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1 Chronic hypoxia (CH) increases lung tissue expression of all types of nitric oxide synthase (NOS)
in the rat. However, it remains unknown whether CH-induced changes in functional and histological
NOS distributions are correlated in rat small pulmonary arteries.

2 We measured the effects of NOS inhibitors on the internal diameters (ID) of muscular (MPA) and
elastic (EPA) pulmonary arteries (100–700 mm ID) using an X-ray television system on anaesthetized
rats. We also conducted NOS immunohistochemical localization on the same vessels.

3 Nonselective NOS inhibitors induced ID reductions in almost all MPA of CH rats (mean
reduction, 3673%), as compared to B60% of control rat MPA (mean, 1072%). The inhibitors
reduced the ID of almost all EPA with similar mean values (B26%) in both CH and control rats. On
the other hand, inducible NOS (iNOS)-selective inhibitors caused ID reductions in B60% of CH rat
MPA (mean, 1573%), but did so in only B20% of control rat MPA (mean, 272%). This inhibition
caused only a small reduction (mean, B4%) in both CH and control rat EPA. A neuronal NOS-
selective inhibitor had no effect.

4 The percentage of endothelial NOS (eNOS)-positive vessels was B96% in both MPA and EPA
from CH rats, whereas it was 51 and 91% in control MPA and EPA, respectively. The percentage for
iNOS was B60% in both MPA and EPA from CH rats, but was only B8% in both arteries from
control rats.

5 The data indicate that in CH rats, both functional and histological upregulation of eNOS
extensively occurs within MPA. iNOS protein increases sporadically among parallel-arranged
branches in both MPA and EPA, but its vasodilatory effect is predominantly observed in MPA. Such
NOS upregulation may serve to attenuate hypoxic vasoconstriction, which occurs primarily in MPA
and inhibit the progress of pulmonary hypertension.
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Introduction

The change in lung expression of nitric oxide synthase (NOS)

in response to chronic hypoxia (CH) has extensively been

studied in the rat. Northern and Western blot analyses in

hypoxic rats have demonstrated increased lung tissue expres-

sion of mRNA and protein for endothelial NOS (eNOS) (Xue

et al., 1994; Shaul et al., 1995; Le Cras et al., 1996; 1998; Xue &

Johns, 1996; Tyler et al., 1999), inducible NOS (iNOS) (Xue

et al., 1994; Le Cras et al., 1996; Xue & Johns, 1996), and

neuronal NOS (nNOS) (Xue & Johns, 1996). The significant

increases in gene and protein expression were observed as early

as 24 h after hypoxia (Xue & Johns, 1996). NOS immunohis-

tochemistry has shown that the hypoxic increase in eNOS

staining intensity is induced in the pulmonary arteries

(diameter 50–300mm) but not in veins (60–300 mm) (Resta

et al., 1997). On the other hand, iNOS increased in vascular

smooth muscle at all levels of hypoxic pulmonary vessels,

although it was very limited in normoxic pulmonary vessels

(Xue et al., 1994; Xue & Johns, 1996). Moreover, the majority

of nNOS immunoreactivity was distributed in bronchial

epithelial cells, although it was found in the neurons

surrounding the large bronchi (Xue & Johns, 1996).

The functional role of endogenous nitric oxide (NO) in

modulating pulmonary vascular tone of the CH rat has been

examined chiefly by use of isolated perfused lungs or isolated

proximal elastic pulmonary arteries (main or extralobar

pulmonary arteries). Most, but not all (Adnot et al., 1991;

Eddahibi et al., 1992), pressure-flow studies of hypoxic lungs

have suggested either normal or increased responsiveness to

the nonselective NOS inhibitor (Barer et al., 1993; Russ &*Author for correspondence; E-mail: mshirai@ri.ncvc.go.jp
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Walker, 1993; Isaacson et al., 1994; Roos et al., 1996;

Muramatsu et al., 1997; Tyler et al., 1999) and to endothe-

lium-dependent vasodilators (Barer et al., 1993; Russ &

Walker, 1993; Isaacson et al., 1994; Muramatsu et al., 1996;

Resta & Walker, 1996; Roos et al., 1996). In contrast, isolated

proximal arteries have impaired responsiveness to endothe-

lium-dependent vasodilators (Crawley et al., 1992; Rodman,

1992; Carville et al., 1993; Shaul et al., 1993; Maruyama &

Maruyama, 1994). These data suggest the possibility that the

effect of CH on endogenous NO-mediated vasodilatation

differs between the muscular (resistance) and elastic (conduit)

pulmonary vessels in the rat. Recently, using a selective iNOS

inhibitor, a pressure-flow study has suggested that NO derived

from iNOS does not modulate pulmonary vasoconstrictor

responsiveness in isolated lungs from CH rats (Resta et al.,

1999).

Despite such extensive structural and functional studies, the

following problems have yet to be examined sufficiently in the

CH rat. One issue is whether, and to what extent, the effect of

hypoxia on the NO-mediated basal vascular tone regulation

varies along the series-connected small pulmonary arteries,

from elastic to muscular segment levels and, moreover,

between the parallel-arranged vascular branches within each

vascular segment level. Another is whether the increased iNOS

and nNOS can contribute to the basal tone regulation in these

small arteries. To resolve these issues, we applied a specially

designed X-ray television system (Sada et al., 1985; Shirai et al.,

1986) on anaesthetized rats and directly measured internal

diameter (ID) changes due to NOS inhibition in the pulmonary

arterial trees (100–700 mm ID), which contain both muscular

and distal elastic segments (Kay, 1983; Sasaki et al., 1995). We

used the in vivo pulmonary circulation associated with natural

blood perfusate and flow pattern, because these are important

factors for determining the expression of NO activity (Hakim,

1994; Sprague et al., 1995). The ID changes were compared

between 4-week hypoxic rats and normoxic control rats. No-

nitro-l-arginine methyl ester (l-NAME) or No-monomethyl-

l-arginine (l-NMMA) was used for nonselective NOS

inhibition, l-canavarine or S-methylisothiourea sulphate for

selective inhibition of iNOS (Szabo et al., 1994; Teale &

Atkinson, 1994; Liaudet et al., 1996) and 7-nitro indazole for

selective inhibition of nNOS (Moore et al., 1993; Kalisch et al.,

1996; Okamoto et al., 1997). We found that nonselective NOS

inhibition and iNOS-selective inhibition cause significant ID

changes, but nNOS-selective inhibition does not. Therefore,

after these physiological studies, we further analysed eNOS

and iNOS immunohistochemical localization in the pulmonary

arteries to examine the correspondence between the structural

and functional upregulation of NOS.

