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Abstract

Nitric oxide (NO), constitutively produced by endothelial
nitric oxide synthase (eNOS), plays a major role in the regu-
lation of blood pressure and vascular tone. We generated
transgenic mice overexpressing bovine eNOS in the vascular
wall using murine preproendothelin-1 promoter. In trans-
genic lineages with three to eight transgene copies, bovine
eNOS-specific mRNA, protein expression in the particulate
fractions, and calcium-dependent NOS activity were con-
firmed by RNase protection assay, immunoblotting, and
L-arginine/citrulline conversion. Immunohistochemical stud-
ies revealed that eNOS protein was predominantly localized
in the endothelial cells of aorta, heart, and lung. Blood pres-
sure was significantly lower in eNOS-overexpressing mice
than in control littermates. In the transgenic aorta, basal
NO release (estimated by N“-nitro-L-arginine-induced facil-
itation of the contraction by prostaglandin F,,) and basal
cGMP levels (measured by enzyme immunoassay) were sig-
nificantly increased. In contrast, relaxations of transgenic
aorta in response to acetylcholine and sodium nitroprusside
were significantly attenuated, and the reduced vascular re-
activity was associated with reduced response of cGMP ele-
vation to these agents as compared with control aortas.
Thus, our novel mouse model of chronic eNOS overexpres-
sion demonstrates that, in addition to the essential role of
eNOS in blood pressure regulation, tonic NO release by eNOS
in the endothelium induces the reduced vascular reactivity
to NO-mediated vasodilators, providing several insights
into the pathogenesis of nitrate tolerance. (J. Clin. Invest.
1998. 102:2061-2071.) Key words: transgenic animals « nitric
oxide « endothelium « blood pressure « vascular reactivity

Introduction

Nitric oxide (NO),! which is produced by endothelial cells,
serves as an endothelium-derived relaxing factor which medi-
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ates vascular relaxation in response to vasoactive substances
and shear stress (1). Several lines of evidence point to the key
role of NO in the regulation of blood pressure and blood flow,
and NO acts as an antithrombogenic and antiatherogenic
molecule by inhibiting vascular smooth muscle proliferation,
platelet aggregation, and leukocyte adhesion (2). Abnormali-
ties of endothelial production or metabolism of NO occur in
pathological conditions such as atherosclerosis, diabetes, and
hypertension (3). NO is produced from L-arginine and oxygen
by three nitric oxide synthase (NOS) isoforms: two constitu-
tive forms, i.e., neuronal NOS (nNOS, NOS1) and endothelial
NOS (eNOS, NOS3), and inducible NOS (iNOS, NOS2) (4).
NO produced by these NOS isoforms, which are expressed in
specific cell types, has been thought to exert distinct actions in
various physiological functions and pathological processes. A
wide variety of actions of NO has been elucidated in in vitro
and in vivo experiments using NOS inhibitors and NO donors
(1, 5). However, such pharmacological modulations of NO
production affect multiple NOS isoforms, making it difficult to
assess the specific roles of each isoform.

Recent advances in molecular biology and genetic engi-
neering have enabled us to modulate the expression of a single
NOS isoform and to identify the in vivo roles of the specific
NOS isoform in complex physiological systems. Experiments
involving hypertensive mice lacking the eNOS gene (6, 7) and
eNOS gene transfer to normal or injured vessels (8, 9) have
demonstrated that NO produced by eNOS plays a pivotal role
in the regulation of blood pressure, vascular tone, and vascular
homeostasis. In contrast to gene transfer for acute therapeutic
benefits, the chronic actions of lifelong overexpression of
eNOS in endothelial cells are still unknown. Thus, we gener-
ated transgenic mice overexpressing eNOS and determined
their phenotypic changes.

Methods

Materials. N“-nitro-L-arginine methyl ester (L-NAME), N“-nitro-L-argi-
nine (L-NA), NADPH, flavin adenine dinucleotide, calmodulin, ni-
trate reductase (Aspergillus species), PGF,,, acetylcholine chloride
(ACh), ATPyS, sodium nitroprusside (SNP), forskolin, and N°2'-
O-dibutyryladenosine 3',5'-cyclic monophosphate (dibutyryl cAMP)
were purchased from Sigma Chemical Co. (St. Louis, MO). Nitro-
glycerin (NTG) was obtained from Nippon Kayaku (Tokyo, Japan).
EGTA was purchased from Dojindo Laboratories (Kumamoto, Ja-
pan). A rabbit polyclonal anti-human eNOS Ab was obtained from
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Transduction Laboratories (Lexington, KY). This Ab has been
proven to cross-react with mouse and bovine eNOS (10) but not to
recognize inducible NOS. All other reagents used were of the highest
purity commercially available. All animal experiments were con-
ducted according to the Guidelines for Animal Experimentation at
Kobe University School of Medicine (approval number P950430).

Plasmid construction. To target eNOS gene expression to the
vascular wall, we decided to use murine preproendothelin-1 (pre-
proET-1) promoter (GenBank accession number U(07982) as de-
scribed (11). Bovine eNOS cDNA (GenBank accession number
M99057, 4.1 kb) (12) was excised from pBluescriptIl SK(+) (Strat-
agene, La Jolla, CA) plasmids (a generous gift from D.G. Harrison,
Emory University, Atlanta, GA) by Notl digestion at the EcoRI
linker (EcoRI-NotI-Sall) ligated to both ends of the eNOS cDNA.
Plasmids, designated as PEPS8, comprised pCDMS8 backbone (Invitro-
gen, San Diego, CA), the 9.2-kb murine preproET-1 5’ flanking pro-
moter, single Notl site, and SV40 intron polyA signal (13). Bovine
eNOS cDNA was inserted into PEP8 at the Notl site downstream
from the preproET-1 promoter. Orientation of the cDNA insert was
confirmed by restriction enzyme digestion and the cloning junction
was sequenced by the dideoxy termination method (Sequenase Ver-
sion II sequencing kit; United States Biochemical, Cleveland, OH).
Standard cloning methodologies were used for all DNA manipula-
tions. The resultant plasmids, designated as PEP-NOS, were double
CsCl-purified and used for in vitro transfection and generation of
eNOS transgenic mice.

