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Hypoxia impairs endothelium-dependent relaxation in organ cultured
pulmonary artery
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Abstract

Ž .In intrapulmonary arteries cultured under hypoxic conditions 5% oxygen for 7 days, endothelium-dependent relaxation and cGMP
Ž .accumulation induced by substance P were decreased as compared to those of a normoxic control 20% oxygen . In rabbit mesenteric

arteries exposed to chronic hypoxia, however, endothelial dysfunction was not observed. Furthermore, in endothelium-denuded
pulmonary arteries exposed to hypoxia, neither relaxation nor cGMP accumulation due to sodium nitroprusside differed from those of the

Ž .normoxic control. Hypoxia did not change the mRNA expression of endothelial NO synthase eNOS , the protein expression of eNOS or
Ž .the eNOS regulatory protein caveolin-1 as assessed by semiquantitative reverse transcription-polymerase chain reaction RT-PCR or

whole-mount immunostaining. Morphological study revealed atrophy of endothelial cells and condensation of the eNOS protein in many
cells. These results suggest that chronic hypoxia impaired NO-mediated arterial relaxation without changing either the eNOS protein
expression or the NO-sensitivity of smooth muscle cells in pulmonary arteries. Changes in cell structure and organization may be
involved in endothelial dysfunction. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The vascular endothelium contributes to the local regu-
lation of vascular smooth muscle tone by releasing various

Ž . Žvasoactive products such as nitric oxide NO Pollock et
.al., 1991 . The enzyme responsible for NO production in

the vascular endothelium is endothelial NO synthase
Ž .eNOS . NO is produced by eNOS using an amino acid,
L-arginine, and molecular oxygen as substrates and other
cofactors including NADPH and tetrahydrobiopterin
Ž .Griendling and Alexander, 1996 . Additionally, effective
NO production requires the interaction of eNOS and the

Ž .cell membrane Fulton et al., 1999 . Above all, caveolin-1,
a structural component of the cell membrane, is reported to

Žregulate eNOS activity Liu et al., 1996; Garcia-Cardena et
.al., 1997 .

NO produced in the endothelium causes smooth muscle
relaxation by the activation of soluble guanylate cyclase
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followed by cGMP accumulation to activate cGMP-depen-
Ž . Ž .dent protein kinase G kinase Gruetter et al., 1981 .

Although eNOS is expressed constitutively in endothelial
cells, its gene expression is regulated by various stimuli
such as shear stress, hemodynamics, and neuronumoral

Ž .stimuli Forstermann et al., 1995 .¨
It has been reported that in pulmonary arteries isolated

from patients with pulmonary hypertension due to chronic
obstructive lung disease, the release of NO from the

Žendothelium is impaired Xue and Johns, 1995; Giaid and
.Saleh, 1995 . Additionally, chronic hypoxia-induced pul-

monary hypertensive rats exhibit a decrease in endothe-
Žlium-dependent relaxation of pulmonary arteries Shaul et

.al., 1993 . These reports support the idea that chronic
hypoxia impairs NO-dependent vasodilation in the pul-
monary arteries, and induces pulmonary hypertension and

Žright ventricular hypertrophy Zapol et al., 1977; Zapol
.and Jones, 1987 .

In some studies using cultured endothelial cells from
Ž .human umbilical veins McQuillan et al., 1994 and saphe-

Ž .nous veins Phelan and Faller, 1996 and from bovine
Ž .pulmonary artery and aorta Liao et al., 1995 , hypoxic
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Ž .conditions 0% O for 24 h decreased NO production via2

suppression of eNOS mRNA andror eNOS protein, which
supports the hypothesis that chronic hypoxia decreases

Ž .eNOS expression. However, Arnet et al. 1996 reported
that eNOS protein and mRNA were increased in bovine
aortic endothelial cells after 24 h of incubation at 1% O2
Ž .Arnet et al., 1996 . Additionally, several in vivo studies
have revealed that eNOS mRNA andror protein expres-
sion are increased in pulmonary arteries from patients with

Ž .pulmonary hypertension Xue and Johns, 1995 and hy-
Žpoxia-induced pulmonary hypertensive rats Shaul et al.,

.1993 . These results indicate that an impairment of en-
dothelium-dependent relaxation may be induced by down-
regulation of eNOS activity rather than suppression of
eNOS expression.

Even if the previous data were consistent, the results of
cell culture experiments are conflicting and reflect differ-
ences in the vascular beds from which the endothelial cells
were derived, and the methods used to maintain the cells.
However, in vivo studies cannot rule out the possibility
that factors other than decreased O tension, such as shear2

stress, hemodynamics, and neuronumoral factors, may
Žchange eNOS expression Xiao et al., 1997; Forstermann¨

.et al., 1995 . Therefore, at present, the role of eNOS in the
pathogenesis of this disease remains controversial, and the
mechanisms responsible for the loss of endothelium-depen-
dent relaxation induced by chronic hypoxia have not yet
been clarified.

