YAKUGAKU ZASSHI 127(9) 1347—1355 (2007) © 2007 The Pharmaceutical Society of Japan 1347

—Reviews—

NO ERBERTERIE Y7 ZADEARE

fRHEN, = PR, 57T B e Il ¥ ¢
PESPIN WF, @ S RESS, © MlIEE e

Development of Genetically Engineered Mice Lacking
All Three Nitric Oxide Synthase Isoforms

Masato TSUTSUI, ™ Hiroaki SHIMOKAWA,? Tsuyoshi MORISHITA,¢ Sei NAKATA ¢
Ken SABANAIL“ Yasuhide NAKASHIMA,¢ and Nobuyuki YANAGIHARA¢
“Department of Pharmacology, School of Medicine, University of Occupational and Environmental Health,
1-1 Iseigaoka, Yahatanishi-ku, Kitakyushu 807-8555, Japan, *Department of Cardiovascular Medicine,
Tohoku University Graduate School of Medicine, 1-1 Seiryo-machi, Aoba-ku, Sendai 980-8574,
Japan, and <Second Department of Internal Medicine, School of Medicine, University of
Occupational and Environmental Health, 1-1 Iseigaoka, Yahatanishi-ku,
Kitakyushu 807-8555, Japan

(Received May 21, 2007)

The nitric oxide (NO) synthases (NOSs) system consists of three different isoforms, including neuronal (nNOS),
inducible (iNOS), and endothelial NOSs (eNOS) . The roles of NO in vivo have been extensively investigated in phar-
macological studies with NOS inhibitors and in studies with mice lacking each NOS isoform. However, in the pharmaco-
logical studies, the specificity of NOS inhibitors continues to be an issue of debate, while in the studies with mice lacking
each NOS isoform, compensatory mechanism by other NOSs appears to be involved. Thus, the ultimate roles of en-
dogenous NO in our body still remain to be fully elucidated. To address this important issue, we have successfully deve-
loped mice in which all three NOS genes are completely disrupted. NOS expression and activities were totally absent in
the triply n/i/eNOS~/~ mice before and after treatment with lipopolysaccharide. While the triply n/i/eNOS~/~ mice
were viable, their survival and fertility rates were markedly reduced as compared with wild-type mice. The first noticea-
ble phenotypes were polyuria, polydipsia, and renal unresponsiveness to vasopressin, characteristics consistent with
nephrogenic diabetes insipidus. We subsequently observed that in those mice, arteriosclerosis is spontaneously deve-
loped with a clustering of cardiovascular risk factors. These results provide the first evidence that genetic disruption of
all three NOSs causes a variety of cardiovascular diseases in mice in vivo, demonstrating the critical role of the en-
dogenous NOSs system in maintaining cardiovascular homeostasis.
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Fig. 1. Appearance (A), PCR Analysis (B), and Western Blot Analysis (C) of Wild-Type and NOS—/~ Mice

(A) We first produced 3 kinds of doubly NOS~/~ mice by crossbreeding singly NOS~/~ mice. The doubly NOS~/~ mice were then crossed, and triply n/i/
eNOS~/~ mice were finally generated. (B) PCR analysis in tail genomic DNA indicated the presence of all three NOS genes in the wild-type C57BL/6 mice, but the
absence of the genes in the triply n/i/eNOS~/~ mice. (C) Western blot analysis also revealed the absence of all three NOS proteins in the brain and the heart of trip-
ly n/i/eNOS~/~ mice before and after treatment with lipopolysaccharide (LPS, 20 mg/kg IP, 12 hrs).
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Fig. 2.

(A) In the normal brain, total NOS activity was markedly reduced in nNOS~/
triply n/i/eNOS~/~ mice. (B) In the normal heart, total NOS activity was significantly reduced in nNOS—/—, iNOS~/—, and eNOS~/~ mice, and it was also com-
pletely deficient in the triply n/i/eNOS~/~ mice. (C) In addition, in the heart treated with lipopolysaccharide, total NOS activity was again undetected in the triply n
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mice as compared with the wild-type mice, and it was completely absent in the

/i/eNOS~/~ mice.
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Fig. 3. Survival Rate in Both Genders of Wild-Type and NOS~—/~ Mice

During the 10 months of follow-up, all the wild-type mice lived, whereas approximately 80% of the triply n/i/eNOS~/~ mice died. Survival rate was significant-
ly worse in proportion to the number of disrupted NOS isoforms in the order of singly, doubly, and triply NOS~/~ mice.
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Urinary Volume (A) and Water Intake (B) in Wild-Type and NOS~/~ Mice

(A) Urinary volume was significantly increased in accordance with the number of disrupted NOS genes in the order of singly, doubly, and triply NOS—/—
mice exhibited approximately 3-fold increase in urinary volume as compared with the wild-type mice. (B) Water intake was also sig-
nificantly enhanced in the order of singly, doubly, and triply NOS—/~ mice.
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Fig. 5. Central Vasopressin Release (A) and Renal Sensitivity to Vasopressin (B) in Wild-Type and NOS~/~ Mice

(A) Central vasopressin secretion, as assessed by urinary vasopressin excretion, was normal in the triply n/i/eNOS~/~ mice as compared with the wild-type
mice. (B) Administration of synthetic vasopressin (0.002 unit, IP) significantly reduced urinary volume in the wild-type C57BL/6 mice, whereas this anti—diuretic
effect was markedly impaired in the triply n/i/eNOS~/~ mice. From these results, we identified that the triply n/i/eNOS~/~ mice suffer from nephrogenic diabetes
insipidus.

Cardiovascular Phenotypes in Mice Lacking All NOSs
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Nephrogenic dlabetes
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/ \
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Fig. 6. Schematic Diagram Showing the Cardiovascular Phenotypes in Mice Lacking All NOS Isoforms

The triply n/i/eNOS~/~ mice manifest a variety of cardiovascular phenotypes, including aging, arteriosclerosis, coronary artery spasm, metabolic syndrome,
and nephrogenic diabetes insipidus. These findings demonstrate a central role of NO derived from the whole NOS system in the pathogenesis of the cardiovascular
diseases. Our triply mutant mouse may be a new animal model of the disorders.
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