Generation of transgenic mice. PEP-NOS (16.4 kb) was linear-
ized by Spel digestion, purified by 0.5% agarose gel electrophoresis,
and electro-eluted from agarose using Gene Capsule (Geno Technol-
ogy, St. Louis, MO). The eluted fragment was further purified and
concentrated with an Elutip D column (Schleicher & Schuell, Dassel,
Germany) and finally precipitated in ethanol. Purified DNA (2 ng/
ml) free of agarose was finally dissolved in 5 mM Tris/Cl (pH 7.5) and
0.1 mM EDTA before pronuclear microinjection. Fertilized eggs
were prepared from superovulated BDF1 (B6D2F1; C57BL/6 X
DBA/2 F1) mice (Charles River Japan, Osaka, Japan). Microinjected
embryos were then transferred into the oviducts of pseudopregnant
Institute for Cancer Research foster mothers (Clea Japan, Osaka, Ja-
pan) and allowed to develop to term. All procedures were performed
using standard techniques (14) with microscopes and micromanipula-
tors (Leica, Heerbrugg, Switzerland), a micropipette puller (Sutter
Instrument, Novata, CA), and a microforge (Technical Products In-
ternational, St. Louis, MO). The mice were maintained under con-
trolled environmental conditions with respect to temperature (20°C)
and humidity (64%) on a 12-h light/dark cycle, and provided with
standard chow and water ad libitum.

PCR and Southern blot analysis. Founder mice harboring the trans-
gene were identified by PCR and subsequent Southern blot analysis
of genomic DNA isolated from tail biopsies at 3—4 wk of age. Tail
DNA was extracted by proteinase K (1.4 mg/ml; Boehringer Mann-
heim, Mannheim, Germany) digestion and subsequent phenolization
and purification using a Genomix DNA extraction kit (Talent, Tri-
este, Italy). PCR detection was performed using transgene-specific
oligonucleotide primers, i.e., sense primer at the 3’ end of preproET-1
promoter (5'-GAAGTTAGCCGTGATTTCCTCTAGAGCCGG-
GTC) and antisense primer at the 5’ end of eNOS cDNA (5'-TTG-
ATGAAGTCCCTGGCCTGGCTCAGCAG). In genomic Southern
blot analysis for eNOS genotyping, tail DNA (15 pg) digested with
HindIII and Sall endonucleases was electrophoresed in 0.5% aga-
rose, transferred to nitrocellulose filters (Schleicher & Schuell) and
hybridized at 42°C with a random-primed, *?P-labeled Sacl-digested
fragment (1.1 kb) of bovine eNOS cDNA, which contains calmodulin
and flavin mononucleotide binding sites (12), or a whole transgene
(16.4 kb). After washing, the hybridized filters were analyzed with a
bio-imaging analyzer (Fujix BAS2000; Fuji Photo Film, Tokyo, Ja-
pan). Transgene copy number was calculated using known amounts
of the transgene added to nontransgenic mouse genomic DNA as a
control.
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Preparation of total RNA and ribonuclease protection assay. Total
RNA was extracted from pooled tissues by the acid guanidinium thio-
cyanate-phenol/chloroform method (15). To confirm specific expres-
sion of bovine eNOS mRNA, we used a ribonuclease (RNase) pro-
tection assay that distinguishes the transgene transcript from the
endogenous mouse eNOS and other NOS isoform gene transcripts.
The region, containing the NH,-terminal myristoylation site of bo-
vine eNOS cDNA (from —15 to 225), amplified with forward primer
NP-1 (5-ATAGAATTCACCAGCACCTTTGGGAATGGCGAT)
and reverse primer Cp-11 (5'-ATAGAATTCGGATTCACTGTC-
TGTGTTGCTGGACTCCTT) and the 124-bp Apal-Alul fragment
of rat GAPDH cDNA, was subcloned, linearized, and in vitro tran-
scribed with SP6 and T7 RNA polymerase (Promega, Madison, WI),
as described (12, 16). RNase protection assay was performed with a
PRAII kit (Ambion, Austin, TX). In brief, an aliquot of total RNA
(10 pg) was hybridized with 3?P-labeled riboprobes for 14-16 h at
50°C in 80% formamide hybridization buffer, followed by digestion
with ribonuclease A and ribonuclease T1 at 37°C for 30 min. After si-
multaneous precipitation of RNA and inactivation of ribonuclease,
the protected fragments were separated in 8 M urea/5% acrylamide
denaturing gel and the relative signal intensities were determined
with the bio-image analyzer.

Immunoblotting of eNOS and Ca-dependent eNOS activity. Crude
homogenates of pooled tissues in a homogenizing buffer of 50 mM
Tris-HCL, pH 7.4, 1 mM EGTA, 1 mM DTT, 1 uM pepstatin A, 2 puM
leupeptin, and 1 uM (p-amidinophenyl) methanesulfonyl fluoride
were ultracentrifuged at 100,000 g to collect cytosolic fractions. The
pellets were solubilized in the homogenizing buffer containing 10%
glycerol and 20 mM 3-[(3-chol-amidopropyl)dimethylammonio]-
1-propanesulfonate and ultracentrifuged to extract particulate frac-
tions. Protein concentrations were determined by the method of
Bradford (Bio-Rad Laboratories, Hercules, CA) with BSA fraction
V as a standard protein (17). Immunoblotting was performed as de-
scribed (16). In brief, 150 pg of protein samples, unless otherwise in-
dicated, from either the cytosolic or particulate fraction was sepa-
rated on a 7.5% SDS-polyacrylamide gel under reducing conditions,
transferred to a polyvinylidene difluoride membrane (ATTO, Tokyo,
Japan), and probed with a rabbit polyclonal (dilution, 1:500) or a mu-
rine monoclonal anti-bovine eNOS Ab (clone H32, 1gG2a, 1:5,000)
(18). Immunoreactive bands were visualized with horseradish peroxi-
dase—conjugated anti-rabbit Ig F(ab’), fragment or anti-mouse IgG
using an ECL detection kit (Amersham International plc, Bucking-
hamshire, UK) and quantified by densitometry. NOS enzymatic ac-
tivity was determined by the conversion of L-arginine to L-citrulline
with saturating concentrations of substrate and cofactors as described
(19). Enzyme activity was expressed as citrulline production in femto-
moles per milligram of protein per minute. To test the specificity of
calcium-dependent NOS, parallel reactions were performed in a sep-
arate buffer omitting calcium and calmodulin or containing 1 mM
L-NAME, a competitive NOS inhibitor.

