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- mammalian brain and named neuronalphysical interactions with nNOS allow
.nNO.S a.t a glance' . NOS (nNOS, aka: NOS1) owing to its for integration of NO signalling into
|mpI|cat|ons for brain localization in neurons (Bredt et al., distinct transduction cascades in specific
and brawn 1990; Bredt and Snyder, 1990). NO cell types.

plays several important roles in the

Imran N. Mungrue and brain, including in regulation of synaptic
David S. Bredt* signalling and plasticity. Additionally, Neuronal nNOS
Department of Physiology, University of California at high levels of nNOS protein are presentin the brain, the 160kDa nNOSa is the
f\S‘SnFJé‘”éfﬁ"F2%'2;‘.’&'5”3”5..?5132 gfg’jm‘;%iﬁ in skeletal muscle (Brenman et al., predominant splice variant, and contains
USA ’ ’ ‘ 1995), where NO controls muscle an N-terminal PSD/Discs-large/ZO-1
*Author for correspondence (e-mail: contractility (Kobzik et al., 1994) and homologous (PDZ)-binding domain,
bredt@itsa.ucsf.edu) local blood flow (Thomas et al., 1998). which anchors this complex to the
oumal of Cell Science 117, 26272626 nNOS acti\{ity _is primarily regulatgd by postsynaptic density in the vicinity of the
Published by The Company of Biologists 2004 increases in intracellular €a which ~ N-methyl-D-aspartate  type-glutamate
doi:10.1242/jcs.01187 activate nNOS through calmodulin receptor (NMDAR). The PDZ domain of

binding (Bredt and Snyder, 1990). NOS nNOS binds to a similar PDZ domain
Nitric oxide (NO), formed enzymatically enzymes are homodimeric proteins.from the postsynaptic density protein,
from L-arginine, functions as an Recent studies show that NO actions inPSD-95, which in turn binds to the
endogenous signaling molecule in brain and muscle also rely crucially upon cytosolic  tail of the NMDAR
numerous organs and tissues throughouthe association of nNOS with specific (Christopherson et al.,, 1999). These
the animal and plant kingdoms. The first protein  complexes in neurons and molecular interactions explain how €a
NO synthase (NOS) was isolated frommuscle cells, respectively. Theseinflux through NMDA receptors is
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efficiently coupled to NO synthesis and amino acid segment within the reductasemust be performed with care to prevent
activity (Sattler et al., 1999). Following domain (Silvagno et al., 1996). NO is adverse cardiac effects.
its synthesis at postsynaptic sites, NOformed in contracting muscle, diffuses
may diffuse back to the presynaptic out of the muscle fibers and dilates
terminal (Haley et al., 1992; Shibuki and adjacent blood vessels (Persson et al.Smooth muscle nNOS
Okada, 1991) and increase cGMP levels1990), by activating soluble guanylate While endothelial NOS (eNOS)-derived
through activation of soluble guanylate cyclase (sGC) in arterial smooth muscle.NO is important in the regulation of
cyclase (GC) (Boulton et al., 1994, This pathway helps to link skeletal arterial physiology and blood pressure,
1995). muscle activity to increased local blood the identification of NNOS and nNQS
flow. Skeletal muscle nNQSis bound in arterial smooth muscle (Boulanger et
This membrane-localized nNOS to the dystrophin associated proteinal., 1998; Schwarz et al., 1999) suggests
complex is further linked to cytoplasmic complex through interaction of the that nNOS also participates in the
signal transduction pathways via the nNOS1 PDZ domain andx-syntrophin  regulation of vascular perfusion.
physical interaction of nNOS with (Brenman et al., 1996). Importantly, Furthermore, neuron- (Hara et al., 1996)
DexRas 1 and the adapter proteinmutations of dystrophin (Brenman et al., or skeletal-muscle-derived (Lau et al.,
CAPON (Fang et al., 2000), which might 1995) or sarcoglycan (Crosbie et al.,2000) NO generated from nNOS might
activate a downstream MAP kinase 2002) that underlie human muscularalso relax blood vessels, indicating that
cascade and modulate nucleardystrophy cause a selective loss ofeNOS is not the sole modulator of NO-
transcription. Functionally, NNOS might nNOS1 from muscle membranes and dependent arterial tone. Recent evidence
also represent a central component thathereby impair local blood flow (Grange also suggests that nNOS in smooth
regulates synaptic transmission andet al., 2001). Furthermore, transgenicmuscle is localized to caveoli in
intercellular signaling, through negative restoration of nNO@ alleviates association with caveolin 1 and the
regulation of the NMDAR by S- pathology in animal models of muscular plasma membrane €aefflux pump 4
nitrosylation (Kim et al., 1999) and NO- dystrophy (Wehling et al.,, 2001), (PMCA 4) (Schuh et al., 2001). By
dependent activation of DexRas (Fang etsuggesting that NO augmentation extruding C4*, PMCA 4 might serve a
al., 2000). Additionally, the half-life of represents a strategy to treat certairrole in the negative regulation of nNOS
neuronal nNOSa protein is regulated bymuscular dystrophies. Similar to nN®S in the caveoli micro-domain and limit
the Ca&" sensitive protease calpain in brain, nNO$ protein turnover in NO generation (Schuh et al., 2001).

