerebrovascular alterations in mice lacking 
neuronal nitric oxide synthase gene expression. Proceed- 
ings of the National Academy of Sciences of the United States of 
Amer/ca 92: 6823,1995. 

[83] A.L. Burnett, S.L. Tillman, T.S. Chang, J.L Epstein, 
C.J. Lowenstein, D.S. Bredt, S.H. Snyder and P.C. Walsh: 
Immunohistochemical localization of nitric oxide 
synthase in the autonomic innervation of the human 
penis. Journal of Urology 150: 73,1993. 

[84] A.L. Burnett, C.J. Lowenstein, D.S. Bredt, T.S. Chang and 
S.H. Snyder:Nitric oxide: a physiologic mediator of penile 
erection. Science 257: 401, 1992. 

[85] J. Rajfer, W.J. Aronson, P.A. Bush, EJ. Dorey and L.J. 
Ignarro: Nitric oxide as a mediator of relaxation of the 
corpus cavernosum in response to nonadrenergic, non- 
cholinergic neurotransmission. New England Journal of 
Medicine 326: 90, 1992. 

[86] A.L. Burnett, R.J. Nelson, D.C. Calvin, J.X. Liu, 
G.E. Demas, S.L. Klein, L.]. Kriegsfeld, V.L. Dawson, 
T.M. Dawson and S.H. Snyder: Nitric oxide-dependent 
penile erection in mice lacking neuronal nitric oxide 
synthase. Molecular Medicine 2: 288, 1996. 

[87] D. Vernet, L. Cai, H. Garban, M.L. Babbitt, ET. Murra~ 
J. Rajfer and N.E Gonzalez-Cadavid: Reduction of penile 
nitric oxide synthase in diabetic BB/WORdp (type I) and 
BBZ/WORdp (type II) rats with erectile dysfunction. 
Endocrinology 136: 5709, 1995. 

[88] S. Carrier, P. Nagaraju, D.M. Morgan, K. Baba, L. Nunes 
and T.E Lue: Age decreases nitric oxide synthase-contain- 
ing nerve fibers in the rat penis. Journal of Urology 157: 
1088,1997. 

[89] D.E Penson, C. Ng, L. Cai, J. Rajfer and N.E Gonzalez- 
Cadavid: Androgen and pituitary control of penile nitric 
oxide synthase and erectile function in the rat. Biology of 
Reproduction 55: 567, 1996. 

[90] M. Boolel, M.J. Allen, S.A. Ballard, S. Gepi-Attee, 
G.J. Muirhead, A.M. Naylor, I.H. Osterloh and C. Gingelh 
Sildenafil: an orally active type 5 cyclic GMP-specific 
phosphodiesterase inhibitor for the treatment of penile 
erectile dysfunction. International Journal of Impotence 
Research 8: 47,1996. 

[91] S.A. Ballard, C.J. Gingell, K. Tang, L.A. Turner, M.E. Price 
and A.M. Naylor: Effects of sildenafil on the relaxation of 
human corpus cavernosum tissue in vitro and on the 
activities of cyclic nucleotide phosphodiesterase iso- 
zymes. Journal of Urology 159: 2164,1998. 

[92] I. Goldstein, T.E Lue, H. Padma-Nathan, R.C. Rosen, W.D. 
Steers and P.A. Wicker: Oral sildenafil in the treatment of 
erectile dysfunction. Sildenafil Study Group. New England 
Journal of Medicine 338: 1397,1998. 

[93] A.T. Chuang, J.D. Strauss, R.A. Murphy and W.D. Steers: 
Sildenafil, a type-5 CGMP phosphodiesterase inhibitor, 
specifically amplifies endogenous cGMP-dependent 
relaxation in rabbit corpus cavernosum smooth muscle 
in vitro. Journal of Urology 160: 257,1998. 

[94] E.M. Schuman and D.V. Madison: Nitric oxide and syn- 
aptic function. Annual Reviews of Neuroscience 17:153,1994. 