Immunohistochemistry. To determine the tissue distribution of
bovine eNOS expression, immunohistochemical staining was per-
formed by the labeled streptavidin biotin (LSAB) method using an
LSAB kit (DAKOPATTS, Copenhagen, Denmark) as described
(20). Frozen sections were fixed in acetone, blocked with 10% BSA,
and incubated with 1:50 dilution of the primary rabbit polyclonal anti-
eNOS Ab. We used the polyclonal Ab because murine mAb could
not be applied to mouse tissues. The sections were then incubated
with biotinylated gout anti-rabbit IgG and subsequently with horse-
radish peroxidase—labeled streptavidin. Endogenous peroxidase was
quenched with H,0, and the bound primary Ab was detected with
the substrate, diaminobenzidine. Specificity of staining was assessed
by substitution of nonimmune serum for primary Ab.

Blood pressure and heart rate measurements. At 3 mo of age, mice
were anesthetized with 0.08 mg/g body wt pentobarbital sodium (Ab-
bott Laboratories, North Chicago, IL). The right femoral arteries
were cannulated with a short length of SP-8 tubing connected to SP-
31 tubing (Natsume Manufactory, Tokyo, Japan). For continuous



measurement of arterial pressure and heart rate under conscious and
unrestrained conditions, the femoral catheter was connected to a sa-
line-filled pressure transducer (Bioresearch Center, Nagoya, Japan)
using a free-moving cannulation system (Tsumura, Tokyo, Japan)
and the signals were amplified and continuously monitored (13). At
least 4 h after recovery from anesthesia, physiological parameters
(systolic, diastolic, and mean blood pressures and heart rate) were ac-
cumulated on a Macintosh computer with MacLab systems (Biore-
search Center) every 5 s for 2 h. In another experiment to study the
effects of chronic NOS inhibition on systemic blood pressure, L-NAME
(1 mg/ml) was given in drinking water for 2 wk to both control litter-
mates and eNOS-overexpressing mice.

Basal release of NO from the aorta and vascular reactivity to en-
dothelium-dependent and -independent vasodilators. The aortas with
intact endothelium from either control or eNOS transgenic mice were
dissected and cleaned of adhering tissues. Isometric tension was re-
corded as described (21). In brief, 3-mm-wide transverse aortic rings
were mounted under 1.5 g resting tension on stainless steel hooks at-
tached to force transducers (Nihon Kohden, Tokyo, Japan) in 30-ml
organ chambers containing Krebs’ bicarbonate solution (pH 7.4) of
the following composition (mM): NaCl 118, KCI 4.0, CaCl, 1.5,
MgSO, 1.2, NaH,PO, 1.2, NaHCO; 25, and glucose 5, and equili-
brated at 37°C with a 95% O,/5% CO, gas mixture. Isometric tension
was displayed using an amplifier system (Nihon Kohden) and a pen
recorder (Nippon Densi Kagaku, Kyoto, Japan). A test contraction
was induced by 40 mM KCI. To elucidate the tone-related basal re-
lease of NO, moderate vascular tone was induced by a low concentra-
tion (500 nM) of PGF,, and the rings were subsequently contracted
by cumulative additions of L-NA (1-100 wM). Basal release of NO
was indirectly estimated by L-NA-induced endothelium-dependent
facilitation of the contraction elicited by PGF,, (22, 23). Next, to as-
sess the vascular reactivity to endothelium-dependent and -indepen-
dent vasodilators, aortic rings were submaximally precontracted with
1-3 pM PGF,, to develop ~ 1.0 g tension. After the contraction
reached a plateau, vasodilatory agents (ACh, ATPyS, SNP, NTG,
forskolin, and dibutyryl cAMP) were added in a cumulative manner.
Almost all experiments were performed on paired rings from trans-
genic mice and control littermates. Relaxations were expressed as the
percentage of PGF,,-induced precontraction and a dose-response
curve was obtained for each agent. To address the specificity and re-
versibility of NO-mediated changes in vascular reactivity, we mea-
sured the isometric tension of aortas from chronic L-NAME-treated
mice in the presence of L-NAME (100 uM).

Measurement of cGMP levels in the aorta and plasma nitrite and
nitrate levels. Immediately after killing, aortas from either control or
transgenic mice were homogenized in 6% TCA and centrifuged at
2,000 g. TCA in the supernatant fraction was extracted with diethyl
ether and the samples were then lyophilized. In some experiments,
longitudinally opened thoracic aortas were preincubated for 60 min
in Krebs’ solution equilibrated at 37°C with a 95% O,/5% CO, gas
mixture and stimulated with ACh and SNP for 1 min, and the in-
creases in cGMP levels in response to vasodilators were determined.
cGMP was measured using an enzyme immunoassay (EIA) kit (Am-
ersham) as described (24). Samples were resuspended, acetylated
with triethylamine/acetic anhydride, and subjected to EIA. cGMP
levels were expressed as picomoles per milligram of TCA-precipita-
ble protein solubilized with 1 N NaOH. At the time of killing, heart,
lung, and kidney weights (wet weight) were measured for each animal
and blood samples were collected. Nitrite and nitrate levels in hep-
arinized plasma were measured as nitrite by using the Griess reaction
after enzymatic conversion by nitrate reductase (0.25 U/ml) as de-
scribed (25).

