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Abstract

Alterations in the nitric oxide (NO) pathway have been
implicated in the pathogenesis of chronic hypoxia-
induced pulmonary hypertension. Chronic hypoxia can
either suppress the NO pathway, causing pulmonary
hypertension, or increase NO release in order to coun-
teract elevated pulmonary arterial pressure. We deter-
mined the effect of NO synthase inhibitor on hemody-
namic responses to acute hypoxia (10% O,) in anesthe-
tized rats following chronic exposure to hypobaric hyp-
oxia (0.5 atm, air). In rats raised under normoxic condi-
tions, acute hypoxia caused profound systemic hypoten-
sion and slight pulmonary hypertension without altering
cardiac output. The total systemic vascular resistance
(SVR) decreased by 41 = 5%, whereas the pulmonary
vascular resistance (PVR) increased by 25 + 6% during
acute hypoxia. Pretreatment with N@®-nitro-L-arginine
methyl ester (L-NAME; 25 mg/kg) attenuated systemic
vasodilatation and enhanced pulmonary vasoconstric-
tion. In rats with prior exposure to chronic hypobaric
hypoxia, the baseline values of mean pulmonary and
systemic arterial pressure were significantly higher than
those in the normoxic group. Chronic hypoxia caused

right ventricular hypertrophy, as evidenced by a greater
weight ratio of the right ventricle to the left ventricle and
the interventricular septum compared to the normoxic
group {46 = 4 vs. 28 = 3%). In rats which were previous-
ly exposed to chronic hypoxia (half room air for 15 days),
acute hypoxia reduced SVR by 14 + 6% and increased
PVR by 17 = 4%. Pretreatment with L-NAME further
inhibited the systemic vasodilatation effect of acute hyp-
oxia, but did not enhance pulmonary vasoconstriction.
Our results suggest that the release of NO counteracts
pulmonary vasoconstriction but lowers systemic vasodi-
latation on exposure to acute hypoxia, and these re-
sponses are attenuated following adaptation to chronic
hypoxia.

Copyright © 2002 National Science Council, ROCand S. Karger AG, Basel

Introduction

Hypoxic pulmonary vasoconstriction improves gas ex-
change in the lungs with localized hypoventilation by
maintaining matched ventilation and perfusion. Hypoxia
causes pulmonary vasoconstriction either by directly al-
tering oxidative phosphorylation of smooth muscle [28]
or by inhibiting the potassium current [23, 30]. Indirectly,
hypoxia enhances the release of vasoconstrictors such as
endothelin [7, 24, 25]. In contrast, redistribution of pul-
monary blood flow in lungs with acute global hypoxia
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plays a minimal role in improving the ventilation-perfu-
sion mismatch. In theory, vasodilator(s) should be re-
leased during global hypoxia to counteract the inherent
constrictive response of the pulmonary vasculature and to
prevent generalized vasoconstriction. Nitric oxide (NO)
has been suggested to be the major vasodilator involved in
the regulation of pulmonary vascular resistance (PVR)
during acute hypoxia [4].

Chronic alveolar hypoxia, occurring either in chronic
mountain disease or sleep apnea syndrome, causes pul-
monary hypertension that involves vascular remodeling
in prolonged hypoxia[17, 21, 29]. The closure of K* chan-
nels in precapillary smooth muscle cells causes vasocon-
striction which increases shear stress, resulting in vascular
remodeling [24, 32]. Some vasoconstrictors are also
known to act as growth factors to modulate remodeling of
vascular smooth muscle cells [3, 11]. Although alterations
in the endothelium-derived NO pathway have been
shown in the pulmonary circulation after chronic hypoxia
[6, 13], the importance of the NO pathway is unclear.
Theoretically, chronic hypoxia could either suppress the
NO pathway, causing pulmonary hypertension, or in-
crease NO release in order to counteract elevated pulmo-
nary arterial pressure (PAP).

The purpose of the present study was to assess the role
of NO in hypoxia-induced pulmonary hypertension be-
fore and after adaptation to chronic hypoxia. We also
wanted to test the hypothesis that NO is released during
acute hypoxia and minimizes pulmonary hypertension
and that chronic hypoxia suppresses both NO synthesis
and release, resulting in pulmonary hypertension.