In this study, we examined the changes in endothelial
NO synthesis in rabbit pulmonary arteries cultured under a
low oxygen tension for 7 days. The organ culture method
makes it possible to dissociate the influence of other
factors from the direct effect of hypoxia, to incubate the
tissue under a constant oxygen tension for a long period of
time, and to easily examine the tissue for both morphology
and functional changes. Our results indicate that chronic
hypoxia impairs endothelium-dependent relaxation without
changing eNOS mRNA and protein expression, and specif-
ically causes atrophy of endothelial cells in the pulmonary
artery.

2. Materials and methods

2.1. Tissue preparation and organ culture procedure

Ž .Male Japanese White rabbits 2–3 kg were euthanized
by stunning and exsanguination. The organ culture proce-

Ždure was performed as described previously Yamawaki et
.al., 1999 . Briefly, the main branches of the intrapul-

monary arteries or the main branches of the superior
mesenteric arteries were isolated. After fat and adventitia
were removed in sterile Hanks’ balanced salt solution,

Žeach artery was cut into rings approximately 1.5 mm
.wide . The arterial rings were then placed in 2 ml of

Ž .Dulbecco’s Modified Eagle Medium DMEM supple-

mented with 1% penicillin–streptomycin. The muscle rings
were maintained at 378C under an atmosphere of 90%

Ž .N –5% O and 5% CO hypoxia or 95% air and 5%2 2 2
Ž .CO normoxia for 7 days. The medium was changed2

every 2 days until the experiments were started. Animal
care and treatment were conducted in conformity with the
institutional guidelines of The University of Tokyo.

2.2. Measurement of muscle tension

In the experiments to examine the effect of chronic
hypoxia on vascular smooth muscle, the endothelium was
removed by gently rubbing the intimal surface with for-
ceps after the organ culture procedure. The arterial rings
with or without endothelium were placed in normal

Ž .physiological salt solution PSS of the following composi-
Ž .tion mM : NaCl 136.9, KCl 5.4, CaCl 1.5, MgCl 1.0,2 2

NaHCO 23.8, and glucose 5.5. Ethylenediaminete-3
Ž .traacetic acid EDTA, 1 mM was also added to remove

contaminating heavy metal ions, which would have cat-
alyzed the oxidation of organic chemicals. The high-Kq

Ž .solution 30 mM KCl was prepared by replacing NaCl
with equimolar KCl. The PSS was saturated with a 95%
O , 5% CO mixture at 378C and pH 7.4. Muscle tension2 2

was recorded isometrically with a force-displacement
Ž .transducer Orientec, Japan connected to a strain amplifier

Ž .Model 3134 or 3170, Yokogawa, Japan and an ink-writ-
Ž .ing recorder Model 3056 or 3711, Yokogawa, Japan

under a resting tension of 10 mN. Data are shown as
percent relaxation of the steady-state preconstriction.

2.3. Measurement of cGMP content

Subsequent to incubation with or without the test agent,
the vascular rings were immediately frozen in liquid nitro-
gen and homogenized in 6% trichloroacetic acid solution.
After centrifugation at 2000=g for 15 min at 48C, super-
natants were applied to a cGMP enzyme-immunoassay

Ž .system Amersham, UK , whereas pellets were used to
determine protein content by the method of Bradford
Ž .1976 . cGMP content is expressed as pmolrmg protein
content.

2.4. Measurement of eNOS mRNA expression

Total RNA was extracted from the arterial rings using
the acid guanidinium thiocyanate–phenol–chloroform
method with the TRIzol reagent. The concentration of total
RNA was adjusted to 1 mgrml with RNase-free distilled
water. Reverse transcription-polymerase chain reaction
Ž .RT-PCR was performed as described previously
Ž .Nakazawa et al., 1999 . Briefly, the first strand of cDNA
was synthesized using random 9-mers RT-primer and AMV
Reverse Transcriptase XL at 308C for 10 min, 558C for 30
min, 998C for 5 min, and 48C for 5 min, followed by PCR
amplification using synthetic gene-specific primers for
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eNOS and GAPDH. PCR amplification was performed
Ž .using Taq DNA polymerase Ampli Taq Gold . The oligo-

nucleotide primers for eNOS and GAPDH were designed
Ž .as described previously Nishida et al., 1992 . The forward

primers and reverse primers for endothelial NO synthase
and GAPDH were designed as follows: ATA GAA TTC

ŽACC AGC ACC TTT GGG AAT GGC GAT forward
.primer for eNOS , ATA GAA TTC GGA TTC ACT GTC

