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Nitric oxide (NO) is synthesized from L-
arginine and molecular oxygen by NO synthases
(NOS). NOS has two constitutive, neuronal (Type
1) and endothelial (Type 3), and one inducible
isoforms (Type 2) (1). In the brain, neuronal NOS
(nNOS) is almost exclusively expressed in neurons
and perivascular nerves, whereas endothelial
isoform (eNOS) is mainly detected in endothelium
of cerebral vessels with expression in small
populations of neurons (2). The constitutive
isoforms are calcium/calmodulin-dependent and
activated by transient elevations in intracellular
calcium (3). Small puffs of NO synthesized by
constitutive NOS, regulates a wide variety of
physiological functions such as blood pressure,
vascular tone, permeability and neurotransmission.
On the other hand, calmodulin is tightly bound to
the inducible isoform (iNOS), and once expressed,
iNOS is continuously active irrespective of
intracellular calcium level and leads to a long-
lasting, high output NO generation (4). iNOS can
be induced in microglia, astrocytes, endothelium
and vascular smooth muscle cells (5). High output
NO synthesis by the inducible isoform is cytotoxic
and mediates the inflammatory actions of NO (6).
Like iNOS, nNOS can also generate high amounts
of NO and cause cytotoxicity under pathological
conditions due to an unregulated, persisting rise in
intracellular calcium (7, 8). Although NOS
positive neurons comprise only 1-2% of all the
neurons in the cerebral cortex, corpus striatum and
hippocampus, these neurons possess extensive
axonal branching consistent with the idea that NOS
positive cells kill neighboring neurons when NO or
a reaction product is generated in excessive
amounts (8, 9). Interestingly, these neurons

themselves are resistant to various insults
including NMDA toxicity and ischemia, perhaps
related to dismutation of superoxide and attendant
inhibition of peroxynitrite anion formation, a
potent cytotoxic mediator (10, 11). NO synthesized
by nNOS has recently been implicated in many
pathophysiological processes including cerebral
ischemia and excitotoxicity (8). Using two strains
of mutant mice that do not express the gene for the
neuronal or the endothelial isoforms of NOS, we
have documented the detrimental role of neuronal
NO in cerebral ischemia and NMDA toxicity. The
evidence will be reviewed below.

Knockout mice

Research over the last few decades has clearly
documented the importance of gene deletion or
overexpression as a promising alternative to
pharmaceutical agents like enzyme inhibitors or
receptor antagonists in elucidating the importance
of a biomolecule. Several hundred mutant strains
have been developed in the last decade (12, 13).
Knockout mutant mice are generated by targeted
disruption of one (sometimes two) of estimated 50-
100.000 genes in the mouse genome by
homologous reconstitution (14). The majority of
the currently available mutants have "null" (or loss-
of-function) alleles of the gene of interest. Null
mutants have been developed to study the role of
proteins during development, in adult life and
discase states. The gene deletion was initially
hoped to mimic specific and complete inhibition of
the targeted protein. Surprisingly, many knockouts
exhibited a normal phenotype due to redundancy of
genes compensating for the deleted gene product
(15). However, increasing evidence indicates that
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despite an apparently normal phenotype, knockout
animals may display conspicuous abnormalities in
unanticipated tissues (15) and respond differently
to various manipulations than wild type animals
(16). They have been especially useful to confirm
the pharmacological activity of drugs in whom
selectivity is in question.

nNOS Mutant Mice :

Targeted disruption of nNOS gene was
achieved by homologous recombination by
substitution of a neomycin resistance gene for a
critical exon (15). The mutant mouse develops
normally and the endothelium of nNOS knockouts
express eNOS immunoreactivity (16). In nNOS
mutants, neuronal NOS expression and NADPH-
diaphorase staining were markedly deficient, and
in vitro NOS activity was significantly reduced to
less than 5% of normal (15). Of interest, alternative
splice variants of NOS have been reported which
generate NO in vitro, but lack the PDZ-containing
domain and potential coupling to the NMDA
receptor (17, 18). However, the expressed splice
variants do not compensate sufficiently as NOS
activity in nNOS-/- brains is severely reduced.
Consistent with this, low basal levels of (3H)L-NG-
nitroarginine binding (19) and brain cGMP levels
were found in mutants and no cGMP enhancement
was observed during ischemia or hypercapnia,
contrary to the robust increases in wild type mice
(16, 20). Consistent results were also obtained by
NMR  spectroscopy as NO adducts were
undetectable during cerebral ischemia as measured
in nNOS null mice (Mullins et al, unpublished
observations). Regional cerebral blood flow
responses to hypercapnia (16) and whisker
stimulation (21), and pial arterial dilation to topical
ACh superfusion (22) were not significantly
different from wild typec mice. However, their
responses to NOS inhibitors were markedly
reduced.