Methods

The study was conducted in accordance with the Guiding

Principles for the Care and Use of Animals in the Field of

Physiological Sciences, published by the Physiological Society

of Japan. Male Sprague–Dawley rats were used for all

experiments.

Chronic environment

Rats aged 6 weeks at the start of the experiment were placed in

either a normobaric environmental chamber maintained at

10% O2 (hypoxic group, n¼ 15) or a chamber open to room

air (control normoxic group, n¼ 11) for 4 weeks. Carbon

dioxide was removed by self-indicating soda lime granules and

excess humidity prevented by cooling of the recirculation

circuit. The environment within the chamber was monitored

with a mass spectrometer. All hypoxic and normoxic rats were

kept in the same room, at the same light–dark cycle. Food and

water were available ad libitum. The chamber was opened for

B10 min daily to clean the cages and replenish food and water.

Experimental procedure and angiography

Rats were anaesthetized with pentobarbital sodium

(50 mg kg�1 i.p.) and supplemental doses (10–20 mg kg�1 h�1

i.v.) were administered to maintain an appropriate level of

anaesthesia. Each rat was intubated with an endotracheal tube

and artificially ventilated with room air. A syrustic catheter

(outer diameter, B500 mm) was introduced from the right

jugular vein into the left main pulmonary artery. Another

catheter was inserted into the right femoral artery. Thereafter,

the left-side rib cage was partially excised to expose directly the

left lung to the X-ray. The end-expiratory pressure was

adjusted to 3.0 cm H2O to prevent lung collapse. Heparin

sodium (500 IU kg�1) was administered to prevent blood

coagulation.

The system and experimental set-up used in the angiography

have been described previously in detail (Sada et al., 1985;

Shirai et al., 1986). Briefly, the rat was placed inside an X-ray

apparatus box (Hitex) and fixed in such a manner that the

exposed left lobe automatically came into contact with a plate

just above the beryllium faceplate of an X-ray-sensitive, 1-in.

vidicon camera (Hamamatsu Photonics). During temporary

cessation of ventilation for B3 s at end expiration, a contrast

medium (0.2 ml, 60% Urografin) was injected into the main

pulmonary artery at a constant speed (0.15 ml s�1), and its

passage through the pulmonary vascular bed recorded serially

at high speed (30 frames s�1) on a videotape recorder (PVW-

2800, Sony). During the experiment, the temperature in the

box was maintained at 25–281C, and the surface of the

exposed lung kept wet by warm (371C) saline. Blood gases and

pH were examined by a blood gas analyzer (ABL-2, Radio-

meter).

ID measurement

The serial angiograms recorded on the videotape recorder were

then transferred to a digital image processor (DVS-5000,

Hamamatsu). To obtain the arteriogram for measuring ID,

two to three serial frames within a diastolic phase, in which

vascular trees were extensively filled with contrast medium,

were added up and averaged by the digital image processor.

The processed image was electrically transferred to an image

hard copy unit (model 4634, Sony Tektronix) and copied

clearly onto paper. The ID of the pulmonary vessels on the

copy was then measured manually using a digitizer (model

9874A, Hewlett-Packard) connected to a minicomputer. The

readers of the angiograms were blinded to the treatment

protocol.

Analysis of ID response

Following the method we described in a previous study (Shirai

et al., 1986), we took a random selection of many vascular sites
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for the ID measurements. The ID percentage change in

response to an NOS inhibitor was calculated at each measured

vascular site. These sites were classified into three vascular

groups, that is the muscular arteries (100–300 mm ID), smaller

transitional elastic arteries (400–500mm), and larger classical

elastic arteries (600–700mm), according to their vascular

branching pattern and baseline ID sizes (Kay, 1983; Sasaki

et al., 1995). By pooling all the data within a vascular group,

the mean value of the ID percentage change was obtained in

each of the three groups. The ID responses were separated into

three types (constriction, dilatation, and no change) according

to the following definition: an increase or decrease more than

5% in the percentage ID change is defined as dilatation or

constriction, respectively, and a change below 5% as no

change.

In the present study, the mean pulmonary arterial pressure

(PAP) of the CH rat was B3 mmHg larger than that of the

control rat under baseline conditions, suggesting that the

baseline ID at the same serial segments of arteries may differ

between these rats. Therefore, we compared the baseline ID of

primary branches (400–600mm) arising from the axial artery

or peripheral branches (o300 mm) arising from the primary

branch (Sasaki et al., 1995) between these rats. However, there

was no significant difference in the mean baseline ID value at

any of the serial segments.

Experimental protocols for angiography

In each of the hypoxic and normoxic groups, the baseline

angiogram was recorded first, and then an injection of

nonselective NOS inhibitor (n¼ 4), l-NAME (50 mg kg�1

i.v., n¼ 2) or l-NMMA (60 mg kg�1 i.v., n¼ 2), an injection

of iNOS selective inhibitor (n¼ 4), l-canavanine (100 mg kg�1

i.v., n¼ 2) or S-methylisothiourea sulphate (3 mg kg�1 i.v.,

n¼ 2), or an injection of nNOS selective inhibitor, 7-nitro

indazole (50 mg kg�1 i.p., n¼ 3), was performed. The angio-

grams following the injection of a nonselective NOS inhibitor

or an iNOS selective inhibitor were taken B20 min after the

injection ended. Similarly, the angiogram was recorded 30–

40 min after the injection of an nNOS selective inhibitor. In

our preliminary dose–response data, the doses of NOS

inhibitors were enough to cause maximal levels of ID

reduction. Moreover, the magnitudes and distribution patterns

of the ID reduction caused by the two chemically different

nonselective NOS inhibitors, as well as the two iNOS

inhibitors, were similar. Therefore, we considered that non-

specific effects other than those due to NOS inhibition are

negligibly small in the doses used in the present study and that

pooling the data from the two different inhibitors is reason-

able.