Materials and Methods

Exposure to Chronic Hypoxia

In conducting the experiment, we followed the ‘Guiding Princi-
ples in the Care and Use of Animals’ approved by the Institutional
Animal Care and Use Committee. Male Sprague-Dawley rats, weigh-
ing 200-220 g, were placed in a hypobaric chamber and the pressure
was maintained at 0.5 atm by a vacuum pump. The CO, inside the
chamber was removed by a ventilation flow rate of 20 liters/min and
by passing the gas over silica gel. The exposure was continuous except
for a 30-min period every other day during which the animals were
fed and the chambers were cleaned. The animals remained in the
chamber for either 15 days (CH-15 group) or 30 days (CH-30 group)
to produce chronic hypoxia. This protocol caused zero mortality. A
control age-matched group was housed in room air but otherwise
treated in an identical fashion.

Animal Preparations
Each rat was anesthetized with an intraperitoneal injection of
sodium pentobarbital (50 mg/kg) immediately after removal from
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the hypoxia chamber. The trachea was cannulated with a short piece
of polyethylene tubing (PE-240) and connected to a T-shaped
adaptor through which the animal inhaled either a normal or hypoxic
(10% O,) gas mixture. The femoral artery and vein were catheterized
with PE-50 tubing in order to monitor systemic blood pressure (SAP)
and to administer drugs. Pulmonary artery catheterization was per-
formed as described by Hayes and Will [10] and the PAP was contin-
uously monitored. In brief, a 25-gauge (outside diameter 0.92 mm,
inside diameter 0.45 mm) Teflon catheter was heated and curved to
an ‘R’ shape. The tubing was cooled in ice water and trimmed to the
desired length (4-5 mm from the tip to the top of the catheter arch).
We modified this method by adding a piece of PE-10 tubing (3-4 mm
in length) to the tip of the Teflon catheter. The tip of the PE-10 tubing
was blunted by solder heating in order to lessen trauma during cathe-
terization. A PE-160 cannula (5 ¢m in length) with a 15° bend at its
tip served as a sleeve for the catheter. The sleeve straightened the
Teflon catheter temporarily during catheterization. The catheter was
filled with heparinized saline and connected to a pressure transducer
before it was inserted into the jugular vein and advanced into the
right ventricle. Once the right ventricular pressure waveform regis-
tered, the catheter was gently pushed forward while keeping the
sleeve stationary. As the loop of the catheter entered the right ventri-
cle, the sleeve was withdrawn while keeping the catheter in place. The
catheter was repositioned slightly and secured to the neck muscles by
sutures when the PAP recording was satisfactory.

Measurement of Cardiac Output

The cardiac output was measured using a Cardiomax II thermo-
dilution system (Columbus Inc., Columbus, Ohio, USA). Room tem-
perature saline (0.4 ml) was injected into the pulmonary artery by an
autoinjector and the blood temperature was measured using a ther-
mistor placed in the ascending aorta. A thermal probe was immersed
in the injection reservoir in order to monitor the temperature of the
saline. Cardiomax II calculated the cardiac output based on the
resulting thermodilution curve. The systemic vascular resistance
(SVR) and PVR were calculated by dividing the mean SAP (MSAP)
and mean PAP (MPAP) by cardiac output.

Nitrite/Nitrate Determination

The nitrite/nitrate (NOx-) in the plasma was determined using a
Sievers-280 NO analyzer (Sievers Inc., Boulder, Colo., USA). The
plasma was deproteinized with an equal volume of ice-cold absolute
ethanol. The NOx in the supernatant was then reduced with vana-
dium to NO, which in turn reacts with O3 to produce *NO> in an
excited state. The energy emitted from *NO, was then detected by
chemiluminescence, and the concentration of NOx~- was measured
using a standard curve composed of a range of sodium nitrite concen-
trations.

Experimental Protocols

Within 10 min after intubation and catheterization, 0.3 ml of
blood was collected from the femoral artery catheter into an ice-
chilled centrifuge tube for blood gas analysis (IL1610, Instrumenta-
tion Laboratory, Milan, Italy), and NOx- and baseline cardiac output
were measured before exposure to acute hypoxia. The inhaled gas
was switched from normal air to an hypoxic gas mixture (10% O,
balanced with N,) for 5 min. Before ending the hypoxic exposure
period, another blood sample was collected and cardiac output was
again measured. After the hemodynamic changes returned to base-
line, Ne-nitro-L-arginine methyl ester (L-NAME; Sigma, St. Louis,
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Fig. 1. Hemodynamic responses to acute hypoxic challenge before
and after L-NAME pretreatment in control rats. * p < 0.05 compared
to baseline values; * p < 0.05 compared to values before L-NAME
pretreatment.