Blood biochemistry and analyses of neurohumoral regulatory fac-
tors. Blood urea nitrogen and plasma electrolyte concentrations were
determined with a multiparameter autoanalyzer. To assess alterations
of major neurohumoral factors regulating blood pressure, plasma re-
nin activity was determined by radioimmunoassay of generated an-
giotensin I. Plasma epinephrine and norepinephrine levels were mea-

sured by HPLC. Plasma ET-1 was extracted with a Seppak C-18
column (Waters, Milford, MA) and measured using a sandwich EIA
kit (Wako Pure Chemicals, Osaka, Japan).

Statistics. Student’s ¢ test for unpaired observations was used to
determine the significance of differences between transgenic mice
and control littermates. Statistical analysis for multiple comparisons
was performed using one-way ANOVA with Bonferroni correction.
All values are given as means*SE, and statistical significance was set
at P < 0.05.

Results

In vitro transfection and generation of eNOS transgenic mice.
HeLa cells (American Type Culture Collection, Rockville,
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Figure 1. (A) Schematic map of the murine preproET-1 promoter/
bovine eNOS cDNA fusion gene used to generate eNOS transgenic
mice. PreproET-1 promoter (9.2 kb) is depicted as a shaded bar and
eNOS cDNA (4.1 kb) as an open bar. pA represents SV40 intron/
polyA signal. P1 and P2 indicate oligonucleotide primers used to
screen genomic DNA for the presence of the transgene. Sp, Spel; S,
Sall; H, HindIII; B, BamHI; N, Notl; Sc, Sacl. (B and C) Southern
blot analysis for transgene integration. HindIII and Sall-digested tail
DNA (15 pg) was hybridized with Sacl fragment of eNOS cDNA
probe (B) or whole transgene probe (16.4 kb) (C). The first and sec-
ond lanes represent DNA isolated from transgene negative litter-
mates (C). The numbers of independent transgenic founders (7g) are
shown at the bottom of the third to sixth lanes. The seventh lane rep-
resents transgene homozygote (line 22). The eighth and ninth lanes
are nontransgenic genomic DNA containing standard amounts of the
transgene equivalent to 5 and 10 copies, respectively. Arrows indicate
expected hybridizing bands (5 and 4.1 kb) corresponding to endoge-
nous mouse eNOS gene detected in both C and Tg and transgene-
derived bovine eNOS cDNA in both Tg and standards, respectively.
Arrowheads indicate endogenous preproET-1 promoter (8.0 kb) and
preproET-1 promoter in the transgene (6.0 kb).
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MD), which endogenously express ET-1 and have high trans-
fection efficacy, were transfected by using lipofectamine re-
agent (GIBCO BRL, Gaithersburg, MD) with the plasmids
PEP-NOS. PEP-NOS-transfected cells exhibited a marked in-
crease in calcium-dependent NOS activity, as compared with
those transfected with control plasmids containing bovine
eNOS cDNA in reverse orientation (110.8x14.2 compared
with 23.7+19.1 fmol/mg protein/min in three independent ex-
periments, data not shown), indicating that PEP-NOS ex-
pressed an enzymatically active eNOS protein under the con-
trol of the preproET-1 promoter. Spel-linearized PEP-NOS
was used as a transgene to generate mice overexpressing bo-
vine eNOS (Fig. 1 A). Four potential founder (F,) mice were
independently propagated to obtain offspring. Tail DNA from
the transgenic founders (Nos. 22, 65, 88, 105) carrying multiple
copies of transgenes was subjected to Southern blot analysis to
detect tandem copies of the transgenes. As shown in Fig. 1 B,
genomic DNA encoding endogenous mouse eNOS allele in
tail DNA from nontransgenic control littermates yielded a
band of ~ 5 kb excised by HindIII and Sall, when probed with
the 32P-labeled Sacl fragment of eNOS cDNA (6). In trans-
genic mice, besides the ~ 5-kb fragment of endogenous eNOS
gene, 4.1 kb of bovine eNOS cDNA excised from transgene by
Sall was specifically hybridized with the probe. Transgene
copy number calculated by densitometric analysis was three to
eight. Southern blot analysis using whole transgene probe
showed that, in addition to endogenous and transgene-derived
eNOS signals (~ 5 and 4.1 kb, respectively), the 8-kb frag-
ments detected in both transgenic and control DNA repre-
sented endogenous preproET-1 promoter excised by HindIII
(13) and the 6-kb fragment of preproET-1 promoter excised
from the transgene by HindIII and Sall was detected only in
tail DNA from transgenic mice (Fig. 1 C). Transgenic mice did
not differ from control littermates in general appearance. They
normally developed and were fertile, and transgenic offspring
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were obtained in Mendelian fashion. Since transgenic mice
were prepared on a mixed genetic background, founders were
subsequently backcrossed for at least three generations with
the wild-type C57BL/6]J strain of mice (Clea Japan) to ensure a
genetically homogeneous background for the use in the studies
described below. Offspring were weaned at 3 wk of age and
screened by PCR of tail DNA, for which oligonucleotide prim-
ers were selected so that the predicted amplification product
was a distinctive fragment (~ 750 bp) created by the juxtaposi-
tion of the preproET-1 promoter and the bovine eNOS cDNA
(Fig. 1 A). In established colonies (lines 22, 65, 838, and 105),
mice that were heterozygous at the transgene locus were used
in all analyses and nontransgenic littermates served as controls.