Mechanisms of NO Mediated

Neurotoxicity:

NO likely mediates neurotoxicity by several

mechanisms including disruption of cellular

metabolism (inhibition of aconitase, complex I and
IT of mitochondrial electron transport and
glyceraldehyde-3-phosphate dehydrogenase) and
of DNA synthesis (6, 7). NO also damages DNA
structure (23). DNA damage may activate
reparative enzymes such as poly-ADP ribose
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synthase (PARS), which can deplete the cell of
ATP and nicotinamide dinucleotide, hence further
compromising cellular energy metabolism (24).
Inhibition of PARS activation or gene deletion
confers protection to brain and possibly cardiac
ischemia, apparently through an energy sparing
mechanism (18, 25). One of the most attractive
mechanisms involves peroxynitrite formation
which is initiated via NMDA receptor activation,
intracellular Ca++ increase, and augmented NO
synthesis (26). Peroxynitrite (ONOO-) is formed
by reaction of NO™ with 02~ (27, 28), and this
complex rapidly decomposes into NO2' and
hydroxyl radical (OH"), or a reactive intermediate
with OH'-like activity (29). Hydroxyl radical is a
highly reactive species which leads to oxidation of
sulfhydryl groups, lipids, DNA, and proteins (30,
31). Peroxynitrite can directly inhibit glutamate
transporters (32), or produce nitronium ions,
causing irreversible nitration of tyrosine residues in
proteins (31). Protein tyrosine nitration may
contribute to NO’ toxicity by reducing
phosphorylation by tyrosine kinases (31) or
targeting nitrated proteins for degradation (33).

NO was proposed as the neurotoxic agent
mediating NMDA toxicity. Studies in dissociated
cell cultures showed that NOS inhibitors
effectively blocked NMDA-induced cell death
whereas L-arginine depletion attenuated NMDA
receptor-mediated toxicity (34). NMDA toxicity
was also blocked by reducing NOS catalytic
activity by calmodulin antagonists, flavoprotein
inhibitors, inhibitors of NOS dephosphorylation, or
by scavenging NO with hemoglobin or by
increasing SOD activity to thereby reduce
peroxynitrite anion formation (35). Based on these
studies, it was hypothesized that an increase in
intracellular calcium by ischemia-induced NMDA
receptor overactivation increases NO. NO also
reportedly inhibits glutamate uptake and mediates
the sustained opening of NMDA receptor ion
channels (36, 37).

NO and Cerebral Ischemia:

Cortical NO levels increase strikingly from
approximately 10 nM to 2 EM within 3-24 minutes
after middle cerebral artery (MCA) occlusion (38).
Brain nitrite (stable NO metabolite) and cGMP (a
product of NO-mediated guanylate cyclase
activation) levels also rise within the first half hour
of ischemia (39). These increases are effectively
blocked by prior L-NG-nitroarginine



administration, indicating an enhanced NOS
activity. It is likely that constitutive NOS activity
increases during ischemia due to a rise in
intracellular Ca++. However, constitutive NOS
activity decreases shortly after its activation at the
onset of ischemia possibly due to inactivation of the
enzyme by unfavorable conditions in ischemic
tissue.

nNOS Mutant Mice and Cerebral
Ischemia:

The deficiency in neuronal NO production was
associated with increased resistance to cerebral
ischemia. The nNOS knockouts developed infarcts
38% smaller than the wild type mice when
subjected to 24 hour permanent MCA occlusion
(20). Infarct size was also reduced in mutants 3 to 4
days after permanent MCA occlusion.
Neurological deficits were less in nNOS knockout
mice. Since reductions in regional cerebral blood
were similar within homologous ischemic regions
after MCA occlusion in both groups, the observed
group differences were attributed to the
consequence of neuronal NOS deletion in brain
tissue and not due to hemodynamic differences
between strains.

The neuroprotective action obtained after
deletion of neuronal NOS has also been
demonstrated in mice subjected to 3 hours of
ischemia and 24 hours of reperfusion. Infarcts were
69% smaller in nNOS knockouts than wild type
mice (40). Brain protection was greater than after
permanent occlusion possibly due to greater
superoxide anion production during reversible
occlusion (41, 42). Interestingly, quantitative
(3H)L-NG-nitroarginine autoradiography
demonstrated a significant increase (50-250%) in
the density of (3H)L-NG-nitroarginine binding
sites (Bmax) but not the dissociation constant (Kd),
during transient focal ischemia and first 3 hours of
reperfusion (43). nNOS mRNA was also increased
as detected by reverse transcription polymerase
chain reaction. Similar results were obtained after
NMDA injection, with a more extended time course
(12-48 hours). As noted above, (3H)L-NG-
nitroarginine binding to nNOS protein was very
low in nNOS mutant mice, and only a very small
increase was observed after ischemia or NMDA
excitotoxicity.

nNOS mutants were also protected against
global ischemia (44). Fewer dead hippocampal

neurons were counted 3 days after transient global
ischemia induced by bilateral common carotid plus
basilar artery occlusion for 5 or 10 mins. Not only
were more hippocampal cells viable, but overall
morbidity, weight loss, and neurological outcome
were better in the mutant strain.