We found significant ID reductions after the injections of a

nonselective NOS inhibitor and an iNOS selective inhibitor,

but not after nNOS selective inhibitor injection. To examine

whether these ID constrictions primarily resulted from

inhibiting the release of NO derived from l-arginine, the third

angiogram following the addition of l-arginine (100–

200 mg kg�1 i.v.) was further recorded in the rats given a

nonselective NOS inhibitor or an iNOS selective inhibitor.

In the current study, PAP increased by B3 mmHg after the

nonselective NOS inhibitor administration in the CH rat. It is

thus possible that the pressure-sensing mechanism (see

Discussion) influenced the ID change pattern in response to

the inhibitor. To examine this possibility, we measured the

effects of mechanically induced PAP increase on the ID of

pulmonary arteries in CH rats (n¼ 4). PAP was increased

B4 mmHg above the baseline value by partially interrupting

blood flow into the right side of the lungs. The angiogram of

the left lung was recorded at the time when the PAP increase

was maintained for 50–60 s periods.

There was an interval of B15 min between each angiogra-

phy to eliminate any influence of the contrast medium. All

experiments were finished within a few hours of removal from

the chamber.

Immunohistochemistry and histology

Within the rats that had been used for recording angiograms

with nonselective NOS inhibition and iNOS selective inhibi-

tion, immunolocalization of NOS proteins in the pulmonary

arteries was performed. Four out of eight hypoxic rats and

four out of eight normoxic rats were employed. After putting

marks on the left lung regions, where the ID changes had been

measured, the lungs were isolated from the rats under

anaesthesia. Cannulas were inserted into the pulmonary artery

and left atrium, and the lungs were perfused with heparinized

phosphate-buffered saline (PBS) followed by 4% paraformal-

dehyde in 0.1m PBS (pH 7.3). Simultaneously, the lungs were

inflated via the trachea to a pressure of 23 cm H2O with 4%

paraformaldehyde and then placed in 10% buffered formaline

for paraffin embedding. The left lung tissues that had been

marked were cut into 7–9-mm sections. Paraffin sections 2mm

thick were mounted onto precleaned slides (Superfrost Plus;

Fisher Scientific, Springfield, NJ, U.S.A.), dewaxed in 100%

xylene, and then rehydrated in graded alcohol solutions.

Throughout the protocol, slides were washed, as appropriate,

in PBS. Antigen retrieval was performed by microwave

treatment and proteinase K treatment for eNOS and iNOS

immunostaining, respectively. Sections were treated with 0.3%

H2O2 (30 min) to inhibit endogenous peroxidases and incu-

bated with normal serum (30 min) to reduce nonspecific

binding of secondary antibodies. Sections were then incubated

at 41C overnight with either of two anti-NOS antibodies: (1) a

mouse monoclonal antibody raised against a peptide fragment

of amino acids 1030–1209 of human eNOS (1:3000 dilution;

Transduction Laboratories, Lexington, KY, U.S.A.) or (2) a

rabbit polyclonal antibody raised against a synthetic peptide

corresponding to amino-acid residues 1131–1144 (with one

additional N-terminal cysteine) of mouse macrophage iNOS

(1:3000 dilusion; Alexis Corporation, Lausen, Switzerland).

The anti-eNOS antibody was characterized for use in Western

blot analysis (identifying protein bands at 140 kDa for eNOS),

and showed wide species reactivity, including reactivity with

human and rat NOS (Transduction Laboratories). The anti-

iNOS antibody was also characterized by Western blot

(identifying a band at 130 kDa) and showed reactivity with

human and rat NOS (Alexis Corporation). After washing

off unbounded primary antibodies, sections were incubated

with secondary biotinylated antibodies against mouse or

rabbit (DAKO Co., Japan) (30 min), followed by incubation

in avidin/biotin/horseradish peroxidase complex (DAKO

Co., Japan) (30 min). Subsequently, peroxidase activity

was visualized by incubation (3 min) with 0.05% 3,30-
diaminobenzidine (DAKO Co., Japan), which gives a brown

reaction product. The reaction was stopped by washing with
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water. The slides were then counterstained with Mayer’s

haematoxylin, dehydrated, and mounted. For negative

control studies, slides were incubated with mouse IgG

(for monoclonal antibodies) or rabbit IgG (for polyclonal

antibodies) instead of primary antibody. No staining was

observed in these negative control sections. Serial sections were

stained with elastic Van Gieson’s method to distinguish

arteries and veins by the presence of an internal elastic lamina

(Resta et al., 1997).

According to the classification proposed by Sakai et al.,

the elastic and muscular arteries were distinguished by

the structure of the media. Vessel diameters were calculated

from their external circumference. Oblique sections

in which the elastic laminae were indistinct at one or more

points on the circumference were excluded from analysis.

Slides were examined independently by three blinded

reviewers and vessels counted for NOS-positive or NOS-

negative staining.

Statistical methods

The significance of differences in ID values and haemody-

namic data between the conditions of baseline and NOS

inhibition (among the values of baseline, NOS inhibitor alone,

and NOS inhibitorþ l-arginine) was tested by a paired t-test

(analysis of variance (ANOVA) and Scheffe’s test). The

differences in the ID and haemodynamic data between control

and hypoxic groups were examined by an unpaired t-test. ID

response differences among the different serial vascular

segments were assessed by analysis of variance (ANOVA)

and Scheffe’s test. All data are expressed as mean7s.e.m., and

Po0.05 was considered significant.

Results

Baseline values of body and right ventricle (RV) and left
ventricle weight, and blood gases in control and CH rats

The mean values of body weight, (right ventricle (RV)/left

ventricle (LV)þ septum) ratio, and systemic arterial blood

PO2
ðPaO2

Þ, PCO2
ðPaCO2

Þ and pH are compared between the

control and CH rats (Table 1). Blood gases were measured

during normoxic ventilation. Final body weight was B30 g

smaller in the CH rat than in the control rat, while RV/

(LVþ septum) ratio B0.30 larger. There were no significant

differences in blood gases between these rats.

Haemodynamic responses due to NOS inhibition

Mean PAP and mean systemic arterial pressure (SAP),

before and after NOS inhibitor injection, are compared

between the control and CH rats (Table 2). These parameters

were measured just before injection of the contrast medium

under normoxic ventilation. In the CH rat, the nonselective

NOS inhibitors significantly increased PAP and SAP by 3.2

and 34 mmHg, respectively. In the normoxic rat, these

inhibitors caused a significant increase (30 mmHg) only in

SAP. In contrast, the iNOS and nNOS selective inhibitors

significantly changed neither PAP nor SAP in both control

and CH rats.