Expression of bovine eNOS mRNA and functional pro-
tein. RNase protection assay to detect bovine eNOS-specific
mRNA revealed the transgene expression in the heart, lung,
aorta, and uterus, and albeit to a lesser extent in the brain,
liver, kidney, and intestine of four transgenic lineages exam-
ined (lines 22, 65, 88, and 105), whereas no transgene expres-
sion was detected in control littermates. Fig. 2 A shows repre-
sentative findings for line 22 and the similar pattern of mRNA
expression was observed in other transgenic lineages. In the
particulate fractions of heart, lung, and aorta of transgenic
mice, increased expression of eNOS protein (135 kD) over en-
dogenous mouse eNOS levels of control littermates was de-
tected by immunoblotting with polyclonal Ab (Fig. 2 B). Im-
munoblotting with the murine monoclonal anti-bovine eNOS
Ab confirmed the transgene expression in the particulate frac-
tions of these organs since this mAb did not cross-react with
mouse eNOS (Fig. 2 C). The calcium-dependent NOS activity
was markedly increased in the particulate fraction of aorta
from transgenic mice (11.0+6.6 vs. 86.2x10.0 fmol citrulline/
mg/min, P < 0.05, for three independent determinations). In
the immunoblotting of the cytosol fraction with the polyclonal
Ab, no immunoreactive band was detected. There was no sig-

Figure 2. (A) Representative ribonuclease
protection assay for bovine eNOS mRNA.
10 pg of total RNA from designated or-
gans of nontransgenic control mice (C) and
transgenic mice (7g, line 22) was analyzed
as described in Methods. The top arrow-
head indicates the protected band corre-
sponding to bovine eNOS-specific nRNA.
Probe means free probe lane. Total RNA
(10 pg) extracted from cultured bovine
aortic endothelial cells (BAEC) served as a
positive control. Glyceraldehyde-3-phos-
. phate dehydrogenase (GAPDH) mRNA
was used as a control for RNA integrity
and loading. (B and C) Immunoblotting for
eNOS protein, demonstrating increases in
eNOS protein expression. The particulate
fractions (150 pg/lane, except for heart in

I3) C, 500 pg/lane) were electrophoresed,
w
<
m

£Tg C TgC Tg C Tg C 8 2Tg C TgC TgC Tg C
2 - - g 2 — transferred, and probed with a polyclonal
2 Brain Heart Lung Kidney m = Aorta Liver Intestine Uterus anti-eNOS Ab, shown in B, or with an
B C anti-bovine eNOS mAb, in C. Purified
213» 213 » NOS indicates bovine eNOS purified from
— - —_ — BAEC (20 ng/lane), which was used as a
119» 119> positive control as well as BAEC lysate.
c Tg ¢ T9 _C i Tg_ Z‘:gf" CTg C T _9 Tg :’“ "}I Size markers in kilodaltons are shown to
Heart Lung Aorta N Heart Lung Aorta T° the left of the blot.
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Figure 3. Immunohistochemical staining for eNOS in the aorta (A-D), lung (E), and heart (F). Frozen sections of thoracic aorta from transgenic
mice (A) and control littermates (C) were immunohistochemically stained using a rabbit polyclonal anti-eNOS Ab. Immunoreactive product is
predominantly observed in the endothelial cell lining and the immunoreactivity is obviously stronger in transgenic aorta (A) than in control
aorta (C). In B and D, sections of transgenic and control aorta were stained with nonimmune serum to assure the specificity of reaction. In the
lung (E) and heart (F) of Tg, intense signal is mainly detected in vascular endothelial cells of medium to microsized vessels. A-D, X400; E and F,

x200.

nificant increase in NOS activity in the cytosol fraction and
conversion to citrulline was significantly decreased on incuba-
tion without calcium and calmodulin or with L-NAME (data
not shown).

Immunohistochemistry. Immunohistochemical staining for
bovine eNOS in transgenic mice (line 22) showed that the in-

creased immunoreactive product for bovine eNOS was pre-
dominantly localized in the endothelial cell lining of thoracic
aorta from transgenic mice (Fig. 3 A). Endogenous mouse
eNOS in endothelial cells of the aorta from control littermates
also cross-reacted with polyclonal anti-eNOS Ab, the same Ab
as used for immunoblotting. However, the intensity of eNOS
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Figure 4. Systemic blood pressure analysis
for conscious freely moving mice using a
femoral arterial catheter. (A) A summary
of systolic, diastolic, and mean blood pres-
sures (mmHg) in control littermates (C,

n = 9) and heterozygous eNOS transgenic
mice (7g, line 22, n = 10) is shown. (B) Ef-
fects of chronic NOS inhibition by adminis-
tration of L-NAME (1 mg/ml) in drinking
water for 2 wk on mean blood pressure.
Four animals each are used for C and Tg.
Note that a significant reduction in blood
pressure is observed in Tg, but is com-
pletely reversed by chronic L-NAME
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immunoreactivity of transgenic endothelial cells was obviously
stronger than that of control endothelial cells (Fig. 3,4 and C).
Sections of transgenic mice and control littermates stained
with nonimmune serum were entirely negative for staining
(Fig. 3, B and D). In the lung, a marked increase in eNOS ex-
pression was also observed in the endothelial cell lining of
large pulmonary arteries and veins, and weak nonvascular ex-
pression was detected in the airway epithelium (Fig. 3 E). As
depicted in Fig. 3 F, eNOS immunoreactivity was detected in
medium-sized to small coronary arteries, rather than cardiac
myocytes in the heart. These findings represent the predomi-
nant vascular targeting capacity of the preproET-1 promoter
system (11).

Blood pressure and heart rate measurement. There is a gen-
der difference in NO level which is possibly affected by estro-
gen (21). Therefore, we used male mice to assess the physio-
logical consequences of eNOS overexpression. As shown in
Fig. 4 A, systemic arterial pressure was significantly lower in
transgenic mice than in control littermates (systolic, 89+4
mmHg in transgenic mice vs. 1113 mmHg in control litter-
mates, P < 0.01; diastolic, 73*3 vs. 92+3; P < 0.01; mean,
81%4 vs. 99=3, P < 0.01). L-NAME administration for 2 wk
elevated the mean blood pressure in transgenic mice to a level
comparable to that in L-NAME-treated control littermates
(Fig. 4 B) and the blood pressure was lower in independent
transgenic lines (lines 65, 88, and 105) (data not shown). Ac-
cordingly, eNOS overexpression was responsible for the hy-
potension observed. Plasma nitrite and nitrate levels in trans-
genic mice were significantly higher than those in control mice
(Table I). There was no significant change in heart rate as
compared with control littermates. There was neither differ-
ence in body weight, organ weights, nor detectable macro-
scopic and microscopic abnormalities in transgenic mice killed
at 2-3 mo of age. Blood urea nitrogen and plasma electrolyte
concentrations were not significantly altered in transgenic
mice. There were no significant differences in plasma renin ac-
tivity and plasma catecholamine and ET-1 levels between con-
trol and transgenic mice (Table I).

