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Abstract

Targeted disruption of the neuronal nitric oxide synthase (nNOS) and
endothelial nitric oxide synthase (eNOS) genes has led to knockout
mice that lack these isoforms. These animal models have been useful
to study the roles of nitric oxide (NO) in physiologic processes. nNOS
knockout mice have enlarged stomachs and defects in the inhibitory
junction potential involved in gastrointestinal motility. eNOS knock-
out mice are hypertensive and lack endothelium-derived relaxing
factor activity. When these animals are subjected to models of focal
ischemia, the nNOS mutant mice develop smaller infarcts, consistent
with a role for nNOS in neurotoxicity following cerebral ischemia. In
contrast, eNOS mutant mice develop larger infarcts, and show a more
pronounced hemodynamic effect of vascular occlusion. The knockout
mice also show that nNOS and eNOS isoforms differentially modulate
the release of neurotransmitters in various regions of the brain. eNOS
knockout mice respond to vessel injury with greater neointimal prolif-
eration, confirming that reduced NO levels seen in endothelial dys-
function change the vessel response to injury. Furthermore, eNOS
mutant mice still show a protective effect of female gender, indicating
that the mechanism of this protection cannot be limited to upregula-
tion of eNOS expression. The eNOS mutant mice also prove that
eNOS modulates the cardiac contractile response to ß-adrenergic
agonists and baseline diastolic relaxation. Atrial natriuretic peptide,
upregulated in the hearts of eNOS mutant mice, normalizes cGMP
levels and restores normal diastolic relaxation.
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Introduction

Nitric oxide (NO) is a ubiquitous mole-
cule that serves many biological functions
(1). It is an important endogenous vasodila-
tor responsible for endothelium-derived re-
laxing factor (EDRF) activity. It also serves
other important functions in the vasculature,
including suppression of smooth muscle cell
proliferation, modulation of expression of

adhesion molecules, and modulation of leu-
kocyte activation, leukocyte adhesion, and
platelet aggregation. In the peripheral ner-
vous system, NO serves as a neurotransmit-
ter in nonadrenergic, noncholinergic nerves
in the gastrointestinal, respiratory, and geni-
tourinary tracts. In the central nervous sys-
tem, NO is an important link between gluta-
mate activation of NMDA receptors and stim-
ulation of guanylyl cyclase. NO is also gen-
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erated in large quantities by cells of macro-
phage lineage as a defense mechanism against
pathogens and tumor cells.

As a gas, NO diffuses freely across cell
membranes, so it does not require special-
ized apparatus for its storage, secretion, or
binding. It has a short biological half-life,
since it is rapidly inactivated by circulating
hemoglobin and reacts rapidly with superox-
ide to form peroxynitrite anion. Many bio-
logical effects of NO are attributable to the
activation of guanylyl cyclase when NO binds
to its heme group. However, NO has addi-
tional mechanisms of action that are inde-
pendent of cGMP, including inhibition of
mitochondrial complexes I and IV, activa-
tion of potassium-dependent calcium chan-
nels, formation of peroxynitrite anion, and
binding to iron or sulfur proteins.

NO is generated by the nitric oxide syn-
thase (NOS) enzymes, which use L-arginine
as substrate (2). There are at least three
major NOS isoforms, each encoded by sepa-
rate genes: neuronal NOS (nNOS, type I
NOS), inducible NOS (iNOS, type II NOS,
also macrophage NOS), and endothelial NOS
(eNOS, type III NOS). These isoforms were
named for the tissues in which they were
first discovered, but their expression pat-
terns are now known to overlap in a complex
manner. For example, muscle cells are known
to express all three NOS isoforms. Both
nNOS and eNOS are expressed in neurons in
the brain. Vascular endothelial cells express
eNOS but can be induced to express iNOS.

All NOS isoforms share identical sub-
strates and possess similarities in enzyme
mechanism, so they also share overlapping
sensitivities to pharmacologic inhibitors. This
is especially true for arginine analogs such
as L-N-arginine methyl ester (L-NAME), L-
N-monomethylarginine (L-NMMA), and L-
nitroarginine (L-NA). Some inhibitors dem-
onstrate relative selectivity between NOS
isoforms. For example, 7-nitroindazole is
relatively specific for nNOS in vivo. Amino-
guanidine is relatively specific for iNOS.

However, lack of specificity is a major limi-
tation of NOS inhibitors in studies of specif-
ic roles of individual NOS isoforms.

A separate approach to the study of indi-
vidual NOS isoforms is targeted disruption
of the genes for NOS isoforms, creating gene
knockout mice. This provides genetic speci-
ficity of deletion of individual NOS iso-
forms. Each of the NOS isoforms has been
knocked out, leading to viable and fertile
animals that serve as useful tools to study the
roles of the deleted genes.