Regional changes in NOS-inhibitor induced responses in
parallel- and series-arranged pulmonary arteries following
4-week hypoxia

Figure 1 shows typical ID changes of small pulmonary arteries

in response to l-NMMA injection in the control and CH rats.

On injection, slight ID decreases were induced in the control

rat. In the CH rat, in contrast, clear ID decreases occurred in

many branches, particularly smaller branches.

The mean value of the NOS inhibitor-induced ID change at

each level of the muscular, transitional elastic, and classical

elastic arteries is shown in the control and CH rats (Figure 2).

During nonselective NOS inhibition (left), the ID of all these

arteries significantly constricted in both control and CH rats.

The ID constriction of the muscular arteries was significantly

(Po0.05) smaller than those of the transitional and classical

elastic arteries in the control rat. Comparing the ID constric-

Table 1 Baseline values of body weight, RV/
(LV+septum) weight ratio, and blood gases during
normoxic ventilation

Control rats 4-wk hypoxia rats
Parameters (n¼ 11) (n¼ 11)

Initial body weight (g) 19772 19672
Final body weight (g) 32777 29975*
RV/(LV+septum) ratio 0.3370.03 0.6270.05**
pH 7.4170.02 7.3770.04
PO2 (Torr) 9676 9375
PCO2 (Torr) 3372 3572

Values are mean7s.e.m. *Po0.05; **Po0.01 vs control rats.

Table 2 Mean pulmonary arterial pressure (PAP)
and systemic arterial pressure (SAP) before and after
NOS inhibitor injection

Blood pressure (mmHg) Control rats 4-week hypoxia rats

(1) Nonselective NOS inhibition (NNI)
PAP (baseline) 18.070.5 21.171.0*
PAP with NNI 18.670.6 24.371.1*, **
PAP with NNI+l-arginine 17.970.6 23.371.2*
SAP (baseline) 9376 10177
SAP with NNI 12377** 13579**
SAP with NNI+l-arginine 9877 10879

(2) iNOS selective inhibition (ISI)
PAP (baseline) 17.270.6 22.171.1*
PAP with ISI 17.470.7 22.971.1*
PAP with ISI+l-arginine 17.170.7 22.271.1*
SAP (baseline) 9676 10577
SAP with ISI 9876 11378
SAP with ISI+l-arginine 9477 10778

(3) nNOS selective inhibition (NSI)
PAP (baseline) 18.070.5 22.471.0*
PAP with NSI 18.270.5 22.671.0*
SAP (baseline) 9476 10277
SAP with NSI 9676 10577

Values are mean+s.e.m. The mean value in classes 1 and 2
was obtained by pooling all the data in response to two
different nonselective NOS inhibitors and two iNOS-selective
inhibitors, respectively. *Po0.05 vs control rats. **Po0.05 vs
baseline.
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tion due to nonselective NOS inhibition between the control

and CH rats, there was a large difference in the muscular

arteries and a small but significant difference in the transitional

elastic arteries, whereas no significant difference was present in

the classical elastic arteries. On the other hand, during iNOS

selective inhibition (right), no significant ID response was

induced in any of the arteries in the control rat. However, in

the CH rat, a significant ID constriction occurred locally in the

muscular arteries. Therefore, a significant difference between

the control and CH rats was restricted in these arteries. During

nNOS selective inhibition, no significant ID response was

observed at any of the muscular and elastic arteries in the

control and CH rats. The mean values of ID changes for the

muscular, transitional elastic, and classical elastic arteries of

the control rat were 072, 272, and 172%, respectively, and

those of the CH rat were 372, 172, and 372%, respectively.

After making an l-arginine injection, the ID decreases due

to nonselective NOS inhibition and iNOS selective inhibition

were completely abolished in both control and CH rats. The

mean values of ID percentage changes in response to

nonselective NOS inhibitorþ l-arginine in the muscular,

transitional elastic, and classical elastic arteries were �274,

274, and 473%, respectively, in the control rat, and were

�374, �174, and 274% for the CH rat, respectively. The

mean values of ID percentage changes in response to iNOS

selective inhibitorþ l-arginine in the three levels of vessels

were 374, 474, and 174%, respectively, in the control rat,

and were 174, 374, and �274% for the CH rat,

respectively.

Relative frequency distribution of ID response due to NOS

inhibition is compared between the control and CH rats

(Figure 3). During nonselective NOS inhibition (left panels),

the frequency curves of the control and CH rats were very

different in the muscular arteries (100–300mm), but not in the

transitional (400–500mm) and classical (600–700 mm) elastic

arteries. In the muscular arteries, the peaks of the control and

CH curves were observed at 5–15 and 35–45% constriction,

respectively. Moreover, B40% of ID responses were no

change in the control vessels, but almost all ID responses

were significant constriction in the CH vessels. In the

transitional and classical elastic arteries, almost all ID

responses were significant constriction in both control and

CH vessels. The peaks of the control and CH distributions in

the transitional arteries were at 15–25 and 25–35% constric-

tion, respectively, but those for classical arteries were about the

same level (25–35% constriction).

During iNOS selective inhibition (right panels), a clear

difference between the control and CH response distributions

existed only in the muscular arteries. In these arteries, the

peaks of the control and CH curves were observed at no

change and 5–15% constriction, respectively. Significant

constriction was only B20% of the ID responses in the

control distribution, but B60% in the CH. However, it is

noteworthy that, in contrast to the case of nonselective NOS

inhibition, B40% of muscular artery responses were still no

change in the CH rat. In the elastic arteries, just as in the

muscular arteries, B80% of the ID responses in the control

distribution curve were no change, and the curves of the

control and CH rats displayed similar patterns.

During nNOS selective inhibition, more than 95% of the ID

responses were no change and the remaining responses, if any,

were small constrictions in both the control and CH rats.

Figure 1 Typical angiograms of small pulmonary arteries obtained
before (top panels) and after (bottom panels) nonselective NOS
inhibitor (l-NMMA) injection in control (left panels) and chroni-
cally hypoxic (right panels) rats. Clear vasoconstrictions are chiefly
observed in more distal side vessels t300 mm (arrowheads).