Mo., USA) was injected into the femoral vein catheter at a dosage of
25 mg/kg. Ten minutes following the L-NAME injection, cardiac out-
put measurements and hypoxic exposures were repeated. The animal
was then sacrificed using an overdose of sodium pentobarbital. The
heart was excised and the weights of the right ventricle (RV), left
ventricle (LV) and interventricular septum (S) were determined to
calculate the change in the ratio of right ventricular weight to the sum
of the left ventricular and septal weights [RV/(LV + S)].

All data were expressed as mean = SD. The differences between
parameters measured before and during acute hypoxia, and those
measured before and after L-NAME treatment, and the statistical
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Fig. 2. Percentage change in vascular resistance in the pulmonary
and systemic circulations during acute hypoxic challenge in the con-
trol rats before and after L-NAME pretreatment. * p < 0.05 com-
pared to values before L-NAME pretreatment.

significance between groups were evaluated using two-way ANOVA
with repeated measurements. A value of p < 0.05 was accepted as
statistically significant,

Results

Hemodynamic Responses to Acute Hypoxia

Exposure to 10% O, reduced the PaO, from 92 = 2 to
34 £ 2 mm Hg and the PaCO, from 45 = 2t039 £ 3mm
Hg in 5 min (n = 12). In the normoxic group (fig. 1A),
acute hypoxia did not elevate PAP, but did elicit a signifi-
cant hypotensive response in the systemic circulation
(fig. 1B). The cardiac output during acute hypoxia was not
different from the baseline level (fig. 1C). Intravenous
injection of L-NAME caused a significant increase in SAP
(fig. 1B) and a decrease in cardiac output (fig. 1C), but no
significant increase in PAP occurred. After L-NAME pre-
treatment, acute hypoxia induced a less hypotensive re-
sponse in SAP (fig. 1B) but a significant increase in PAP
(fig. 1A).

Figure 2 summarizes the changes measured in vascular
resistance during exposure to acute hypoxia. Acute hyp-
oxia increased PVR and decreased SVR. L-NAME signif-
icantly increased PVR by 53 = 12% and SVR by 105 %
12% (table 1). L-NAME pretreatment significantly en-
hanced the increase in PVR during acute hypoxia and
attenuated the decrease in SVR.
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Pulmonary Hypertension and Right Ventricle
Hypertrophy

Exposure to hypobaric hypoxia for 15 (CH-15) or 30 8 A
(CH-30) days induced significant elevations in MPAP, ¢ — 2:2'? ;E'GQE
MSAP, PVR, SVR and RV/LV + S compared to values in 2 60t ”
control rats raised in normoxic air (table 1). The heart rate E 50¢
was slightly lower in the CH-15 group, and the decrease o O
became statistically significant after exposure to hypoxia g o}
. . s
for 30 days. The baseline cardiac output was not altered 20t
after chronic hypoxia either for 15 or 30 days. The MPAP, 10f
MSAP, PVR, SVR and RV/LV + § in the CH-15 group 0 .
were not statistically different from those in the CH-30 200 Baseline Acute Hypoxia
group. B
In the chronic hypoxic rats, L-NAME significantly
increased the MSAP and the SVR, but did not cause an 3] 150 *
additional increase in the MPAP. However, since a signif- £
icant decrease occurred in cardiac output after L-NAME, o 100f
the PVR actually increased by 54 + 19 and 65 = 10% in 3
the CH-15 group and CH-30 group, respectively (table 1). 50
Also, the difference between the CH-15 and CH-30
groups was not significant for any measure. 0
Baseline Acute Hypoxia
12
Effects of Chronic Hypoxia on Hemodynamic ° c
Responses to Acute Hypoxia E 100 |
In the CH-15 group before L-NAME treatment, acute € + +
hypoxia elicited a slight, but significant decrease in MSAP E sy
(fig. 3), and this systemic hypotensive effect was inhibited § 50l
%
g 25}
Fig. 3. Hemodynamic responses to acute hypoxic challenge before
and after L-NAME pretreatment in rats with prior exposure to 0 Baseline Acute Hypoxia
chronic hypoxia for 15 days (CH-15). * p < 0.05 compared to base-
line values; * p < 0.05 compared to values before L-NAME pretreat-
ment.
Table 1. Effects of chronic hypoxic exposure and L-name on the baseline hemodynamics in rats
Group Number MSAP MPAP HR co SVR PVR RV/LV +8
mm Hg mm Hg bpm ml/min mm Hg/mV/min mm Hg/ml/min %
Control 12 before L-NAME 99+5 26+3 392+43 102+11 1.03+0.09 0.20+0.01 28+3
after L-NAME 146 +8* 2842 343+ 51* 70+ 8* 2.11+0.24% 0.30+0.05*
CH-15 12 before L-.NAME 135+2+ 4248+ 358 +40 96£10 1.42+0.15+ 0.44+0.08* 46 + 4+
after L-NAME 151+ 7% 3849 341+63% 61£12%  2.66+0.54* 0.67+0.19%+
CH-30 6 before L-.NAME 143£10%  43+3* 332449+ 103+15 1.14+0.23* 0.42+0.05* 45+ 7+
after L-NAME 15247+ 41+4 292+ 51* 61L16*  2.61£0.61* 0.70£0.16%

Data are expressed as mean + SD. * p<0.05 compared to values before L-NAME pretreatment; * p < 0.05 compared to the control group.