ŽTGT GTT GCT GGA CTC CTT reverse primer for
. ŽeNOS , TCC CTC AAG ATT GTC AGC AA forward

.primer for GAPDH , and AGA TCC ACA ACG GAT
Ž .ACA TT reverse primer for GAPDH . After denaturation

at 958C for 10 min, 27–39 cycles of amplification at 948C
for 0.4 min, 558C for 1 min, and 728C for 1.5 min were

Žperformed using a thermal cycler Takara PCR Thermal
.Cycler MP, Takara Biomedicals, Japan . The PCR prod-

ucts were electrophoresed onto 2% agarose gel containing
0.1% ethidium bromide. The possibility of their containing
DNA was excluded by a PCR with total RNA without the
reverse transcription step. Electrophoresis was performed
at 100 V for 40 min, and the detectable fluorescence bands
were visualized using a UV-transilluminator. The densito-
metric intensity of 260 base pairs for eNOS and of 308
base pairs for GAPDH at 30 cycles was quantified using
an image-processing program, NIH Image 1.55. The re-
sults are expressed as the ratio of the optical density of
eNOS to that of GAPDH.

2.5. Measurement of eNOS and caÕeolin-1 protein expres-
sion and area of endothelial cells

To determine the amount of eNOS and caveolin-1
protein expression in endothelial cells, we applied the
whole-mount immunostaining method. After incubation,
the arterial rings were fixed with Zamboni’s fixative. Fixed
arteries were incubated with 0.3% Triton X-100 and 10%
normal goat serum dissolved in phosphate-buffered saline
Ž .PBS for 1 h and then probed with anti-eNOS monoclonal

Ž .antibody 1:1000 dilution or anti-caveolin-1 polyclonal
Ž .antibody 1:500 dilution . The second reaction, using ei-

Ž .ther fluorescein isothiocyanate FITC -labeled anti-mouse
Ž . Ž .immunoglobulin G Ig G 1:500 dilution or rhodamine-

Ž .labeled anti-rabbit IgG 1:500 dilution , was then per-
formed and viewed, and the images were captured with a
Carl Zeiss confocal laser scanning microscope LSM510

Ž .imaging system =630 . The microscope was equipped
Ž .with excitation FITC: 458–488 nm, rhodamine: 543 nm

Ž .and emission FITC: 520 nm, rhodamine: 570 nm filters.
To compare the amounts of protein expression, 15-mm-
thick images from the endothelial cell surface were digi-
tized under a constant exposure time, gain, and offset.
After the images were captured, the densitometric intensity
was quantified with NIH Image 1.55. A binary layer mask

Ž 4 2 .was applied to the defined unit area 1.96=10 mm , the
Ž .intensity of each pixel 0 to 255 arbitrary units in these

areas was measured and the value of each mean intensity

was obtained. Zero represented the lower limit of light
detection and 255 the saturation level. Data are shown as

Ž .arbitrary units fluorescence intensity per unit area.
Additionally, to measure the area of endothelial cells,

the endothelium was labeled with a specific endothelial
cell marker, acetylated low-density-lipoprotein labeled with
1,1X-dioctadecyl-3, 3, 3X, 3X-tetramethylindo-carbocyanine

Ž .perchlorate Dil-Ac-LDL . The arterial rings after the or-
gan culture procedure were incubated with 10 mgrml
Dil-Ac-LDL at 378C for 4 h, and the images of endothelial
cells were captured with the confocal laser scanning micro-

Ž . Žscope =630 as mentioned above excitation: 543 nm,
.emission: 570 nm . To compare the cell areas, we focused

on the 5.2-mm-thick sections showing the widest area in
each cell, and captured the image. The area of each cell
Ž .including nucleus without Dil-Ac-LDL labeling was
measured using NIH Image 1.55. Data are shown as
mm2rcell.

2.6. Chemicals

The chemicals used were as follows: prostaglandin F a ,2
Ž .substance P, ionomycin calcium salt Sigma, USA , ran-

Ž .dom 9-mers RT-primer Takara Biomedicals, Japan , AMV
Ž .Reverse Transcriptase XL Life Science, USA , Hank’s

balanced salt solution, penicillin–streptomycin, TRIzol
Ž .reagent, ethidium bromide solution Gibco BRL, USA ,

Ž .DMEM Nissui Pharmaceutical, Japan , Ampli Taq Gold
Ž . ŽRoche, USA , anti-caveolin-1 polyclonal antibody Santa

.Cruz Biotechnology, USA , anti-eNOS monoclonal anti-
Ž .bodies Transduction Laboratories, USA , and Dil-Ac-LDL

Ž .Biomedical Technologies, USA .

2.7. Statistical analysis

The results of the experiments are expressed as means
"S.E.M. Statistical evaluation of the data was performed
using unpaired Student’s t-test, and a value of P-0.05
was taken as significant.