Figure 2 Mean values of NOS inhibitor-induced ID changes for
muscular, transitional elastic, and classical elastic pulmonary
arteries are shown in control (open column) and chronically hypoxic
(solid column) rats. CH greatly enhanced ID reductions due to
nonselective NOS inhibition (left) and iNOS-selective inhibition
(right) primarily in muscular pulmonary arteries. *Po0.05,
**Po0.01 vs control.
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Effects of PAP increases due to nonselective NOS
inhibition on ID

The mechanically induced B4 mmHg PAP increase had no

significant effect on the ID of the muscular and elastic arteries

in the CH rat. The mean value of percentage ID change due to

the PAP increase for all these arteries was 373%.

NOS immunoreactivity changes

Figure 4 shows representative photographs of eNOS immu-

nostaining in the small muscular pulmonary arteries from the

control (a) and CH (b) rats. eNOS immunoreactivity was

detected in the endothelium of hypoxic arteries (Figure 4b) but

not in the control arteries (Figure 4a). Figure 5 shows typical

examples of iNOS immunostaining of CH and control rat

lungs. The low-magnification view of the hypoxic lung

(Figure 5a) showed that an iNOS immunopositive muscular

pulmonary artery (arrow) and an iNOS-immunonegative

muscular artery (arrowhead) are simultaneously observed in

the same section. In the higher-magnification view, the former

artery displayed strong iNOS immunostaining primarily in the

smooth muscle layers (Figure 5b). However, the latter showed

no immunostaining even with higher magnification (Figure 5c).

iNOS immunoreactivity was not detected in the control

arteries (arrowhead in Figure 5d).

The quantitative data on the distribution of NOS immunor-

eactivity in the pulmonary arteries of control vs CH lungs are

shown in Table 3. In control lungs, eNOS immunoreactivity

was distributed only in 9–51% of the muscular arteries,

although 91% of the elastic arteries were positive for eNOS.

However, the percentage of eNOS-positive vessels greatly

increased up to 89–94% in the muscular arteries of CH lungs,

while the increase was slight (7%) in the elastic arteries. On the

other hand, the percentage of iNOS-positive vessels was small

(o10%) in both muscular and elastic arteries of control lungs

and increased only to 44–55 and to 68% in these arteries of

CH lungs.

Discussion

We quantitatively measured the ID changes of the muscular

(resistance) and elastic (conduit) pulmonary arteries in

response to different types of NOS inhibitors using an X-ray

television system on the control and CH rats under anaes-

thesia. Moreover, we conducted immunohistochemical ana-

lyses to localize NOS proteins in the pulmonary arteries within

the control and CH lungs where the ID changes were

examined. This was performed to investigate the possible

contributions of the hypoxia-induced increase in NOS expres-

Figure 3 Relative frequency distributions of ID changes due to
nonselective NOS inhibition (left) and iNOS-selective inhibition
(right) are shown in control (broken line) and chronically hypoxic
(solid line) rats. Dotted line indicates no ID change as defined in
Methods section. Clear difference in distribution pattern between
control and hypoxic rats is seen primarily in muscular pulmonary
arteries (100–300 mm) in both types of NOS inhibition.

Figure 4 eNOS immunostaining of small muscular pulmonary
arteries of control (a) and chronically hypoxic (b) rats. eNOS protein
was detected in endothelium of hypoxic arteries (arrows), but not in
control arteries. Scale bars¼ 50 mm.
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sion to regulating tone at individual pulmonary arterial

branches with natural blood circulation.

RV hypertrophy

The presence of pulmonary hypertension in rats breathing

hypoxic air was reflected in an increased ratio of RV/LVþ S,

which averaged 0.6270.05 vs 0.3370.02 in normoxic controls.

These ratios in the CH and control rats agree with those of

others (Abraham et al., 1971; Rabinovitch et al., 1979;

Muramatsu et al., 1997).

ID constriction mechanisms in pulmonary arteries in
response to NOS inhibitor injection

We showed that l-arginine injection completely abolishes the

ID reductions in response to nonselective NOS inhibitors and

iNOS selective NOS inhibitors in the pulmonary arteries. This

suggests that inhibiting the basal release of NO derived from l-

arginine is primarily responsible for the ID constrictions.

In the present study, l-NAME (50 mg kg�1 mg kg�1 i.v.) or

l-NMMA (60 mg kg�1 i.v.) was used for nonselective NOS

inhibition and l-canavanine (100 mg kg�1 i.v.) or S-methyli-

sothiourea sulphate (3 mg kg�1 i.v.) for selective iNOS inhibi-

tion. We determined the doses of NOS inhibitors based on the

previous data (Loeb & Longnecker, 1992; McCormack &

Paterson, 1993; Oka et al., 1993; Huang et al., 1994; Szabo

et al., 1994; Teale & Atkinson, 1994; Liaudet et al., 1996) and

our preliminary dose–response data (see Methods). Previous

studies (Teale & Atkinson, 1994; Liaudet et al., 1996) have

shown that l-canavanine (100 mg kg�1 i.v.) almost completely

suppresses the lipopolysaccharide-induced hypotension in

anaesthetized rats, although it does not significantly affect

blood pressure in the absence of lipopolysaccharide. S-

methylisothiourea sulphate (3 mg kg�1 i.v.) caused a potent

pressor response in lipopolysaccharide-treated rats as com-

Figure 5 iNOS immunostaining of muscular pulmonary arteries of chronically hypoxic (a–c) and control (d) rats. (a) Low
magnification view. iNOS-positive (arrow) and iNOS-negative (arrowhead) muscular pulmonary arteries are seen in the same
section. (b, c) Higher magnification views of iNOS-positive and iNOS-negative arteries, respectively. (d) iNOS-negative muscular
artery (arrowhead). Scale bars: (a) 500 mm, (b, c) 50 mm, (d) 100 mm.

Table 3 Pulmonary arteries positive and negative for NOS

Elastic (400–700mm) Muscular (100–300mm) Muscular (o100mm)
Positive Negative Positive Negative Positive Negative

eNOS
C 39 (90.7) 4 (9.3) 56 (50.9) 54 (49.1) 23 (8.9) 236 (91.1)
CH 43 (97.7) 1 (2.3) 97 (94.2) 6 (5.8) 210 (88.6) 27 (11.4)

iNOS
C 4 (9.8) 37 (90.2) 7 (6.0) 109 (94.0) 4 (1.6) 252 (98.4)
CH 30 (68.2) 14 (31.8) 56 (55.4) 45 (44.6) 104 (43.7) 134 (56.3)

Values are presented as number (%). Number of NOS-positive and NOS-negative vessels was counted in control (C; n¼ 4) and 4-week
hypoxic (CH; n¼ 4) rats.
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pared with control rats and a restoration of blood pressure to

prelipopolysaccharide levels (Szabo et al., 1994). The present

study has shown a significant ID reduction in the CH rat, but

no significant response in the control rat in response to l-

canavanine and S-methylisothiourea sulphate. From these

previous and present data, it seems reasonable to assume that

the doses of iNOS inhibitors we employed were adequate to

inhibit iNOS, but with minor effects on the other types of NOS

in vivo.