[95] K. Shibuki and D. Okada: Endogenous nitric oxide release 
required for long-term synaptic depression in the cere- 
bellum. Nature 349: 326, 1991. 

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

[97] D.B. Hirsch, J.P. Steiner, T.M. Dawson, A. Mammen, E. 
Hayek and S.H. Snyder: Neurotransmitter release regu- 
lated by nitric oxide in PC-12 cells and brain synapto- 
somes. Current Biology 3: 749; 1993. 

[98] G. Lonart, J. Wang and K.M. Johnson: Nitric oxide induces 
neurotransmitter release from hippocampal slices. 
European Journal of Pharmacology 220: 271,1992. 

[99] B.G. Dickie, M.J. Lewis and J.A. Davies: NMDA-induced 
release of nitric oxide potentiates aspartate overflow from 
cerebellar slices. Neuroscience Letters 138: 145,1992. 



NITRIC OXIDE 595 

[1001 P.R. Montague, C.D. Gancayco, M.J. Winn, R.B. Marchase 
and M.J. Friedlander: Role of NO production in NMDA 
receptor-mediated neurotransmitter release in cerebral 
cortex. Science 263: 973, 1994. 

[101] I. Hanbauer, D. Wink, Y. Osawa, G.M. Edelman and J.A. 
Gally: Role of nitric oxide in NMDA-evoked release of 
[3H]-dopamine from striatal slices. Neuroreport 3: 409, 
1992. 

[102] S.M. McCann and V. Rettori: The role of nitric oxide in 
reproduction. Proceedings of the Society for Experimental 
Biology and Medicine 211: 7, 1996. 

[103] V. Rettori, N. Belova, W.L. Dees, C.L. Nyberg, M. Gimeno 
and S.M. McCann: Role of nitric oxide in the control of 
luteinizing hormone-releasing hormone release in vivo 
and in vitro. Proceedings of the National Academy of Sciences 
of the United States of America 90:10130, 1993. 

[104] S.K. Mani, J.M. Allen, V. Rettori, S.M. McCann, B.W. 
O'Malley and J.H. Clark: Nitric oxide mediates sexual 
behavior in female rats. Proceedings of the National 
Academy of Sciences of the United States of America 91: 
6468,1994. 

[105] V. Rettori, G. Canteros, R. Renoso, M. Gimeno and S.M. 
McCann: Oxytocin stimulates the release of luteinizing 
hormone-releasing hormone from medial basal hypotha- 
lamic explants by releasing nitric oxide. Proceedings of the 
National Academy of Sciences of the United States of America 
94: 2741, 1997. 

[106] H.H. Wu, C.V. Williams and S.C. McLoon: Involvement 
of nitric oxide in the elimination of a transient retino- 
tectal projection in development. Science 265:1593,1994. 

[107] R.D. Hawkins: NO honey, I don't remember. Neuron 16: 
465, 1996. 

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

[109] S.T. Meller and G.E Gebhart: Nitric oxide (NO) and 
nociceptive processing in the spinal cord. Pain 52: 127, 
1993. 

[110] G. Crosby, J.J. Marota and EL. Huang: Intact nociception- 
induced neuroplasticity in transgenic mice deficient in 
neuronal nitric oxide synthase. Neuroscience 69: 1013, 
1995. 

[111] E Sflvagno, H. Xia and D.S. Bredt: Neuronal nitric oxide 
synthase-m, an alternatively spliced isoform expressed 
in differentiated skeletal muscle. Jounal of Biological 
Chemistry 271:11 204, 1996. 

[112] L. Kobzik, M.B. Reid, D.S. Bredt and J.S. Stamler: Nitric 
oxide in skeletal muscle. Nature 572: 546,1994. 

[113] J. Boczkowski, S. Lanone, D. Ungureanu-Longrois, 
G. Danialou, T. Foumier and M. Aubier: Induction of 
diaphragmatic nitric oxide synthase after endotoxin, 
administration in rats: role on diaphragmatic contractile 
dysfunction. Journal of Chemical Investigation 98: 1550, 
1996. 