3. Results

3.1. Endothelium-dependent relaxation

In pulmonary arteries with endothelium cultured under
normoxia or hypoxia for 7 days, the cumulative addition of

Ž .prostaglandin F a 3 nM–10 mM induced contractions2
Žwith similar amplitudes a maximum force of 46.3"7.0

.and 45.6"2.6 mNrmg wet weight, respectively in a
concentration-dependent manner with an EC value of50

Ž .293"82 and 312"79 nM, respectively ns10 each .
In the normoxic pulmonary arteries with endothelium,

Ž .substance P 0.1–10 nM caused vasorelaxation of the
muscle contraction elicited by 1 mM prostaglandin F a in2
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Ž .Fig. 1. Effects of substance P on prostaglandin F a 1 mM -induced2
Ž .contraction in pulmonary artery cultured under normoxic 20% O or2

Ž . Žhypoxic 5% O conditions for 7 days A: typical trace of relaxation by2
.substance P; B: summary of the results . Effects of ionomycin on

Ž . Ž .prostaglandin F a PG 1 mM -induced contraction in the pulmonary2
Ž . Ž .artery cultured under normoxic 20% O or hypoxic 5% O conditions2 2

Ž .for 7 days C . Substance P or ionomycin was added after the prosta-
glandin F a-induced contraction had reached a steady-state level. Results2

Ž . ) ))are expressed as means"S.E.M. ns10–15 . and : significantly
different from the normoxic arteries with P-0.05 and P-0.01, respec-
tively.

a concentration-dependent manner. At a higher concentra-
Ž .tion 30 nM , substance P induced contraction, which may

be due to a direct contractile effect on smooth muscle. In
the hypoxic pulmonary arteries, the substance P-induced
endothelium-dependent relaxation was significantly attenu-
ated compared to that in the normoxic pulmonary arteries.
The maximum relaxation due to substance P was 62.2"

Ž .3.5% ns12 in the normoxic arteries and 25.2"3.7%
Ž . Žns15 in the hypoxic pulmonary arteries P-0.01; Fig.

.1A and B . In the hypoxic pulmonary arteries, furthermore,
the relaxation of the 30 mM high Kq-induced contraction

Ž .by substance P 10 nM was much smaller than that in the
Žnormoxic pulmonary arteries the maximum relaxation due
Ž .to substance P: 45.6"2.6% ns6 in the normoxic arter-

Ž .ies, 11.6"4.2% ns6 in the hypoxic pulmonary arter-
.ies; P-0.01 .

In the normoxic pulmonary arteries with endothelium,
Ž .ionomycin 1 nM–100 mM caused vasorelaxation of the

muscle contraction elicited by 1 mM prostaglandin F a in2
Ž .a concentration-dependent manner Fig. 1C . The vasodila-

tor effect of ionomycin was significantly attenuated in the
hypoxic pulmonary arteries: the maximum relaxation due

Ž .to ionomycin was 50.0"5.6% ns12 in the normoxic
Ž .pulmonary arteries and 21.8"2.9% ns11 in the hy-

Ž .poxic pulmonary arteries P-0.01 .
In the mesenteric arteries cultured under normoxia for 7

Ž .days, substance P 0.1–30 nM caused vasorelaxation of
the 1 mM noradrenaline-induced contraction in a concen-

Ž .tration-dependent manner, and chronic hypoxia for 7 days
Ždid not change the substance P-induced relaxation maxi-

mum relaxation, normoxia: 69.8"2.5%, ns6; hypoxia:
.67.5"2.7%, ns7; Fig. 2A and B . Furthermore, chronic

hypoxia did not change the relaxation induced by 10 nM
substance P of the 30 mM high Kq-induced contraction
Žthe maximum relaxation due to substance P: 49.6"2.3%
Ž . Ž .ns6 in the normoxic arteries, 46.8"4.2% ns6 in

.the hypoxic pulmonary arteries .
In all of the arteries without endothelium, substance P

Ž .was ineffective. The substance P 100 nM -induced relax-
ation was abolished by treatment with N G-monomethyl-L-

Ž . Ž .Fig. 2. Effects of substance P on noradrenaline NA 1 mM -induced
Ž .contraction in mesenteric artery cultured under normoxic 20% O or2

Ž . Žhypoxic 5% O conditions for 7 days A: typical trace of relaxation by2
.substance P; B: summary of the results . Substance P was added after the

noradrenaline-induced contraction had reached a steady-state level. Re-
Ž .sults are expressed as means"S.E.M. ns6–7 .
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Ž . Žarginine L-NMMA , a NOS inhibitor 200 mM, 30 min
.before the addition of prostaglandin F a or noradrenaline2

Ž .ns6 each; data not shown . Treatment with indo-
Žmethacin, a cyclooxygenase inhibitor 10 mM, 30 min

.before the addition of prostaglandin F a or noradrenaline ,2

did not change the endothelium-dependent relaxation
Ž .caused by substance P ns6 each; data not shown . These

results suggest that the relaxation of the cultured arteries is
attributable mainly to NO production.