For nNOS selective inhibition, we used 7-nitro indazole

(50 mg kg�1 i.p.). These doses of the inhibitor were able to

cause 60–80% reduction of nNOS activity in the rat (Kalisch

et al., 1996; Okamoto et al., 1997), suggesting that the doses of

nNOS inhibitor were also adequate to inhibit nNOS in the

current study. Therefore, our finding that 7-nitro indazole had

no significant effect on any pulmonary arteries (100–700 mm)

of the control and CH rats is likely to mean that the role of

nNOS in controlling the vascular tone of these vessels is

minimal, if any at all. This is consistent with the immunohis-

tochemical data that nNOS immunoreactivity was not detected

in the small pulmonary vessels of normoxic and CH rats (Xue

& Johns, 1996) and with the physiological data of no

significant contribution of nNOS to modulating pulmonary

vascular tone in the mouse (Fagan et al., 1999b) and cat (Shirai

et al., 1999). Our result also suggests that sympathetic nerve

activity increase caused by nNOS inhibition in the brain stem

(Umans, 1995) contributed little to the nonselective NOS

inhibitor-induced ID reduction.

The contribution of pressure- and flow-sensing mechanisms

(Bevan & Laher, 1991) to the NOS inhibitor-induced ID

response has been discussed. There was a PAP elevation of

B3 mmHg in response to nonselective NOS inhibitors in the

CH rat (Table 2), suggesting the possibility that the pressure-

sensing mechanism influenced the ID change pattern caused by

the local action of nonselective NOS inhibitor on the small

pulmonary arteries. To examine this possibility, we measured

ID changes of the pulmonary vessels in response to mechani-

cally induced increases in PAP. No significant ID change was

found in response to B4 mmHg PAP rise, suggesting that this

possibility is small.

Pulmonary blood flow was not measured in this study, but it

was reported that cardiac output decreases by 15–40% in

response to nonselective NOS inhibitor in normoxic (Loeb &

Longnecker, 1992; McCormack & Paterson, 1993; Oka et al.,

1993; Huang et al., 1994) and chronically hypoxic rats (Oka

et al., 1993) and did not significantly change with iNOS

selective inhibitors in these rats (Liaudet et al., 1996; Resta

et al., 1999). Therefore, another possibility is that the flow-

sensing mechanism affected the ID change pattern in response

to nonselective NOS inhibitor administration. However, in

preliminary experiments, we found no significant ID change in

response to B40% decrease in pulmonary blood flow caused

by partially occluding the circumference of inferior vena cava

with a 4-0 silk ligature. This suggested that this possibility is

also small.

However, these results cannot completely exclude these

possibilities, since we did not determine the local pressure- and

flow-mediated vasomotor responses at different serial seg-

ments of the pulmonary vessels. To determine these responses,

it would be necessary to measure directly the local pressure and

flow velocity at the same site where vascular dimensions are

being assessed.

Contribution of endogenous NO to controlling basal
pulmonary vascular tone in normoxic rats

Previous pressure-flow studies have shown that nonselective

NOS inhibitors increase basal pulmonary vascular resistance

in intact and isolated lungs of the lamb, pig, rabbit, cat, and

man (Persson et al., 1990; Fineman et al., 1991; McMahon

et al., 1991; Gordon & Tod, 1993; Nelin & Dawson, 1993;

Cremona et al., 1994; Stamler et al., 1994; Albertini et al.,

1996), although no effect in the dog (Nishiwaki et al., 1992;

Cremona et al., 1994; Leeman et al., 1994). This suggests that

endogenous NO plays a contributory role in regulating basal

pulmonary vascular tone for all these animals except the dog

(Barnes & Liu, 1995). On the other hand, in the rat, this

problem has mainly been studied using isolated perfused lungs,

but with inconsistent results. Many investigators have shown

no or little effect of nonselective NOS inhibitors on the basal

pulmonary vascular resistance (Robertson et al., 1990;

Hasunuma et al., 1991; Barer et al., 1993; Hampl et al.,

1993; McCormack & Paterson, 1993; Russ & Walker, 1993;

Isaacson et al., 1994; Resta et al., 1999), although others have

shown a significant effect (Barnard et al., 1993; Roos et al.,

1996; Cadogan et al., 1999). In the present study, we

considered the change in ID to be better explained as an

index of local vasomotor response in a given vessel than the

change in calculated resistance estimated from the pressure–

flow relation. Therefore, we directly measured ID changes of

the rat pulmonary arteries using an X-ray TV system (Sada

et al., 1985; Shirai et al., 1986). Our data showed that

nonselective NOS inhibitor injection causes a significant ID

reduction in both muscular (100–300mm) and elastic (400–

700 mm) segment levels in normoxic control rats (Figure 2).

Relative frequency distribution of ID response showed

that the peak of the frequency curve of the elastic arteries

is located on the more constrictor side than that of the

muscular arteries, and that the constrictor response occurs

in most of the elastic arteries but only in about half of

the muscular arteries (Figure 3). This suggests greater effects

of NO on basal tone of the elastic pulmonary arteries

and lesser effects for the muscular arteries in the normoxic

rat. Moreover, there was the coexistence of relatively small

magnitudes of constrictions and no change with similar

frequencies among parallel-arranged muscular arteries

(Figure 3). This ID response pattern may partly explain the

previous data of no or little change in the pressure–flow

relation of the entire lung (Robertson et al., 1990;

Hasunuma et al., 1991; Barer et al., 1993; Hampl et al.,

1993; McCormack & Paterson, 1993; Russ & Walker, 1993;