[114] R.M. McAllister, T. Hirai and T.I. Musch: Contribution of 
endothelium-derived nitric oxide (EDNO) to the skeletal 
muscle blood flow response to exercise. Medicine and 
Science in Sports and Exercise 27:1145,1995. 

[115] A. Corcondflas, G.T. Komxenidis and J.T. Shepherd: 
Effect of a brief contraction of forearm muscles on 
forearm blood flow. Journal of Applied Physiology 19: 142, 
1964. 

[116] S.N. Hussain, D.J. Stewart, J.P. Ludemann and S. Magder: 
Role of endothelium-derived relaxing factor in active 

hyperemia of the canine diaphragm. Journal of Applied 
Physiology 72: 2393, 1992. 

[117] T. Hirai, M.D. Visneski, K.J. Kearns, R. Zelis and T.I. 
Musch: Effects of NO synthase inhibition on the 
muscular blood flow response to treadmill exercise in 
rats. Journal of Applied Physiology 77: 1288, 1994. 

[118] C.K. Dyke, D.N. Proctor, N.M. Dietz and M.J. Joyner: Role 
of nitric oxide in exercise hyperaemia during prolonged 
rhythmic handgripping in humans. Journal of Physiology 
488: 259, 1995. 

[119] K.M. Anderson and J.E. Faber: Differential sensitivity of 
arteriolar alpha 1- and alpha 2-adrenoceptor constriction 
to metabolic inhibition during rat skeletal muscle con- 
traction. Circulation Research 69: 174,1991. 

[120] G.D. Thomas, J. Hansen and ILG. Victor: Inhibition 
of alpha 2-adrenergic vasoconstriction during contrac- 
tion of glycolytic, not oxidative, rat hindlimb muscle. 
American Journal of Physiology 266: H920,1994. 

[121] G.D. Thomas and R.G. Victor:. Nitric oxide mediates 
contraction-induced attenuation of sympathetic vaso- 
constriction in rat skeletal muscle. Journal of Physiology 
506: 817,1998. 

[122] G.D. Thomas, M. Sander, K.S. Lau, P.L. Huang, J.T. Stull 
and R.G. Victor: Proceedings of the National Academy of 
Sciences, 1999 (in press). 

[123] J.E. Brenman, D.S. Chao, H. Xia, K. Aldape and D.S. 
Bredt: Nitric oxide synthase complexed with dystrophin 
and absent from skeletal muscle sarcolemma in Duch- 
enne muscular dystrophy. Cell 82: 743, 1995. 

[124] J.E. Brenman, 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: Interaction of 
nitric oxide synthase with the postsynaptic density 
protein PSD-95 and a-1 syntrophin mediated by PDZ 
motifs. Cell 84: 757,1996. 

[125] W.J. Chang, S.T. lannaccone, K.S. Lau, B.S. Masters, 
T.J. McCabe, K. McMillan, R.C. Padre, M.J. Spencer, 
J.G. Tidball and J.T. Stull: Neuronal nitric oxide synthase 
and dystrophin-deficient muscular dystrophy. Proceed- 
ings of the NationaI Academy of Sciences of the United States of 
America 93: 9142, 1996. 

[126] C. Webster, L. Sflberstein, A.P. Hays and H.M. Blau: Fast 
muscle fibers are preferentially affected in Duchenne 
muscular dystrophy. Cell 52: 503,1988. 

[127] K.S. Lau, R.W. Grange, WJ. Chang, K.E. Kamm, I. 
Sarelius and J.T. StuU: Skeletal muscle contractions 
stimulate cGMP formation and attenuate vascular 
smooth muscle myosin phosphorylation via nitric oxide. 
FEBS Letters 431: 71, 1998. 

[128] T.W. Balon and J.L. Nadter: Evidence that nitric oxide 
increases glucose transport in skeletal muscle. Journal of 
Applied Physiology 82: 359, 1997. 