Basal release of NO and cGMP levels. We next examined
the effect of eNOS overexpression on basal tone of the aorta.
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treatment. Values are expressed as
means=SEM. *P < 0.01, Cvs. Tg.

L-NA (1-100 pwM) dose-dependently contracted the aortic
rings that had been moderately precontracted by PGE,,. Since
L-NA-induced facilitation of PGF,,-induced contraction was
not observed in the aortic rings treated with 100 uM L-NAME
before contraction by PGF,, and was abolished by the addi-
tion of L-arginine (data not shown), the facilitated contraction
was ascribed to endothelium-derived basal NO produced by

Table I. Basal Characteristics of Physiological Parameters and
Biochemical Data

Control (n) Transgenic (n)
Body wt (g) 26.2+1.1 (13) 26.0%0.7 (13)
Heart wt (mg) 133.2+5.7 (13) 132.0%5.6 (13)
Lung wt (mg) 2243+122 (13)  229.8+15.7 (13)
Kidney wt (mg) 194.6+8.2 (13) 191.2%8.5 (13)
Mean blood pressure (mmHg) 99+3 (9) 81+4 (10)*
Heart rate (bpm) 534+26 (9) 58819 (10)
Plasma nitrite + nitrate (uM) 19.4+3.3 (16) 31.6=3.1 (18)*
Blood urea nitrogen (mg/ml) 23.8x1.8(7) 24.8+1.0 (6)
Plasma sodium (megq/liter) 148.3x1.4 (7) 148.2%1.0 (6)
potassium (meq/liter) 5.4x0.7 (7) 5.7x0.7 (6)
chloride (meq/liter) 113.0£1.4 (7) 113.5%1.6 (6)
Urine volume (m1/100 g/d) 427+1.55(4) 427+1.42 (4)
Plasma renin activity (ng/ml/h) 33.0+10.0 (11) 28.6£9.6 (8)
Plasma epinephrine (pg/ml) 5223436 (5) 4708*513 (5)

4937+480 (5)
1.46+0.14 (11)

3874+423 (5)
1.84+0.18 (9)

norepinephrine (pg/ml)
Plasma ET-1 (pg/ml)

Body weight and wet weights of organs were measured at 12-16 wk of
age. Urine volume was measured in three mice in a metabolic cage after
a 6-h period without chow and expressed as milliliters per 100 grams of
body weight per day. Blood pressure and heart rate were measured by
direct arterial catheterization. In blood biochemical analysis, except for
the measurement of plasma nitrite + nitrate in each mouse, pooled
plasma obtained from two to three mice in each control or transgenic
group was measured as one sample. All assays were performed as de-
scribed in Methods. The number of samples are shown as (n). Values
are expressed as means=SEM. *P < (.01, *P < 0.05, versus control.



Figure 5. (A) Basal release of endothe-
lium-derived NO indirectly estimated by
L-NA-induced facilitation of PGF,,-
induced contraction. Moderate vascular
tone was induced by 500 nM PGF,, before
cumulative additions of L-NA (1-100 uM).
L-NA-induced facilitation of the contrac-
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eNOS. Fig. 5 A demonstrates that the extent of L-NA-induced
endothelium-dependent facilitation of the contraction in trans-
genic mice was twice that in control littermates (1,136=114 vs.
506=71 mg, at 100 mM L-NA, respectively). Basal cGMP lev-
els were obviously higher in the aortas from transgenic mice
than in those from control littermates (5.21+0.71 vs. 3.26+0.20
pmol/mg, respectively, Fig. 5 B). Thus, the basal NO release
estimated in isometric tension recordings was accompanied by
increased basal cGMP levels.

Vascular reactivity to NO- and cAMP-mediated vasodilators
and responses of cGMP elevation. An endothelium-dependent
vasodilator, ACh, produced concentration-dependent relax-
ation of aortas from both control and transgenic mice. This re-

tion was measured as milligram changes in
developed tension. The magnitude is sig-
nificantly greater in aortic rings isolated
from eNOS-overexpressing mice (Tg, filled
circles, n = 8) than in those from control
littermates (C, open circles, n = 6). Values
are shown as means*=SEM. *P < 0.05,
#*P < 0.01, C vs. Tg. (B) Basal cGMP lev-
els in the aorta determined by EIA. Tissue
cGMP was extracted and subsequently
acetylated for EIA. cGMP levels were cal-
culated from the mean ODys, of triplicate
wells in three independent experiments
and expressed as picomoles per milligram
of protein. The closed bar indicates control
littermate (C) value and the shaded bar
transgenic mouse (7g) value. Values are
means*=SEM of three independent deter-
minations. *P < 0.05, C vs. Tg.

laxation was markedly attenuated by L-NAME treatment (100
M) (data not shown), suggesting that the relaxation to ACh is
almost exclusively mediated by endothelium-derived NO. Un-
expectedly, in eNOS-overexpressing mice, relaxation of the
aorta in response to ACh was significantly reduced with an in-
crease in EDs, and a decrease in the maximum response as
compared with control littermates (Fig. 6 A and Table II). Sim-
ilarly, relaxation to ATPyS, another endothelium-dependent
vasodilator, was reduced in these mice (Table II). Relaxation
to a NO donor, SNP, was reduced with a significant increase in
EDs in the transgenic mice (Fig. 6 B and Table IT) and relax-
ation to NTG was also reduced (Table IT), whereas cAMP-ele-
vating or mobilizing agents, such as forskolin and dibutyryl