Isaacson et al., 1994; Resta et al., 1999) and the present

data of no significant PAP rise in response to nonselective

NOS inhibition, if we assume that local redistributions of

blood flow from constricted to nonconstricted muscular

arteries occurred and then recruited new peripheral channels

such as capillaries, maintaining entire pulmonary vascular

resistance within nearly baseline levels. In addition, because

the previous pressure–flow studies were mostly performed in

constant perfused lungs, a decrease in NO production due to

the artificial perfusate composition (Sprague et al., 1995) and/

or mechanical flow pattern (Hakim, 1994) may have occurred

in these studies, making it more difficult to detect the small

magnitude of vasoconstriction due to NOS inhibition in the

muscular arteries.
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The present study also demonstrated that selective inhibitors

of iNOS had no significant effects on any levels of the arteries

observed in control rats (Figure 2). Relative frequency

distribution of ID response showed that iNOS selective

inhibition causes no ID changes in B80% of the muscular

and elastic arteries, and small magnitudes of ID constriction in

the remaining arteries (Figure 3). The data suggest a minor

contribution of iNOS-derived NO to basal tone regulation in

both muscular and elastic arteries, and probably explain the

findings that selective iNOS inhibition had no effect on the

baseline pulmonary vascular resistance in the rat (Resta et al.,

1999). Moreover, considering in connection with the above-

mentioned suggestion of minor role of nNOS in regulating

vascular tone of the muscular and elastic arteries, the present

study suggests that, during normoxia, the predominant

isoform of NOS regulating basal tone of these arteries is

eNOS. This is consistent with the findings in the mouse that

baseline pulmonary arterial pressure in eNOS null lungs

significantly increased compared with wild type (Steudel et al.,

1997; Fagan et al., 1999b), but the pressure in iNOS null lungs

and nNOS null lungs did not (Fagan et al., 1999b). We have

also suggested the primary role of eNOS in regulating basal ID

of the 100–1700 mm cat pulmonary arteries including muscular

and elastic segments (Shirai et al., 1999).

The present immunohistochemical analyses in the control

rat have shown that eNOS-positive vessels were found in 91%

of the elastic arteries 4400 mm, but only in 9–51% of

muscular arteries o300 mm (Table 3). This is consistent with

the previous rat data that eNOS immunoreactivity is

distributed among 96% of the pulmonary vessels (4150mm

ID), but only in 2–20% of the vessels smaller than this (Xue &

Johns, 1996). The iNOS distribution data (Table 3) also agree

with the previous data of very limited iNOS expression in

vascular smooth muscle of all normoxic rat pulmonary arteries

(Xue et al., 1994; Xue & Johns, 1996; Cadogan et al., 1999).

We have further shown that in normoxic lungs, such eNOS

and iNOS immunoreactivity distributions are almost in accord

with the frequency distributions of ID constriction due to

nonselective and iNOS selective inhibition, respectively

(Figure 3).

Regional differences in vasodilator effect of endogenous
NO in chronically hypoxic pulmonary arteries

It is generally agreed that main and extralobar pulmonary

arteries isolated from CH rats have blunted endothelium-

dependent relaxation to various receptor-dependent vasodila-

tors (Crawley et al., 1992; Rodman, 1992; Carville et al., 1993;

Shaul et al., 1993; Maruyama & Maruyama, 1994) and to

receptor-independent Ca2þ ionophore A-23187 (Carville et al.,

1993; Shaul et al., 1993). However, different results have been

obtained concerning whether CH alters the NO-mediated

basal tone regulation in these proximal elastic pulmonary

arteries. Some researchers have suggested that the effect of

nonselective NOS inhibitor on basal tone is not significantly

changed by CH (Rodman, 1992; Maruyama & Maruyama,

1994), whereas others have suggested its enhancement (Oka

et al., 1993). Moreover, basal NO production assessed by

measuring cyclic guanosine-30,50-monophosphate (GMP)

synthesis has been shown to decrease in main pulmonary

arteries during chronic hypoxia (Shaul et al., 1993). The

present study showed that, in the transitional elastic arteries

(400–500 mm), the nonselective NOS inhibitor-induced ID

reduction is slightly but significantly larger in the CH rat than

in the control rat, although no significant difference is present

in the classical elastic arteries (600–700mm) (Figure 2). In

addition, the frequency distribution of ID response showed

that the CH distribution curve is located slightly on the more

constrictor side than the control curve in the transitional

arteries, whereas no clear difference exists between these curves

in the classical arteries (Figure 3). These results suggest that

within the intralobar elastic arteries, small but significant

degree of an enhancement of the NO-mediated basal vascular

tone regulation is caused locally in the most distal vascular

segment.

In the muscular pulmonary arteries (100–300mm ID), there

has been no direct observation on the change in NO-mediated

control of basal vascular tone in response to CH. The present

study has for the first time supplied information on the

muscular arteries that the ID reduction due to nonselective

NOS inhibition is significantly larger in the CH rat than in the

control rat (Figure 2). Frequency distribution of ID response

due to nonselective NOS inhibition showed that the CH

distribution curve is located extremely on the more constrictor

side than the control curve. Moreover, significant constriction

was almost all ID responses in the CH vessels, but about half

in the control vessels (Figure 3). These ID response patterns

suggest that an increase in NO-mediated suppression of basal

vascular tone occurs in most branches of the muscular arteries

during CH, and probably explain the previous findings (Barer

et al., 1993; Oka et al., 1993; Isaacson et al., 1994; Roos et al.,

1996) that nonselective NOS inhibitor increased calculated

resistance more greatly in perfused lungs obtained from CH

rats than in those from normoxic rats.

It has recently been shown that iNOS inhibition with l-N6-

(1-iminoethyl)lysine dihydrochloride does not alter the dose–

response change in calculated pulmonary arterial and venous

resistance due to U-46619 in isolated, saline-perfused lungs

from CH rats (Resta et al., 1999). Moreover, this inhibition

had no significant effect on PAP, SAP, and cardiac output in

conscious hypoxic rats. From these data, they concluded that

NO derived from iNOS does not modulate pulmonary

vasoconstrictor responsiveness during CH (Resta et al.,

1999). The present study similarly showed that during iNOS

inhibition (with l-canavanine or S-methylisothiourea), PAP

and SAP did not significantly change in the CH rat (Table 2).