[129] J.G. "fidball, B. Lavergne, K.S. Lau, M.J. Spencer, J.T. Stull 
and M. Wehling: Mechanical loading regulates NOS 
expression and activity in developing and adult 
skeletal muscle. American Journal of Physiology 275: 
C260,1998. 

[130] D.S. Chao, E Silvagno and D.S. Bredt: Muscular 
dystrophy in mdx mice desI~ite lack of neuronal nitric 
oxide synthase. Journal of Neurochemistry 71: 784,1998. 

[131] R.H. Crosbie, V. Straub, H.Y. Yun, J.C. Lee, J.A. Rafael, 
J.S. Chamberlain, V.L. Dawson, T.M. Dawson and 
K.P. Campbell: mdx muscle pathology is independent 
of nNOS perturbation. Human Molecular Genetics 7: 823, 
1998. 



596 D.S. BREDT 

[132] D.S. Chao, R.M. Gorospe, J.E. Brenman, J.A. Rafael, 
M.E Peters, S .C .  Froehner, E.P. Hoffman, 
J.S. Chamberlain and D.S. Bredt: Selective loss of sarco- 
lemmal nitric oxide synthase in Becker Muscular Dystro- 
phy. Journal of Experimental Medicine 184: 609,1996. 

[133] E.E. Daniel, C. Haugh, Z. Woskowska, S. Cipris, ]. Jury 
and J.E. Fox-Threlkeld: Role of nitric oxide-related 
inhibition in intestinal function: relation to vasoactive 
intestinal polypeptide. American Journal of Physiology 266: 
G31,1994. 

[134] H. Mashimo, X.D. He, EL. Huang, M.C. Fishman and 
R.K. Goyal: Neuronal constitutive nitric oxide synthase is 
involved in murine enteric inhibitory neurotransmis- 
sion. Journal of Clinical Investigation 98: 8,1996. 

[135] H.-C. Kornau, P.H. Seeburg and M.B. Kennedy: Interac- 
tion of ion channels and receptors with PDZ domains. 
Current Opinions in Neurobiology 7: 368,1997. 

[136] M. Sheng: PDZs and receptor/channel clustering: round- 
ing up the latest suspects [comment]. Neuron 17: 575, 
1996. 

[137] S.R. Jaffrey and S.H. Snyder: PIN: An associated protein 
inhibitor of neuronal nitric oxide synthase. Science 274: 
774,1996. 

[138] D.W. Choi: Glutamate receptors and the induction of 
excitotoxic neuronal death. Progress in Brain Research 100: 
47, 1994. 

[139] R.E Simon, J.H. Swan, T. Griffiths and B.S. Meldrum: 
Blockade of N-methyl-D-aspartate receptors may protect 
against ischemic damage in the brain. Science 226: 850, 
1984. 

[140] V.L. Dawson, T.M. Dawson, E.D. London, D.S. Bredt and 
S.H. Snyder: Nitric oxide mediates glutamate neurotoxi- 
city in primary cortical cultures. Proceedings of the 
National Academy of Sciences of the United States of America 
88: 6368,1991. 

[I41] V.L. Dawson, V.M. Kizushi, P.L. Huang, S.H. Snyder and 
T.M. Dawson: Resistance to neurotoxicity in cortical 
cultures from neuronal nitric oxide synthase-deficient 
mice. Journal of Neuroscience 16: 2479,1996. 

[142] V.L. Dawson and T.M. Dawson: Nitric oxide in neuronal 
degeneration. Proceeding of the Society for Experimental 
Biology and Medicine 211: 33,1996. 

[143] Z. Huang, P.L. Huang, N. Panahian, T. Dalkara, M.C. 
Fishman and M.A. Moskowitz: Effects of cerebral 
ischemia in mice deficient in neuronal nitric oxide 
synthase. Science 265: 1883,1994. 

[144] Z. Huang, EL. Huang, J. Ma, W. Meng, C. Ayata, M.C. 
Fishman and M.A. Moskowitz: Enlarged infarcts in 
endothelial nitric oxide synthase knockout mice are 
attenuated by nitro-L-arginine. Journal of Cerebral Blood 
Flow and Metabolism 16: 981,1996. 