Generation and characterization of
nNOS knockout mice

The nNOS gene was disrupted by stan-
dard techniques of homologous recombina-
tion in embryonic stem cells, deleting the
first protein coding exon of nNOS, including
the translation initiation codon ATG (3).
This results in the elimination of 95-99% of
nNOS expression, leaving only variant tran-
scripts that lack the first exon and that are
present at extremely low levels. The deleted
segment also contains the PDZ domains of
the nNOS protein that are critical for the
association of the protein to membranes (4).

Homozygous nNOS knockout mice are
viable and fertile. Immunostaining for nNOS
and NADPH diaphorase staining, which
stains for nNOS enzymatic activity on
nitroblue tetrazolium substrate, are absent in
the brain and in peripheral tissues, while
they are clearly noted in wild-type mice. The
most apparent phenotype of the nNOS knock-
out mice is enlargement of the stomachs and
pyloric stenosis (3). Staining of stomach
muscle demonstrates absence of the normal
staining for nNOS or NADPH diaphorase in
the myenteric nerve plexus. Both enlarge-
ment of the stomach and lack of NADPH
diaphorase staining are noted in children
with infantile hypertrophic pyloric stenosis,
consistent with a physiologic requirement
for nNOS in gastrointestinal motility. Stom-
ach muscle strips from nNOS knockout mice
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also display altered inhibitory junction po-
tentials (5).

Generation and characterization of
eNOS knockout mice

Regions that encode the NADPH ribose
and adenine-binding sites were disrupted to
create the eNOS gene knockout mice. The
mutant mice are viable and fertile, and show
no gross anatomic abnormalities (6). How-
ever, enzymatic assay confirms lack of eNOS
activity, and immunohistochemistry shows
lack of eNOS expression in all tissues exam-
ined. Isolated strips of aorta show complete
absence of EDRF activity, as defined by
dose-dependent acetylcholine-induced vas-
cular relaxation, while strips from wild-type
mice show EDRF activity that can be blocked
by NOS inhibitors. The blood pressure of the
eNOS knockout mice is consistently 20-30%
higher than that of wild-type animals, com-
pared under identical conditions of anesthe-
sia and in the awake state (6). Thus, hyper-
tension results from the absence of this en-
dogenous vasodilator. This may be caused
both by the requirement for eNOS-derived
NO for vascular tone and by the involvement
of eNOS in determining the baroreceptor
blood pressure setpoint.

Neuronal NOS contributes to toxicity
following cerebral ischemia

Levels of NO rise from nanomolar con-
centrations to micromolar concentrations
following cerebral ischemia (7). There is
also a corresponding increase in brain cGMP
levels following ischemia. These effects are
mediated by nNOS, since they are absent in
the nNOS mutant mice. Basal levels of NO
and cGMP in the brain are lower in the
nNOS knockout animals and do not increase
following ischemia (8).

In order to determine the effect of nNOS-
derived NO on cerebral ischemia, we sub-
jected nNOS knockout mice and wild-type

mice to models of cerebral ischemia. When
subjected to a middle cerebral artery occlu-
sion (MCAO) model of focal ischemia, the
nNOS knockout mice developed substan-
tially smaller infarcts than did the wild-type
mice (8). Examination of the vessel calibers
and arrangement in the circle of Willis
showed no differences between the two
groups. Measurement of blood flow reduc-
tions by laser Doppler flowmetry showed
comparable reductions in cerebral blood
flow, both in the core ischemic area and the
surrounding ischemia penumbra. Thus, vas-
cular anatomic or functional differences do
not account for the protection seen in the
nNOS knockout mice. These results indicate
that nNOS contributes to the toxicity seen
following cerebral ischemia. Protection was
noted in the nNOS knockouts for both tran-
sient and permanent focal ischemia (8,9),
and in models of global ischemia (10).

There are several mechanisms by which
nNOS may contribute to neuronal toxicity.
NO reacts with superoxide to form peroxyni-
trite, which itself is toxic and can nitrosylate
tyrosine residues in proteins (11). Nitrosoty-
rosine is a marker for peroxynitrite forma-
tion and can be detected immunohistochemi-
cally. Nitrosylated tyrosine residues may not
function properly if phosphorylation of those
residues is important to normal physiology.
Nitrotyrosine formation is dramatically re-
duced in nNOS knockout mice following
cerebral ischemia (12). NO may also acti-
vate poly-ADP ribose polymerase (PARP)
which results in depletion of cellular energy
stores (13), stimulate apoptosis, and inhibit
mitochondrial complexes I and IV (14).