Figure 6. Relaxations in response to ACh
and SNP of control and transgenic aortas.
Vascular reactivity was determined as
changes in isometric tension of aortic rings
submaximally precontracted with PGF,,,.
Endothelium-dependent relaxations of the
aortas from control (C, open circles) and
eNOS transgenic mice (Tg, filled circles) by
cumulative additions of ACh (100 pM to 30
wM, A) and endothelium-independent re-
laxation by SNP (100 pM to 30 uM, B)
were demonstrated. Concentrations of
agents in the organ bath are expressed as
negative logarithms (—log M). Values are
means*=SEM of 10 and 7 independent ex-
periments (A and B, respectively). Note
that markedly reduced response to both
endothelium-dependent and -independent
vasodilators was observed in the aortas
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from Tg compared with those from C.
*P < 0.05, #P < 0.01, Cvs. Tg by
ANOVA with Bonferroni test.
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Table II. EDs,Values and Maximal Relaxations of the Aorta from Control and eNOS-overexpressing Mice

Control mice

eNOS-overexpressing mice

Agents EDs, Max. Rel. (n) EDs, Max. Rel. (n)
nM % nM %

ACh 32.7£32 88.2+2.1 (10) 62.9+11.3* 67.5+2.0¢ 12)
ATPyS 554.1£13.3 96.7£0.8 (6) 780.076.6* 83.6+2.2¢ 7
SNP 3.9%0.9 99.3+0.5 (8) 44.0=4.7¢ 973+12 8)
NTG 21.0+4.1 89.3+2.5 ) 109.8+33.9% 62.0:£3.4% )
L-NAME-treated

SNP 1.0+04 100.0+0.0 5) 0.7+0.1 100.0+0.0 (7)

For precise comparison of the sensitivity and maximal response of the aorta of control and transgenic mice, EDs, (concentration which produces 50%
of the maximal relaxation to each agent) and maximal relaxation (percent PGFE,,-induced precontraction) were calculated from dose-response curves
obtained. L-NAME-treated indicates measurements of isometric tension of aortas from chronic (2-3 wk) L-NAME-treated mice in the presence of
L-NAME (100 pM). Each value is a mean*=SEM. The numbers of independent experiments are shown as (). Max. Rel., maximal relaxation. *P <

0.05, ¥P < 0.01 vs. control mice.

cAMP, produced similar concentration-relaxation responses
in the aortas from both control and transgenic mice (Fig. 7, A
and B). In the aortas from transgenic mice treated with
L-NAME for 3 wk, the hyporesponsiveness to SNP was com-
pletely recovered in the presence of L-NAME (Table II).
Basal cGMP levels were increased, whereas the extents of
cGMP elevation by ACh (10 puM) and SNP (300 nM) were
markedly decreased in transgenic aorta compared with those
in control aorta (Table III).

Discussion

NO has been shown to be an endothelium-derived relaxing
factor, and NO produced by eNOS diffuses from endothelial
cells into underlying smooth muscle cells (1, 4). To study the
physiological roles of NO as a local mediator, we generated
eNOS transgenic mice with targeted expression to the vascular
wall, particularly to endothelial cells in which endogenous

eNOS is constitutively expressed. Endothelium-specific in vivo
transgene expression has been reported using promoters of
endothelium-specific genes such as the murine Tie2 gene, hu-
man vWIf gene, and human intercellular adhesion molecule-2
(ICAM-2) gene (26-28). However, the Tie2 gene promoter
was not active in adult mice and vWf gene promoter drove in
vivo expression only to the blood vessels in the adult brain.
ICAM-2 was also expressed weakly on monocytes, lympho-
cytes, platelets, and megakaryocytes, and use of human pro-
moters would potently present species differences in the ex-
pression. In the murine preproET-1 promoter, the —1.4 to
—5.9-kb promoter region is suggested to contain endothelial
cell-specific elements and the larger fragments of the murine
promoter are expected to exhibit stricter tissue-specific expres-
sion (12). We have succeeded in confining constitutive overex-
pression of functional eNOS to the vascular tissue in most or-
gans using the 9.2-kb murine preproET-1 promoter.

A convincing in vivo feature observed in eNOS-overex-
pressing mice was hypotension. Since the hypotensive pheno-

Figure 7. Relaxations in response to for-
skolin (1 nM to 3 uM, A) and dibutyryl
cAMP (1 pM to 300 wM, B) of control (C,
open circles) and transgenic aortas (Tg,
filled circles). An adenylate cyclase activa-
tor and a cAMP analogue were used to as-
sess cCAMP-mediated vasorelaxation. Con-
centrations of agents are expressed as

—log M. Values are means=SEM of seven
independent experiments (both A and B).
The dose-response curves for both agents
were similar between C and Tg, indicating
that the cAMP-mediated pathway for vas-
cular relaxation is intact in eNOS-overex-
pressing mice. Values of EDs, (nM) and
maximal relaxation (%) for forskolin were
156.0£45.6 and 99.2+0.8 in C, and 221.7=*
38.9 and 98.5=1.5 in Tg, respectively (not
significant). EDs, (nM) and maximal relaxa-
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hd tion for dibutyryl cAMP were 70.8+6.5 and
100.0%0.0 in C, and 89.0+10.3 and 100.0*=
0.0 in Tg, respectively (not significant).
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Table III. Increase in cGMP Levels in Response to
Endothelium-dependent and -independent Vasodilators

Control mice eNOS-overexpressing mice

cGMP (n) cGMP (n)

pmol/mg pmol/mg
No stimulation 0.94+0.19 6) 1.19+0.41 (6)
ACh (10 pM) 3.74%+1.02 6) 2.64+0.74 6)
SNP (300 nM) 12.25+2.09 (6) 5.95+1.66* 6)

Response of cGMP elevations was evaluated as absolute cGMP levels
determined by EIA in aortas ex vivo stimulated by agents at indicated
concentrations for 1 min. cGMP was extracted and two doses of the ali-
quots were each assayed in duplicate, according to the manufacturer’s
protocol. ACh and SNP were representatively used to measure endo-
thelium-dependent and -independent cGMP elevations, respectively.
No stimulation means stimulation with vehicle (Krebs’ solution) after
the preincubation with the same solution for 60 min. Values were ob-
tained from individual aortas from (1) animals and are expressed as
means*=SEM. *P < 0.05 vs. control mice.