3.2. Sodium nitroprusside-induced relaxation

In the normoxic and hypoxic pulmonary arteries with-
Ž .out endothelium, sodium nitroprusside 1 nM–3 mM

caused vasorelaxation of the contractions elicited by 1 mM
prostaglandin F a in a concentration-dependent manner.2

The maximum relaxation due to sodium nitroprusside was
89.6"3.3% and 91.4"1.8% in normoxic and hypoxic

Ž .pulmonary arteries, respectively ns6 each; Fig. 3A .

3.3. Depletion of L-arginine, tetrahydrobiopterin, and the
effect of superoxide dismutase

To determine whether the hypoxia-induced impairment
of endothelium-dependent relaxation was caused by deple-

Žtion of L-arginine, a precursor of NO Eddahibi et al.,
.1992 , or tetrahydrobiopterin, a cofactor for NO produc-
Ž .tion Maier et al., 2000 , we examined the effect of each of

these agents on the substance P-induced relaxation. Each
Ž .preparation was treated with L-arginine 1 mM andror

Ž .tetrahydrobiopterin 1 mM for 20 min before the addition
of 1 mM prostaglandin F a , but these treatments did not2

change the 0.1 nM–10 nM substance P-induced relaxation:
the maximum relaxation due to substance P was 25.9"

Ž .3.1% ns9 in non-treated hypoxic arteries, 24.8"2.6%
Ž .ns7 in the L-arginine-pretreated hypoxic arteries, 24.3
"3.5% in the tetrahydrobiopterin-pretreated hypoxic arter-

Ž .ies ns7 and 25.2"3.8% in the L-arginine and tetrahy-
Ž .drobiopterin pretreated hypoxic arteries ns7 . We also

examined the effect of superoxide dismutase, a superoxide
scavenger, on the impairment of endothelium-dependent
relaxation, because free radical superoxide anion can inter-

Žact with NO and prevent its vasodilator activity Rubanyi
.and Vanhoutte, 1986; Beckman et al., 1990 . However, in

the hypoxic arteries, the addition of superoxide dismutase
Ž . Ž150 Urml 20 min before the addition of 1 mM prosta-

.glandin F a did not change the 0.1 nM–10 nM substance2

P-induced relaxation: the maximum relaxation due to sub-
stance P was 26.8"4.2% in the superoxide dismutase-pre-

Ž .treated hypoxic arteries ns7 .

3.4. cGMP content

In the arteries with endothelium under resting condition,
the cGMP content in the hypoxic pulmonary arteries did
not differ from that in the normoxic pulmonary arteries

Ž . ŽFig. 3. Effects of sodium nitroprusside on the prostaglandin F a PG 12
.mM -induced contraction in pulmonary arteries without endothelium cul-

Ž . Ž .tured under normoxic 20% O or hypoxic 5% O conditions for 72 2
Ž . Ž .days A . Sodium nitroprusside SNP was added after the prostaglandin

F a-induced contraction had reached a steady-state level. Results are2
Ž .expressed as means"S.E.M. ns6 each . Changes in cyclic GMP

content induced by substance P and sodium nitroprusside in pulmonary
Ž . Ž .artery cultured under normoxic 20% O or hypoxic 5% O conditions2 2

Ž .for 7 days B . Endothelium-intact pulmonary arteries were treated with
10 nM of substance P for 2 min, and endothelium-denuded pulmonary
arteries were treated with 1 mM sodium nitroprusside for 3 min. Results

Ž . ))are expressed as means"S.E.M. ns5 each . : significantly different
from the normoxic arteries with P-0.01.

Žhypoxia: 47.1"1.4 pmolrmg, normoxia: 36.3"3.4
. Žpmolrmg; ns5, each; Fig. 3B . Sodium nitroprusside 1

.mM increased the cGMP content in a time-dependent
manner in the pulmonary arteries without endothelium
Ž .data not shown , and a 3-min treatment with sodium

Ž .nitroprusside 1 mM increased the cGMP content maxi-
mally. No difference was found in the sodium nitroprus-
side-increased the cGMP content in the hypoxic and nor-

Žmoxic pulmonary arteries hypoxia: 173.6"3.1 pmolrmg,
.normoxia: 187.3"3.5 pmolrmg; ns5 each . In contrast,

Ž .substance P 10 nM increased the cGMP content in a
time-dependent manner in the normoxic and hypoxic pul-