HR = Heart rate; CO = cardiac output.
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Fig. 4. Percentage change in vascular resistance in the pulmonary
and systemic circulations during acute hypoxic challenge in chronic
hypoxic rats before and after L-NAME pretreatment.* p < 0.05 com-
pared to values before L-NAME pretreatment; * p < 0.05 compared
to values in the control rats.

by L-NAME. The MPAP was not altered by acute hypoxia
before or after L-NAME treatment in the chronic hypoxic
rats. There was no difference between the cardiac output
at baseline and that during acute hypoxia (fig. 3C), but
L-NAME decreased cardiac output, which was not af-
fected by acute hypoxia. Hemodynamic responses to
acute hypoxia in the CH-30 group were similar to those in
the CH-15 group.

Figure 4 summarizes the effects of chronic hypoxia on
changes in PVR and SVR during exposure to acute hypox-
ia. Compared to the normoxic group, chronic exposure to
hypoxia for 15 days significantly attenuated the systemic
vasodilatation induced by acute hypoxic challenge. Prior
exposure to hypoxia for 30 days attenuated the pulmo-
nary vasoconstriction and totally abolished the systemic
vasodilatation induced by acute hypoxia. Exposure to
chronic hypoxia for 15 or 30 days abolished the L-NAME-
enhanced hypoxic pulmonary vasoconstriction compared
to the normoxic group.

Discussion

Hypoxic pulmonary vasoconstriction during alveolar
hypoxia has been well documented in the literature [28,
30]. Vasoconstriction of the hypoxic areas in the lung
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plays an important role in shunting blood flow away from
these areas in order to maintain a better matched ventila-
tion/perfusion ratio. This redistribution of pulmonary
blood flow improves arterial oxygenation. In lungs with
global hypoxia, a redistribution of the pulmonary blood
flow cannot be effective in improving blood oxygenation.
Therefore, generalized pulmonary vasoconstriction and
pulmonary hypertension are unlikely to occur during
acute global hypoxia. However, hypoxic vasoconstriction
has been demenstrated in pulmonary artery rings [ 14, 32]
and in single pulmonary artery smooth muscle cells [16].
These data imply that pulmonary artery smooth muscle
cells contract in hypoxic lung areas and also during gener-
alized hypoxia. This vasoconstriction could be counter-
acted by the release of vasodilators in vivo, since hypoxic
exposure usually induces a transient initial increase in
PAP followed by a gradual pressure decline to baseline
levels [12, 26, 27]. In our study, acute hypoxia for 5 min
did not alter the PAP, which is similar to other studies
which showed unaltered PAP during acute exposure to
hypoxia [4, 12].

Acute hypoxia did cause pronounced systemic hypo-
tension, which resulted from significant vasodilatation,
since cardiac output did not change (fig. 1C). Hypoxia
reduces the availability of oxygen, and local blood flow
increases to maintain a constant supply of oxygen. How-
ever, as hypotension develops, the local blood flow de-
creases and the oxygen supply worsens. Our results sug-
gest that NO causes hypotension to occur during acute
hypoxia. Administration of L-NAME elevated systemic
blood pressure and also depressed the cardiac output,
indicating that NO is responsible for the regulation of bas-
al vascular tone. In acute hypoxia, pretreatment with L-
NAME attenuated the systemic hypotension without de-
pressing the cardiac output, indicating that NO causes
systemic vasodilatation induced by acute hypoxic chal-
lenge. Furthermore, the dominance of NO in the control
of regional blood flow has been well documented [8, 22] in
models of autoregulatory vasodilation. Therefore, hypox-
ic vasodilatation may be a consequence of a synergistic
effect of NO with other local vasodilators.