However, we simultaneously found that there were significant

ID reductions mainly in the muscular pulmonary arteries

(Figure 2). Moreover, the frequency distribution of the ID

response during iNOS inhibition showed that the CH

distribution curve is located on the more constrictor side than

the control curve in the muscular arteries, but, about half of

the CH muscular arteries still exhibited no change, in contrast

to the case of nonselective NOS inhibition (Figure 3). There-

fore, for the same possible reason (local redistributions of flow

from constricted to nonconstricted arteries) as mentioned

above in the heterogenous vasoconstrictor effect of nonselec-

tive NOS inhibition on normoxic rats, we suppose that such a

coexistence of ID constriction and no change in the parallel-

arranged arteries during iNOS inhibition is also difficult to

detect from changes in the pulmonary pressure–flow relation.

Previous studies have shown that in 2–4-week hypoxic rats,

NOS immunoreactivity became markedly positive in the

endothelial cells of most 80–150 mm pulmonary arteries
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compared with normoxic rats (Xue et al., 1994) and that the

percentages (B95%) of eNOS-positive pulmonary vessels

4150 mm ID are similar in 0–7-day hypoxic rats (Xue &

Johns, 1996). Our findings that the percentages of eNOS-

positive muscular arteries greatly rose up to 89–94% in the 4-

week hypoxic lung, but those for elastic arteries displayed a

slight increase (Table 3), support the previous data. However,

we also provided new information that the eNOS distribution

change corresponds well to the hypoxic change in the

distribution of nonselective NOS inhibitor-induced ID reduc-

tion (Figure 3). On the other hand, iNOS protein has been

shown to increase in the vascular smooth muscle of both

muscular and elastic arteries obtained from CH rats (Xue et al.,

1994; Xue & Johns, 1996). For the first time, we found that 4-

week hypoxia increases iNOS immunoreactivity scatteringly

among the muscular and elastic arteries (Figure 5 and Table 3).

The iNOS distribution in the muscular arteries was in accord

with the distribution of iNOS inhibitor-induced ID reduction

in these arteries (Figure 3). However, the increase in iNOS

expression in the elastic arteries seems to be inconsistent with

the data showing no significant effect of iNOS selective

inhibition and no enhancement of nonselective NOS inhibitor

effect in these arteries (Figures 2 and 3). The reason for this

discrepancy remains to be elucidated. However, it has been

shown that CH increases cyclic GMP phosphodiesterase

activity in the larger intrapulmonary elastic arteries in the

rat, but does not change it in the muscular arteries (MacLean

et al., 1997). It is therefore possible that in the elastic arteries,

increased production of NO from iNOS cannot rise cyclic

GMP level due to an increase in activity of cyclic GMP

phosphodiesterase enzymes which catalyse cyclic GMP hydro-

lysis, while it can increase cyclic GMP level in the muscular

arteries.

Together with the present finding of no significant ID

response to nNOS inhibition, we conclude that in CH rats,

both vasodilator effects of eNOS- and iNOS-derived NO are

enhanced primarily in the muscular pulmonary arteries (100–

300 mm); the enhancement of eNOS effects is induced

extensively in these arteries, while that for iNOS sporadically

in them. This is consistent with the previous data (Steudel et al.,

1998; Fagan et al., 1999a, b) of marked pulmonary hyperten-

sion in eNOS-deficient mice raised in chronic hypoxia when

compared with wild type, and suggests that NO production by

eNOS is vital to counterbalance hypoxic pulmonary vasocon-

striction, which is localized in muscular arteries (Shirai et al.,

1986; 1997; Barnes & Liu, 1995; Weir & Archer, 1995) and

serves to inhibit the progress of pulmonary hypertension.

Possible factors responsible for nonuniform iNOS
increase in hypoxic pulmonary arteries

iNOS was expressed in about half of the muscular pulmonary

arteries of the chronic hypoxic rat, while eNOS in almost all

these vessels (Table 3). It has been suggested that in the rat, the

increase in eNOS expression after chronic hypoxia is due to the

direct effect of hypoxia or hypoxia-induced factors indepen-

dently of changes in haemodynamics (Everett et al., 1998; Le

Cras et al., 1998). Therefore, it is possible that during chronic

hypoxia, almost all muscular pulmonary arteries were exposed

to low oxygen tension and, in turn, the upregulation of eNOS

was induced in these arteries. On the other hand, the increase

in iNOS expression may be caused by flow/wall shear stress

(Rairigh et al., 1999; Gosgnach et al., 2000). We have

previously shown that during acute inhalation of 5% O2,

B60% of branches constrict in 100–200 mm feline muscular

pulmonary arteries, but others display no significant response

(Shirai et al., 1986), meaning that hypoxia does not result in

uniformly distributed pulmonary vasoconstriction. Acute

hypoxia has also been shown to increase the heterogeneity of

pulmonary vascular transit times throughout dog lung lobe

(Dawson et al., 1983). Moreover, chronic hypoxia at high

altitude has been suggested to induce inhomogenous pulmon-

ary vasoconstriction and regional overperfusion (Richalet,

1995; Hultgren, 1996; Bartsch, 1997). Such heterogenous

distribution of vasoconstriction and blood flow may regionally

increase shear stress and damage vascular endothelium

(Richalet, 1995; West et al., 1995; Bartsch, 1997; Botney,

1999). Indeed, endothelial injury with swelling in small

peripheral arteries was observed in chronically hypoxic rats

(Meyrick & Reid, 1978). Thus, we suggest a possibility that the

heterogenous shear force distribution induced the vascular

smooth muscle iNOS expression sporadically among the

muscular pulmonary arteries (Figure 5 and Table 3) through

the release of inflammatory mediators such as cytokines and

eicosanoids and adhesion molecules (Richalet, 1995; Bartsch,

1997; Schoene et al., 1988; Hansson et al., 1994; Kubo et al.,

1996; Rabinovitch, 1997) and/or oxidative stress-induced NF-

k B activation after endothelial damage (Gosgnach et al.,

2000).

In conclusion, we suggest that, in 4-week hypoxia rats,

functional and histological upregulation of eNOS and iNOS

occurs chiefly in the muscular segments of pulmonary arteries.

The eNOS upregulation is induced extensively in the muscular

arteries, but the iNOS upregulation sporadically among these

arteries. nNOS has no significant vasodilator effect. Such

eNOS and iNOS upregulation may contribute to attenuating

hypoxic pulmonary vasoconstriction which is localized in the

muscular segments and, in turn, inhibit the progress of

pulmonary hypertension.
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