[145] C. Iadecola: Bright and dark sides of nitric oxide in 
ischemic brain i n ~  Trends in Neuroscience 20: 132, 
1997. 

[146] J.S. Stamler: Redox signaling: nitrosylation and related 
target interactions of nitric oxide. Cell 78: 931,1994. 

[147] J.C. Drapier and J.B. Hibbs, Jr.: Aconitases: a class of 
metaUoproteins highly sensitive to nitric oxide synthesis. 
Methods in Enzymology 269: 26,1996. 

[148] G.C. Brown: Nitric oxide regulates mitochondrial 
respiration and cell functions by inhibiting cytochrome 
oxidase. FEBS Letters 369: 136,1995. 

[149] J.S. Beckman and W.H. Koppenol: Nitric oxide, super- 
oxide, and peroxynitrite: the good, the bad, and ugly. 
A American Journal of Physiology 271: C1424,1996. 

[150] H. Kinouchi, C.J. Epstein, T. Mizui, E. Carlson, S.E Chen 
and P.H. Chart: Attenuation of focal cerebral ischemic 
injury in transgenic mice overexpressing CuZn super- 
oxide dismutase. Proceedings of the National Academy of 
Sciences of the United States of America 88:11158,1991. 

[151] A.E Samdani, T.M. Dawson and V.L. Dawson: Nitric 
oxide synthase in models of focal ischemia. Stroke 
28:1283,1997. 

[152] R.J. Ferrante, N.W. Kowall, M.E Beal, E.P. Richardson, E.D. 
Bird and J.B. Martin: Selective sparing of a class of striatal 
neurons in Huntington's disease. Science 230: 561,1985. 

[153] ].Y. Koh, S. Peters and D.W. Choi: Neurons containing 
NADPH-diaphorase are selectively resistant to quino- 
linate toxicity. Science 234: 73,1986. 

[154] S. Inagaki, K. Suzuki, N. Taniguchi and H. Takagi: 
Localization of Mn-superoxide dismutase (Mn-SOD) in 
cholinergic and somatostatin-containing neurons in the 
rat neostriatum. Brain Research 549: 174,1991. 

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

[156] E Hantraye, E. BrouiUet, R. Ferrante, S. Palfi, R. Dolan, 
R.T. Matthews and M.F. Beal: Inhibition of neuronal nitric 
oxide synthase prevents MPTP-induced parkinsonism in 
baboons. Nature Medicine 2: 1017,1996. 

[157]S. Przedborski, V. Jackson-Lewis, R. Yokoyama, 
T. Shibata, V.L. Dawson and T.M. Dawson: Role of 
neuronal nitric oxide in 1-methyl-4-phenyl-l,2,3,6- 
tetrahydropyridine (MPTP)-induced tetrahydropyri- 
dine (MPTP)-induced dopaminergic neurotoxicity. 
Proceedings of the National Academy of Sciences of the United 
States of America 93: 4565,1996. 

[158] M.H. Polymeropoulos, C. Lavedan, E. Leroy, S.E. Ide, 
A. Dehejia, A. Durra, B. Pike, H. Root, J. Rubenstein, 
R. Boyer, E.S. Stenroos, S. Chandrasekharappa, 
L.I. Athanassiadou Golbe and R.L. Nussbaum: Mutation 
in the alpha-synuclein gene identified in families with 
Parkinson's disease. Science 276: 2045,1997. 

[159] S.W. Davies, M. Turmaine, B.A. Cozens, M. DiFiglia, 
A.H. Sharp, C.A. Ross, E. Scherzinger, E.E. Wanker, 
L. Mangiarini and G.E Bates: Formation of neuronal 
intranuclear inclusions underlies the neurological 
dysfunction in mice transgenic for the HD mutation. Cell 
90: 537, 1997. 

[160] K.S. Christopherson and D.S. Bredt: Nitric oxide in 
excitable tissues: physiological roles and disease. Journal 
of Clinical Investigation 100: 2424,1997. 