Ž .monary arteries with endothelium data not shown , and a
Ž .2-min treatment with substance P 10 nM increased the



( )T. Murata et al.rEuropean Journal of Pharmacology 421 2001 45–5350

Fig. 4. Semiquantitative RT-PCR for determination of eNOS mRNA in
Ž .endothelium-intact pulmonary arteries cultured under normoxic 20% O2

Ž .and hypoxic 5% O conditions for 7 days. Agarose-gel electrophoresis2

of RT-PCR products for eNOS and GAPDH after 30 cycles of amplifica-
tion. Total RNA was isolated from endothelium-intact normoxic or
hypoxic pulmonary arteries. Agarose-gel electrophoresis demonstrated
RT-PCR products of expected size corresponding to mRNA encoding

Ž . Ž . ŽeNOS 260 base pairs and GAPDH 308 base pairs A: typical trace of
agarose-gel electrophoresis of RT-PCR products; B: quantitative graph

.showing eNOS mRNA expression level . Results are expressed as means
Ž ."S.E.M. ns5 each .

cGMP content maximally. In the normoxic pulmonary
Ž .arteries, the 2-min treatment with substance P 10 nM

increased the cGMP content to 130.5"4.5 pmolrmg
Ž .ns5 , which was significantly greater than that in hy-

Ž .poxic pulmonary arteries 68.2"3.1; ns5; P-0.01 .

3.5. Expression of eNOS mRNA

We examined the effect of hypoxia on the level of
mRNA for eNOS using semiquantitative RT-PCR. Ampli-
fication at 27–39 cycles showed a step-wise and similar

Ž .increase in mRNA signals for eNOS 260 base pairs and
Ž .GAPDH 308 base pairs in the normoxic and hypoxic

Ž .arteries data not shown . Fig. 4A shows typical results of
agarose-gel electrophoresis of the expression of RT-PCR
product encoding eNOS and GAPDH after 30 cycles of
amplification. Fig. 4B summarizes these results, showing
that eNOS mRNA expression relative to GAPDH mRNA
expression in the hypoxic arteries did not differ from that
in the normoxic arteries at 30 cycles of amplification
Ž0.37"0.03 in the hypoxic pulmonary arteries and 0.38"

.0.04 in the normoxic pulmonary arteries; ns5, each .

3.6. Expression of eNOS and caÕeolin-1 protein and mea-
surement of cell area

Fig. 5 shows the pattern of anti-eNOS or anti-caveolin-1
antibody staining in the endothelium of normoxic or hy-
poxic pulmonary arteries in situ. In order to quantify the
amounts of these proteins, the intensity of fluorescence per

Ž 4 2 .unit area 1.96=10 mm was calculated. The amounts
of eNOS and caveolin-1 proteins in hypoxic pulmonary
arteries did not differ from those in normoxic pulmonary

Žarteries eNOS: 180.6"4.0 arbitrary units in hypoxic

Fig. 5. Whole-mount immunostaining for determination of eNOS and
caveolin-1 protein expression in pulmonary arteries cultured under nor-

Ž . Ž .moxic 20% O or hypoxic 5% O conditions for 7 days. The images2 2

were captured with a Carl Zeiss confocal laser scanning microscope
LSM510 imaging system. To compare the amount of protein expression
in situ, 15-mm-thick images from the endothelial cell surface were

Ždigitized under constant exposure time, gain, and offset A: vascular
endothelium stained with anti-eNOS monoclonal antibody and anti-
caveolin-1 monoclonal antibody; B: intensity of each pixel in 1.96=104

2 .mm of endothelium was measured . Results are expressed as means"
Ž .S.E.M. ns10 each . Bars20 mm.
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Fig. 6. Whole-mount staining for determination of endothelial cell area in
Ž . Žpulmonary arteries cultured under normoxic 20% O or hypoxic 5%2

.O conditions for 7 days. Endothelial cells were stained with a specific2

endothelial cell marker, Dil-Ac-LDL. The images were captured with a
Carl Zeiss confocal laser scanning microscope LSM510 imaging system.
To compare the cell area in situ, 5.2-mm-thick sections showing the
widest area in each cell were captured under constant exposure time,

Ž .gain, and offset. The cell area in each cell including the nucleus was
Ž . ))measured. Results are expressed as means"S.E.M. ns20 each . :

Žsignificantly different from the normoxic arteries with P-0.01 inset
.shows the endothelial cells stained with Dil-Ac-LDL . Bars5 mm.

arteries and 171.7"4.0 arbitrary units in normoxic arter-
ies; caveolin-1 112.3"4.9 arbitrary units in hypoxic arter-
ies and 108.8"5.0 arbitrary units in normoxic arteries;

.ns10 each .
At increased magnification, the distribution of these

proteins showed that the endothelial cells were blocked up
like cobblestones in the normoxic arteries and that the
distribution of these two proteins was equal. However, in
the hypoxic arteries, many endothelial cells were shriveled,
and eNOS and caveolin-1 proteins were condensed on the
periphery of the cell membrane.