In addition to neurons, perivascular nerves and
cerebrovascular endothelium may form NO during
cerebral ischemia. A late but sustained increase in
NO levels may also occur due to expression of
inducible NOS within microglia and invading
inflammatory cells 24-72 hours after the induction
of ischemia (45). During the immediate period
following ischemia, increased NO production in
vascular endothelium or perivascular nerves may
improve blood flow and be neuroprotective.
Indeed, infusion of L-arginine, which increases NO
production and dilates pial vessels via an NO-
dependent mechanism, and increases rCBF in
normal as well as in ischemic brain, reduces infarct
size (46). CBF augmentation can lead. to
electrocorticogram recovery if blood flow
enhancement exceeds the functional flow threshold
of approximately 30% of pre-ischemic level (47).
Blood flow may also be increased within ischemic
tissue by intracarotid administration of NO donors
and decreases infarct size in models of focal
ischemia (48). In addition, endothelial NO
production may also improve microcirculation by
reducing platelet aggregation and leukocyte
adhesion (49).

eNOS Mutant Mice :

Consistent with the above evidence larger
infarcts developed in eNOS knockout mice after
24-hour permanent MCA occlusion (50). Deletion
of eNOS rendered these mutants hypertensive (51).
However, hypertension per se did not account for
the increased susceptibility of eNOS mutants
because infarct size did not decrease after blood
pressure was reduced by hydralazine (50). eNOS
mutants developed more pronounced rCBF
reductions in corresponding brain regions after
MCA occlusion and exhibited proportionally lower
rCBFs at reduced perfusion pressures during
controlled hemorrhagic hypotension (50).
Dynamic CT scanning demonstrated that areas of
hemodynamic penumbra were significantly
smaller and core relatively larger in eNOS mutants
(52). Hence, the susceptibility of eNOS mutants to
ischemic injury may be due to its diminished
capacity to adapt to reduced perfusion pressure
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(i.e., dilate) at the margins of an ischemic lesion.
This coupled to enhanced platelet and neutrophil
adhesion, render eNOS mutants more susceptible
to injury. Consistent with this notion, L-NG-
nitroarginine administration increased infaret size
in the nNOS knockout mouse, presumably due to
inhibition of the constitutively expressed eNOS
isoform (50).

Increases as well as reductions in the extent of
tissue injury have been reported after L-NAME or
L-NG-nitroarginine administration in models of
ischemia with MCA occlusion, possibly because
nonselective inhibition of NO synthesis within
vessels and platelets may obscure neuroprotective
effects of NOS inhibition in neurons during focal
cerebral ischemia.(53). In fact, recent studics using
selective nNOS inhibitors, 7-nitroindazole (54) or
ARL17477 (55) showed neuroprotection.

NO-Induced Apoptotic Cell Death:

Atleast two mechanistically distinct forms of
neuronal death have been identified. Severely
injured neurons that do not immediately die by
swelling and lysis may ultimately undergo
apoptosis. Apoptotic neuronal death contributes to
infarct formation in cerebral ischemia (56-59).
NMDA, or concurrent generation of nitric oxide
and superoxide can cause both necrosis and
apoptosis, depending on the severity of the insult
and resulting mitochondrial dysfunction (60, 61).
Both NO and ONOO- have been linked to apoptosis
(62-65). Since blockade of neuronal NO synthesis
proves to be neuroprotective in focal and global
cerebral ischemia and NMDA toxicity, in vivo, it is
important to understand the extent to which NO-
induced apoptosis contribute to neuronal death
under these pathological conditions.

We  performed TUNEL (terminal
deoxynucleotidy! (ransferase-mediated dUTP-
biotin nick end-labeling) and compared the number
of apoptotic cells in wild type and nNOS mutant
mice 6, 24 and 72 hours after permanent MCA
occlusion by filament. TUNEL positive neurons
were detected at 6 hours and continued (o increase
by 72 hours. These cells were detected in both
penumbra and core regions but most of them were
located on the inner boundary zone of the infarct.
Numbers of apoptotic cells as well as their density
were significantly fower in nNOS mutants,
suggesting a selective decrease in the number of
TUNEL positive cells. Such findings support the
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notion that NO and its reaction products promote
apoptosis as a mechanism of cytotoxicity as
suggested by studies reporting apoptotic cell death
after application of NO" or peroxynitrite (60, 62,
64-67).  Precisely how the development of
apoptosis in ischemia relates to caspase activation
(40) and cleavage of PARP remains for further
study.
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