(Hajimohammadreza et al., 1997). skeletal muscle is also regulated by
Ca2+—dependent calpain degradation |.N.M. has a Post Doctoral Eellowship supported
Whereas the small quantities of NO (Laine and de Montellano, 1998). from the ~Canadian Institutes for Health

formed during synaptic transmission Research/Hear_t and Stroke Foundation of
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modulate neuronal signaling, excess NO ) Canada. D.S.B. is supported by grants from the
mediates neurotoxicity in pathological Cardiac Muscle nNOS p National Institutes of Health and the American
situations, such as an ischemic strokeAn nNOS protein with the same Heart Association.
(Huang et al., 1994). This NO toxicity is electrophoretic mobility as nNQS
accentuated in the presence of oxidativdocalizes to the sarcoplasmic reticulum
radicals such as £ which can also be of cardiac muscle (Xu et al., 1999), and ™ )
generated by nNOS (Pou et al., 1992).might be associated with the ryanodine®'% BLéi"}igﬁs'gy'gé o Yourg: M £ Rgfafé"
Interestingly, NANOS-expressing neuronsreceptor (Sears et al., 2003). The role oa'nd"uar?(e’ K. (1999). Decreased myocardial
are spared from injury associated with nNOS in the cardiac myocyte is complex nNOS, increased iNOS and abnormal ECGs in
elevated NO, which might partly be and might regulate G& dynamics mouse models of Duchenne muscular dystrophy.
because of the physical association ofthrough activation of the ryanodine Mol Cell Cardiol.31, 1857-1862. _
nNOS with phosphofructokinase-M receptor ~ (RyR), inhibiton  of g‘;if:gsr‘sc' Ii\gvy HeByTejhfi}a?]igifféago',\j”
(PFK), the rate-limiting enzyme in sarcoplasmic reticulum €&ATPase (1998) Neuronal nitric oxide synthase is expressed
glycolysis (Firestein and Bredt, 1999). (SERCA) or the L-type Cd channel, or in rat vascular smooth muscle cells: activation by
Consequently, while therapeutic through increasing phospholamban angiotensin Il in hypertensio@irc. Res83, 1271-
modulation of nNOS represents a(PLB) protein levels (Sears et al., 1278 _

. . . ] ] Boulton, C. L., Irving, A. J., Southam, E.,
potentially important approach in the 2003). Interestingly, cardiac defects arepgier 5 “Garthwaite, J. and Collingridge, G.
setting of several clinically important common in muscular dystrophy (Emery, . (1994). The nitric oxide-cyclic GMP pathway
neurological diseases, the balance2002) and are correlated with the down-and synaptic depression in rat hippocampal slices.
between positive and negative effects ofregulation of cardiac nNOS expression Eur. J. Neurosci6, 1528-1535. ,
nNOS derived NO in the brain are (Bia et al., 1999). Future studies Boulton, C. L., Southam, E. and Garthwaite, J.

. L . (1995). Nitric  oxide-dependent  long-term
complex and must be carefully weighed. examining the roles of NNOS in the heartpotemi‘,mOn is blocked by a specific inhibitor of

have important clinical implications. soluble guanylyl cyclaseNeurosciences, 699-
However, owing to the complex and 703. _
Skeletal muscle nNOSm crucial roles for nNOS and NO in cardio- Bredt, D. S. and Snyder, S. H(1990). Isolation
Skeletal muscle contains an alternativelymyocyte signaling, and the potential for °f Ntric oxide synthetase, a calmodulin-requiring
. ; . . .~ _enzymeProc. Natl. Acad. Sci. US87, 682-685.
spliced nNO§ isoform that, when superoxide generation from excessiVegredt, p. S., Hwang, P. M. and Snyder, S. H.
translated, results in the addition of a 34nNOS activity, therapeutic modulations (1990). Localization of nitric oxide synthase
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