type was also observed in independent transgenic lineages, the
functional effects of eNOS overexpression in line 22 were not
due to spurious positional effects of transgene insertion. Hy-
pertension in mice lacking eNOS has been reported by two
groups (6, 7) and our model provides another in vivo valida-
tion for that NO produced by eNOS itself regulates blood
pressure. The mechanisms of hypotension due to eNOS over-
expression have not been determined fully. However, eNOS
encoded by the transgene must have contributed to the reduc-
tion in blood pressure because chronic administration of
L-NAME completely reversed hypotension in transgenic mice
without paradoxical reduction in blood pressure observed in
L-NA-treated eNOS knockout mice (6). Both cardiac output
and peripheral arterial resistance determine blood pressure
and depression of cardiac function by NO may lead to de-
creased cardiac output. However, in the present model, bovine
eNOS was not identified in cardiac myocytes. Of note was that
the hypotension in the transgenic mice was associated with
both a decrease in basal tone of the aorta and an increase in its
basal cGMP levels. Because of technical difficulties, we could
not determine total vascular resistance and the vascular tone
examined in the aorta might not always reflect that in the resis-
tance vessels which regulate blood pressure. But, indeed, the
transgene was obviously expressed in large or medium- to mi-
cro-sized vessels in the heart and lung (Fig. 3, E and F). There-
fore, it is likely that enhanced NO release exerted vasorelaxant
effects in types of vessels other than the aorta and increases in
basal NO release reduced basal vascular tone in resistance ves-
sels, thereby produced hypotension. Hypotension has also
been observed in transgenic mouse models with overexpres-
sion of natriuretic peptides, kallikrein, and bradykinin re-
ceptor (29-32). Our model exhibited hypotension without
increases in heart rate or urine volume, similar to mice overex-
pressing natriuretic peptides that yielded no changes in indica-
tors of a volume-depleted state (29, 30). These studies imply
that enhanced vasodilatory action of cGMP-mediated pathway
by either NO or natriuretic peptides in the vascular wall suffi-
ciently reduces blood pressure.

Blood pressure is regulated by integrative neurohumoral

factors. Compensatory mechanisms may operate for the reduc-
tion in blood pressure due to chronic activation of the NO
pathway. Recent reports have demonstrated that NO interacts
with the renin-angiotensin system and also the cyclooxygen-
ase-prostaglandin system. Elevated plasma renin concentra-
tion was observed in eNOS-deficient mice (7). However, there
were no significant alterations in plasma renin activity, plasma
catecholamine, or ET-1 levels in our transgenic mice (Table I)
and the responsiveness of mouse aorta was not modified after
preincubation with indomethacin in isometric tension record-
ings (data not shown). Collectively, these findings further sup-
port the notion that the direct vasodilatory action of overpro-
duced NO is mainly responsible for hypotension without
potential influence of major neurohumoral systems regulating
blood pressure.

The most surprising finding observed in eNOS-overex-
pressing mice was the reduced vasorelaxant response to NO-
mediated vasodilators (Fig. 6). Recent reports of adenovirus-
mediated eNOS gene transfer into the endothelium or the
adventitia have demonstrated the enhanced endothelium-
dependent relaxations in response to ACh and calcium iono-
phore (10, 33, 34). We for the first time demonstrated that
chronic eNOS overexpression results in attenuation rather
than enhancement of NO-mediated vasorelaxation. The differ-
ence in vascular reactivity observed between animals with
gene transfer and our transgenic model may be possibly due to
animal species used, the expression site of eNOS, relative in-
tensity of gene expression achieved depending on the pro-
moter used in each model, or the duration of gene expression.
We could not define the exact mechanisms, but believe that
the long duration of eNOS overexpression in the transgenic
mice is probably involved. It is likely that, in contrast to the
acute effect of eNOS gene transfer, the chronic increase in
basal NO release due to eNOS overexpression elicits the re-
versible hyporesponsiveness in NO-cGMP pathway. It has
been established pharmacologically that chronic in vivo treat-
ment of rabbits and rats with organic nitrate results in develop-
ment of nitrate tolerance and cross-tolerance to other nitrova-
sodilators and endothelium-dependent vasodilators (35, 36).
Inversely, the sensitivity of isolated rat aorta to NO donors
was increased after removal of the endothelium or treatment
with a NOS inhibitor (37). Recently, relaxation of the carotid
artery in response to low concentrations of SNP was shown to
be enhanced in eNOS-deficient mice (38). Our findings are
consistent with these reports, which imply that alterations in
basal NO release modulate vascular reactivity to NO.

In eNOS-overexpressing mice, CAMP-mediated vasorelax-
ation was not altered (Fig. 7), whereas increases in cGMP lev-
els in response to ACh and SNP were depressed in spite of the
increased basal cGMP levels (Fig. 5 B and Table IIT). Concen-
tration-dependent increases in cGMP by SNP were signifi-
cantly attenuated after chronic NTG injection and were poten-
tiated by endothelial denudation or NOS inhibition of the
aorta (35, 37). Soluble guanylate cyclase (sGC) purified from
NO donor—pretreated rat aorta exhibited desensitization to
NO donors (39). sGC mRNA and protein levels and its activity
were decreased in cultured smooth muscle cells exposed to
NO donors, a cGMP analogue, or an inhibitor of cGMP phos-
phodiesterase (40, 41). In view of these reports, desensitization
of sGC by continuous overactivation is, at least in part, impli-
cated in the reduced vascular reactivity in eNOS-overexpress-
ing mice. Furthermore, impairments of signaling pathway after
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cGMP elevation may occur. Whether it is also the case with
our mouse model remains to be clarified.

In conclusion, we generated transgenic mice overexpress-
ing eNOS in the vascular wall to study the local effects of NO.
eNOS-overexpressing mice displayed marked hypotension which
was associated with reduced basal vascular tone and reduced
vascular reactivity to NO. Our mouse model provided new in-
sights into the in vivo mechanisms of nitrate tolerance in addi-
tion to the essential role of eNOS in physiological blood pres-
sure regulation and could be a novel useful tool to explore the
pathophysiological roles of NO in the cardiovascular system.
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