Endothelial NOS is protective against
cerebral ischemia

In contrast to neuronal NOS, endothelial
NOS appears to be protective against cere-
bral ischemia. When eNOS mutant mice are
subjected to the MCAO model of focal is-
chemia, they develop larger infarcts than do
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wild-type mice (15). Moreover, laser Dop-
pler flowmetry shows that eNOS mutant mice
have a more marked blood flow reduction in
the ischemic penumbra than do wild-type
mice; flow reductions in the core ischemic
area are severe in both cases. Exaggerated
vascular effects of the ischemia model are
also demonstrated independently, using func-
tional CT imaging (16). Following adminis-
tration of the contrast agent iodohexol, the
kinetics of the appearance and disappear-
ance of the contrast can be calculated in each
pixel of a CT image. Following MCAO, the
total area at risk is the same in the eNOS
mutant mice and wild-type mice. However,
the eNOS mutant mice show a larger area of
no blood flow, reflecting the larger core
ischemic area, and have a correspondingly
smaller rim of reduced blood flow, reflect-
ing the ischemic penumbra.

In addition to blood flow effects, eNOS
may be protective by several additional
mechanisms. Endothelial NO production in-
hibits leukocyte adhesion to the vessel wall
and blocks platelet aggregation, both effects
that may be relevant to atherosclerotic and
thrombotic cerebrovascular disease.

NOS isoforms differentially modulate
neurotransmitter release in the brain

Using microdialysis, the levels of neu-
rotransmitter release can be measured in
specific locations in the brain, both at baseline
and in response to depolarization and NMDA
treatment. Baseline glutamate and gamma-
aminobutyric acid (GABA) release are un-
changed in either nNOS or eNOS knockout
mice as compared with wild-type mice (17).
Likewise, glutamate and GABA release in
response to potassium-stimulated depolar-
ization is also unaffected by gene knockout
of either nNOS or eNOS. However, NMDA-
stimulated glutamate release in the cortex
was significantly reduced in the nNOS mu-
tant mice, but unaffected in the striatum and
hippocampus. Furthermore, NMDA-stimu-

lated GABA release was reduced in all brain
regions examined in the eNOS knockout
mice (17). These results indicate that nNOS
and eNOS isoforms differentially modulated
the release of excitatory and inhibitory neu-
rotransmitters in various regions of the brain.
These effects may also contribute to the
protection against cerebral ischemia seen in
the nNOS knockout mice (18), and the wors-
ening of outcome seen in the eNOS knock-
out mice.

Both nNOS and eNOS may produce
NO as a retrograde messenger

Learning and memory are thought to in-
volve synaptic plasticity, or activity-depend-
ent changes in synaptic strength. Simplified
models of these processes include long-term
potentiation (LTP) and long-term depres-
sion (LTD) in the hippocampus and LTD in
the cerebellum. There are several theories
about how certain synapses are strengthened
or weakened following activity. Some in-
volve post-synaptic changes, such as increase
in receptor density or increase in sensitivity
to neurotransmission. Others involve pre-
synaptic changes, such as increase in amount
of neurotransmitter released. It is likely that
at least some component of synaptic plastic-
ity is pre-synaptic. In this case, a retrograde
messenger must travel from the post-synap-
tic neuron to the pre-synaptic neuron to sig-
nal that neurotransmission has been received.
The identity of the retrograde messenger has
been elusive. NO is a strong candidate for
retrograde messenger, because it diffuses
freely across cell membranes and has a small
and precise volume of activity (19-22).

Hippocampal LTP is normal in the neu-
ronal NOS knockout mice and endothelial
NOS knockout mice (23). However, one
form of LTP located in the stratum radiatum
is abnormal in double knockout mice that
lack both nNOS and eNOS (24). This indi-
cates that both nNOS and eNOS may gener-
ate NO as a retrograde messenger, and more-
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over, one isoform may substitute for lack of
another isoform.

eNOS suppresses formation of
neointima following vessel injury

Endothelial dysfunction describes a con-
dition in which normal physiologic endothe-
lial function is reduced. Functionally, endo-
thelial function may be assayed by flow-
dependent vasodilation or acetylcholine-
mediated vasodilation, both of which reflect
whether the endothelium produces NO. How-
ever, perhaps more important than effects on
vascular tone are effects of NO on cellular
proliferation, leukocyte activation, and plate-
let aggregation, all of which would suppress
atherogenesis. However, a causal relation-
ship has not been established between lack
of endothelial NO production and increases
in cellular proliferation or effects on leuko-
cytes and platelets.