To further confirm the atrophy of endothelial cells
under hypoxic conditions, we stained the endothelial cells

Žwith a specific endothelial cell marker, Dil-Ac-LDL Fig.
.6 . We also compared the cell area in the normoxic and

hypoxic arteries by calculating the intensity of Dil-Ac-LDL
fluorescence. The cell area in hypoxic pulmonary arteries
Ž 2 .144.5"6.5 mm rcell; ns20 was significantly smaller

Žthan that in normoxic pulmonary arteries 254.3"10.5
2 .mm rcell; ns20; P-0.01 .

4. Discussion

In preliminary experiments, we examined the effects of
serum-free organ culture on vascular morphology, contrac-
tility, and relaxation. We also confirmed that the vascular
morphology was well maintained and that smooth muscle
contractility and endothelium-dependent relaxation were

preserved in rabbit pulmonary and mesenteric arteries cul-
Ž .tured in serum-free DMEM for 7 days data not shown .

To examine the vasorelaxation by substance P, we
attempted to use noradrenaline- or endothelin-1-induced
precontraction in hypoxic pulmonary arteries. However,
these two agonists did not induce stable tonic contraction

Ž .in the pulmonary arteries data not shown . On the con-
trary, prostaglandin F did not induce stable contraction in2a

Ž .cultured mesenteric arteries data not shown . Therefore,
we chose prostaglandin F and high Kq as precontractor2a

in pulmonary arteries and noradrenaline and high Kq in
mesenteric arteries. In the present study, chronic hypoxia
impaired endothelium-dependent relaxation induced by ei-

Žther substance P or ionomycin in pulmonary arteries Fig.
.1 . In contrast, chronic hypoxia did not affect the endothe-

Ž .lium-dependent relaxation in mesenteric arteries Fig. 2 .
These results suggest that the impairment of endothelium-
dependent relaxation by chronic hypoxia is specifically
observed in pulmonary arteries. The impairment of the
endothelium-dependent relaxation observed in the organ
culture study is also consistent with the impairment of
endothelium-dependent relaxation in pulmonary arteries
from pulmonary hypertensive rats and with the impairment

Žseen in patients with pulmonary hypertension Xue and
Johns, 1995; Giaid and Saleh, 1995; Shaul et al., 1993;

.Nakazawa et al., 1999 . These results suggest that vessels
cultured under conditions of chronic hypoxia form a useful
in vitro model for pulmonary hypertension. In this study,
we examined the mechanisms of the hypoxia-induced im-
pairment of endothelium-dependent relaxation using this
model.

In the first step, we examined the effects of chronic
hypoxia on the soluble guanylate cyclasercGMPrG ki-
nase pathway in smooth muscle cells. As shown in Fig.
3B, the sodium nitroprusside-induced increase in cGMP
content did not change in the pulmonary arteries treated
with hypoxia for 7 days. Additionally, the responsiveness
of smooth muscle cells to sodium nitroprusside was not

Ž .changed by chronic hypoxia Fig. 3A . These results sug-
gest that chronic hypoxia does not affect the guanylate
cyclasercGMPrG kinase pathway in smooth muscle cells,
and that the impairment of endothelium-dependent relax-
ation may be attributable to endothelial dysfunction.

Next, the change in the amount of eNOS mRNA was
examined by semiquantitative RT-PCR analysis. In the
present experiments, we performed the hot start method

Ž .using Ampli Taq Gold DNA polymerase Roche . Ampli
Taq Gold requires more PCR cycle number to obtain
sufficient product yielded than conventional recombinant
Taq. Indeed, we obtained plateau densitometric intensity of

Ž .GAPDH at 36 PCR cycles data not shown . We con-
firmed step-wise increase in PCR products, and employed
the results at 30 PCR cycles for quantitative determination.
The amount of eNOS protein was also determined by
measuring the intensity of fluorescence per unit area in
whole-mount immunostained tissue. The results showed
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that eNOS mRNA and protein expression in the endothe-
Ž .lium were not affected by chronic hypoxia Figs. 4 and 5 ,

suggesting that the impairment of endothelium-dependent
relaxation may not be due to a decrease in eNOS expres-
sion. Others have reported that eNOS mRNA andror
protein expression and enzyme activity were increased in
pulmonary vessels and lung homogenates prepared from
hypoxia- and monocrotaline-induced pulmonary hyperten-

Žsive rats Xue and Johns, 1996; Nakazawa et al., 1999;
.Resta et al., 1997; Le Cras et al., 1996 . It has also been

reported that shear stress, neurohumoral stimuli such as
various growth factors, and hemodynamics stimulate eNOS

ŽmRNA expression Sessa et al., 1994; Xiao et al., 1997;
.Forstermann et al., 1995 . In the animal models mentioned¨

above, these stimulatory effects may be involved in the
up-regulation of eNOS.