Although NO was demonstrated pharmacologically in
these studies, no direct NO measurements were done.
Interestingly, we failed to detect a significant increase in
NOx- in the plasma during a hypoxic challenge. This may
have been due to measurement sensitivity or the release of
NO in bursts, which could be difficult to detect by a dis-
crete sampling technique. Pharmacological inhibition of
NO synthesis [19, 20] or its pathways [ 18] has been widely
used to identify the role of NO production in a variety of
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conditions, and this method was also used in the present
study. Bioassays of endothelium-derived relaxing factor
are also used to evaluate NO production [9]. The concen-
tration of NO and its metabolites certainly attains detect-
able levels in the serum when a specific challenge such as
endotoxin [15] is studied over time. Although we did not
demonstrate a change in the serum level of NO, our
results clearly showed that inhibition of NO synthesis by
L-NAME attenuated the hypoxic systemic vasodilatation,
which suggests NO involvement.

The NO release during acute hypoxia could be respon-
sible for maintaining a stable PAP even when pulmonary
vasoconstriction has occurred. Pulmonary vasoconstric-
tion induced by a thromboxane analogue U46619 in-
creases pulmonary NO synthesis and circulating cGMP
[31]. Our results showed that acute hypoxia alone did not
alter the PAP. However, pretreatment with L-NAME
caused a significant increase in pulmonary resistance and
the resulting PAP during hypoxic challenge (fig. 1A),
which suggests that NO is responsible for maintaining low
pulmonary resistance in low-oxygen environments. It is
interesting that the baroreflex is not activated during
acute hypoxia to accelerate the heart rate or to increase
cardiac output in order to compensate for systemic vaso-
dilatation. It has not been reported that stable pulmonary
pressure is more important than maintaining a constant
systemic blood pressure. However, our results certainly
suggest that during acute hypoxia, pulmonary homeosta-
sis somehow supersedes the baroreflex, which should
have been elicited by profound hypotension. The mecha-
nism by which the baroreflex is overridden during acute
hypoxia is presently not known.

Chronic hypoxia causes both pulmonary and systemic
hypertension. The consequence is cardiac hypertrophy,
particularly in the right ventricle as shown in table 1. The
hypertension is due to increased vascular resistance and
vascular remodeling [17, 21, 29]. Although a decrease in
the release or synthesis of vasodilators could also result in
hypertension, the relation between NO and pulmonary
hypertension after chronic hypoxia is not clearly defined.
Evidence shows that chronic hypoxia decreases NO pro-
duction and NO synthase (NOS) activity [1, 5, 6]. Also,
hypoxia-induced pulmonary hypertension causes multi-
ple disruptions in the NO pathway, including the cGMP-
dependent mechanism [2]. These findings suggested that
chronic hypoxia reduces NOS activity, contributing to the
pathogenesis of pulmonary hypertension. In contrast, an
increased NO concentration was found in the effluent
from isolated lungs of chronically hypoxic rats [13]. The
mRNA expression and protein synthesis of inducible

NO-Dependent Vasodilatation following
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NOS showed significant increases in lungs from rats with
hypoxic pulmonary hypertension [12]. Our results clearly
showed that injection of L-NAME alone in rats raised in a
normoxic environment or after chronic hypoxia caused a
similar degree of vasoconstriction and a reflex lowering of
cardiac output (table 1), indicating that exposure to
chronic hypoxia did not reduce NOS activity.

Our results also showed that chronic hypoxia abolishes
the vasodilatation response to acute hypoxia in the pul-
monary circulation and attenuates the response in the sys-
temic circulation (fig. 4). Chronic hypoxia may inhibit the
burst of NO release occurring during acute hypoxia and
may blunt activation of the NO pathway. Since we did not
detect a change in plasma NOx~ during hypoxic challenge
for 5 min, it is not possible to distinguish between either a
reduced capability of NO release or a depressed vascular
sensitivity to NO after prolonged hypoxic exposure. Nev-
ertheless, our results showed that prolonged hypoxic ex-
posure in rats depresses the NO-dependent cardiovascu-
lar responses to acute hypoxia.

In summary, our study in anesthetized rats showed
that acute hypoxia caused pronounced systemic hypoten-
sion without any significant elevation of PAP. NO me-
diates the systemic hypotension and plays an important
role in opposing the pulmonary vasoconstriction associat-
ed with acute exposure to hypoxia. Prolonged hypoxic
exposure results in persistent hypertension, both in the
systemic and pulmonary circulations, and hypertrophy of
the right ventricle. The NO-dependent vasodilatation as-
sociated with acute hypoxia vanished following prolonged
exposure to hypoxia. In conclusion, chronic hypoxia at-
tenuates NO-dependent systemic vasodilatation in re-
sponse to acute hypoxia and minimizes the role of NO in
maintaining pulmonary homeostasis.
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