The eNOS mutant mice provided an op-
portunity to test whether reduction in endo-
thelial NO production would influence the
development of neointima following vessel
injury. In a cuff model of vessel injury, a
nonocclusive polyethylene cuff is placed
around the femoral artery (25). The cuff is
larger than the vessel outer diameter and
does not reduce blood flow in the artery.
Fourteen days later, there is reproducible
formation of neointima, which can be quan-
titated by morphometry of sections from the
cuffed vessel. The eNOS knockout mice de-
veloped far greater neointimal proliferation
than did wild-type mice, with intima to me-
dia (I/M) volume ratios of 0.70 and 0.42 for
males and females,  respectively, as compared
with I/M ratios of 0.30 and 0.18 in wild-type
animals (26). Thus, deficiency of eNOS leads
to a more pronounced proliferative response
to cuff injury, and development of more
neointima. As in wild-type animals, there is
a gender effect, with more intimal prolifera-
tion seen in males than in females. These
results indicate that the effect of female gen-

der cannot be limited to estrogen-induced
increases in the expression of eNOS, since
gender differences are noted even in the
animals that lack eNOS expression.

eNOS blunts the cardiac systolic
contractility response to adrenergic
agonists

The development of small high-fidelity
micromanometer-tipped catheters allows the
precise measurement of left ventricular pres-
sure tracings in anesthetized, closed-chested
animals, despite the high heart rate of 600
beats per minute and the small size of the
animal. Left ventricular pressure tracings
show similar indices of systolic contractility
(dP/dt max) at baseline in wild-type and
eNOS knockout mice. However, the dose
response of contractility increases to increas-
ing amounts of the ß-adrenergic agonist iso-
proterenol is steeper in the eNOS mutant
mice, indicating that NO normally suppresses
the increased contractility response to iso-
proterenol. The response of wild-type mice
treated with the NOS inhibitor L-NA is simi-
lar to that of eNOS mutant mice, and L-NA
has no additional effects in the eNOS mu-
tants, showing that the eNOS isoform is the
only one involved in modulation of cardiac
contractility (27,28).

eNOS and ANP both modulate
diastolic relaxation of the heart

The same left ventricular pressure trac-
ings give rise to a time constant of diastolic
relaxation, which reflects the stiffness of the
left ventricle. Of interest, eNOS mutant mice
show normal diastolic relaxation, yet wild-
type mice treated with L-NA show increased
time constant and stiffer ventricles. Thus, in
the case of diastolic relaxation, the eNOS
mutant mice behave like wild-type mice, not
like wild-type mice treated with NOS inhibi-
tors. These results suggest that despite a
normal role for NO in diastolic relaxation, in
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the absence of eNOS, other processes main-
tain diastolic relaxation (27,28).

The levels of cGMP in the heart are un-
changed by eNOS gene deletion, despite
absence of eNOS, an important upstream
regulator of guanylyl cyclase. However, the
levels of atrial natriuretic peptide (ANP) are
upregulated in the heart of the eNOS knock-
out mice, providing an alternative mech-
anism for the generation of cGMP. More-
over, administration of exogenous ANP re-
stores ventricular relaxation in L-NA-treated
wild-type mice, indicating that ANP is suffi-
cient to restore normal cGMP levels and
normal diastolic relaxation. It is unclear
whether upregulation of ANP is a physiologic
compensation for lack of eNOS, or whether it
is a cardiac response to hypertension.

It is important to note that basal systolic
cardiac contractility is unchanged in the
eNOS mutant mice. However, immediate
responses to isoproterenol, which occur on a
faster time scale, are exaggerated in the eNOS
knockout mice. Thus, the upregulation of
ANP, which normalizes basal cGMP levels,

does not restore the normal response to adre-
nergic agonists, since this occurs on a faster
moment-to-moment basis.

Conclusion

Gene knockout of NOS genes provides
useful animal models with which to study
the roles of individual NOS isoforms in physi-
ologic processes. These animals demonstrate
divergent roles of nNOS and eNOS on out-
come of cerebral ischemia, highlighting the
potential toxicity from nNOS-derived NO
and the vascular protective effects of eNOS-
derived NO. The knockout mice also indi-
cate how nNOS and eNOS isoforms may
substitute for one another in the generation
of NO as a retrograde messenger in LTP.
Animals deficient in eNOS provide an im-
portant link between endothelial dysfunc-
tion and neointimal proliferation, which is
likely to be an important step in atherogen-
esis. They also indicate that eNOS and ANP
play important roles in modulation of car-
diac contractility and relaxation.
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