The results of the present study also showed that the
increase in cGMP content by substance P was significantly

Ždecreased in the arteries treated with chronic hypoxia Fig.
.3B . In addition, endothelium-dependent relaxation in-

duced not only by receptor stimulation but also by the
2q ŽCa ionophore, ionomycin, was impaired Fig. 1B and
.C . These results suggest the possibility that a functional

disturbance of eNOS might occur in pulmonary arterial
endothelial cells after chronic hypoxia.

It has been reported that depletion of a NO precursor,
L-arginine, and of a cofactor, tetrahydrobiopterin, leads to

Žreduced NO production in the vascular endothelium Ed-
.dahibi et al., 1992; Maier et al., 2000 . Furthermore, it is

possible that endogenous superoxide anions scavenge the
Žproduced NO Rubanyi and Vanhoutte, 1986; Beckman et

.al., 1990 . In the present study, however, we found that the
addition of L-arginine, tetrahydrobiopterin or superoxide
dismutase did not restore the impaired endothelium-depen-
dent relaxation. Thus, it might be that neither depletion of
a substrate or cofactor nor elimination of NO by superox-
ide was involved in the chronic hypoxia-induced impair-
ment of endothelium-dependent relaxation.

eNOS is dynamically targeted to specialized cell-surface
signal-transducing domains termed plasmalemmal caveo-
lae, and the localization of eNOS in caveolae is required
for the efficient and controlled production of NO. Cave-
olin-1, an integral membrane protein that comprises a key
structural component of caveolae, is known to interact with

Ž .eNOS Garcia-Cardena et al., 1997; Liu et al., 1996 . In
endothelial cells, the inhibitory eNOS-caveolin-1 complex
is disrupted by binding of Ca2q-calmodulin to eNOS,

Žleading to enzyme activation Michel et al., 1997; Garcia-
.Cardena et al., 1997 and an enhanced expression and

interaction of caveolin-1 with eNOS contribute to an im-
pairment of NO production and reduced eNOS activity
Ž .Shah et al., 1999; Hare et al., 2000 . In the present study,
it was found that the expression of caveolin-1 protein in

Žthe endothelium did not change after chronic hypoxia Fig.
.5 . Our morphological study clearly showed atrophy of the

Ž .endothelium after chronic hypoxia Figs. 5A and 6 . In

previous reports, a coarse endothelial surface was observed
in pulmonary arteries from patients and rats with pul-

Žmonary hypertension Rabinovitch et al., 1979; Meyrick
.and Reid, 1980 . Those authors suggested that these mor-

phological changes may have resulted from high pressure
or flow. In our study, however, the endothelial cells were
shriveled giving rise to an area without endothelial cells in
the surface of the inner vascular wall after culture under
hypoxic conditions. In addition, condensation of eNOS in
the endothelial cells was often observed. These data sug-
gested that a low oxygen tension changed the structure of
endothelial cells. These morphological changes in endothe-
lial cells may affect the interaction between eNOS and the
cell membrane, and may also result in eNOS enzyme
inactivity in situ. Additionally, these morphological
changes indicate the possibility that NO produced in en-
dothelial cells might not diffuse efficiently into the smooth
muscle cell layer.

The mechanism for the selective impairment of en-
dothelium-dependent relaxation in the pulmonary artery
was not clarified in the present experiments. Recently,

Žvarious genes including hypoxia-inducible factor-1a HIF-
. Ž .1a and HIF-1a-like factor HLF were reported to be

involved in the pathogenesis of pulmonary hypertension
due to chronic hypoxia, and the expression of these genes

Žwas different among tissues Iyer et al., 1998; Ryan et al.,
.1998; Tian et al., 1998 . Therefore, tissue differences in

gene expression may be related to the selective impairment
in the pulmonary artery. Further investigations are needed
to clarify this possibility.

In summary, organ culture of pulmonary arteries under
conditions of chronic hypoxia is a useful in vitro model for
pulmonary hypertension. Chronic hypoxia impaired NO-
mediated endothelium-dependent relaxation without chang-
ing the amount of eNOS protein or mRNA expression, and
without changing the NO sensitivity of smooth muscle
cells. The dysfunction of the endothelium-dependent relax-
ation may possibly be explained by morphological changes
in endothelial cells caused by chronic hypoxia resulting in
the dissociation of eNOS and cell-membrane structural
components, such as caveolin-1.
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