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Changes in Pulmonary Vascular Tone during Exercise
Effects of Nitric Oxide (NO) Synthase Inhibition, L-Arginine Infusion, and NOInhalation

Tomonobu Koizumi, Rishi Gupta, Mukul Banerjee, and John H. Newman
Vanderbilt Center for Lung Research, Department of Medicine, Vanderbilt University School of Medicine, Department of Physiology,
Meharry Medical College, Nashville, Tennessee 37232-2650

Abstract

Nitric oxide (NO) is a potent endogenous vasodilator. Its
role in the normal and stressed pulmonary circulation is
unclear. To better understand the importance of endoge-
nous NOin normal physiological responses, we studied the
effects of altered NOavailability on the change in pulmo-
nary vascular tone that accompanies exercise. In paired
studies we measured blood flow and pressures in the pulmo-
nary circulation at rest and during treadmill exercise at a
speed of 4 mph with and without (a) NW-nitro-L-arginine,
20 mg/kg intravenously, a selective inhibitor of NO syn-
thase; (b) L-arginine, 200 mg/kg intravenously, substrate
for NOsynthase; (c) combination of the inhibitor and sub-
strate; and (d) inhalation of NO> 30 ppm, to determine if
endogenous release of NOelicits maximal vasodilation. In
addition, we sought to determine the site of NO effect in
the pulmonary circulation by preconstriction with either U-
44619 or hypoxia (fraction of inspired 02 = 0.12) using a
distal wedged pulmonary catheter technique. NOsynthase
inhibition raised pulmonary vascular tone equally at rest
and exercise. L-Arginine reversed the effects of NOsynthase
inhibition but had no independent effect. NOinhalation did
not reduce pulmonary vascular tone at rest or enhance the
usual reduction in pulmonary vascular resistance with exer-
cise. The effect of NOsynthase inhibition was in pulmonary
vessels upstream from small veins, suggesting that endoge-
nous NOdilates primarily small arteries and veins at rest.
We conclude that, in sheep, endogenous NO has a basal
vasodilator function that persists during, but is not en-
hanced by, exercise. (J. Clin. Invest. 1994. 94:2275-2282.)
Key words: nitric oxide * pulmonary circulation * exercise
* NOsynthase inhibition

Introduction

The objective of this study was to examine the role of nitric
oxide (NO)' in the pulmonary circulation at rest and during
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1. Abbreviations used in this paper: CO, cardiac output; FIO2, fraction
of inspired 02; NLA, Nw-nitro-L-arginine; NO, nitric oxide; Pla, left
arterial pressure; Pmw, pulmonary artery microwedge pressure; Ppa,
pulmonary artery pressure; PVR, pulmonary vascular resistance.

exercise in adult sheep. During moderate exercise, pulmonary
blood flow increases two- to fourfold, and there is a quantita-
tively smaller increase in pulmonary artery pressure (Ppa) ( 1 ).
These changes are associated with a significant reduction in
pulmonary vascular resistance (PVR) in animals (2, 3) and in
humans (4). The mechanisms for the decrease in PVRduring
exercise are not completely understood (3-6).

The vascular endothelium responds to multiple physiologi-
cal stimuli by releasing vasoactive mediators that regulate vas-
cular tone. For example, changes in blood flow or shear stress
can stimulate prostacyclin (7, 8) or NOrelease (9, 10). NOor
a closely related molecule enzymatically derived from L-argi-
nine (9, 10) is a potent pulmonary vasodilator and regulates
pulmonary vascular tone in some species ( 11 ). Release of NO
in response to increased flow across the endothelium has been
demonstrated in vitro ( 11 ), and NOmay contribute to the pro-
gressive rise in pulmonary blood flow at birth ( 12, 13). Basal
NOrelease is partly responsible for the low pulmonary vascular
tone at rest in adult sheep, and NOsynthase inhibition in sheep
results in pulmonary hypertension during exercise (6). Further-
more, exogenous inhaled NOhas been shown to be a pulmonary
vasodilator in experimental models and human diseases ( 14).
The fundamental role of endogenous NOin the normal pulmo-
nary circulation during exercise has not been clarified.

From these observations, we hypothesized that NOrelease
may be important in the adaptation of the pulmonary vasculature
to the large increase in blood flow associated with exercise. We
performed experiments at rest and exercise to examine the ef-
fects of (a) a selective inhibitor of NOsynthase, (b) NOsub-
strate supplementation with L-arginine with and without NO
synthase inhibition, and (c) the effects of inhaled NOon pulmo-
nary hemodynamics in the normal and preconstricted pulmonary
circulation. Preconstriction is useful to measure vasodilator po-
tential in the pulmonary circulation because the bed ordinarily
has such low tone that vasodilation is hard to detect. Endothe-
lial-dependent relaxation is observed in both pulmonary artery
and vein in vitro ( 15, 16), but little information exists on distri-
bution or site of the action of NOin the pulmonary vascular bed
in vivo. Thus, we also examined the longitudinal distribution of
PVRduring NOsynthase inhibition and NOinhalation using the
pulmonary "microwedge" pressure to partition the pulmonary
vascular bed between large and small vessels (2, 17, 18).

Methods

Surgical preparation. Adult sheep weighing 20-35 kg were prepared
for measurements of vascular pressure and blood flow as described
previously ( 1-3, 5, 6). Under general anesthesia with halothane, a left
thoracotomy was performed, and the left atrium and main pulmonary
artery were directly cannulated with silastic catheters. An ultrasonic
flow probe (Transonic Systems, Inc., Ithaca, NY) was placed around
the main pulmonary artery for continuous measurement of cardiac output
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Table L Dose Response of NLA on Hemodynamics

NLA 1 mg/kg NLA 5 mg/kg NLA 10 mg/kg NLA 20 mg/kg NLA 30 mg/kg*

BL Drug BL Drug BL Drug BL Drug BL Drug

Ppa 19.0±0.8 20.5±1.3 20.0+1.3 25.2±1.8* 17.1±0.9 22.7+1.6* 17.8±1.3 30.2+2.5* 18.2+1.6 34.8±3.0*
Pla 1.2±0.9 1.3±0.8 1.3±0.8 1.6±1.2 0.5±0.7 0.9±1.2 1.3+0.4 2.9±1.1 0.4±0.7 0.8±0.8
CO 3.82+0.22 3.42+0.27* 4.09±0.15 3.44±0.21* 3.62±0.28 2.72±0.25* 3.56+0.31 2.69±0.26* 3.66±0.35 2.75±0.19*
PVR 4.72±0.38 5.80±0.72 4.56+0.31 6.89±0.71* 4.70±0.46 8.29±1.18* 4.73±0.49 10.1±0.83* 4.87±0.26 12.5±0.36*
Psa 88.8±5.4 88.8±4.8 87.0±4.4 96.0+5.5* 87.0±5.9 94.4±5.8* 89.7+4.5 98.1+4.6* 80.0±3.0 100±2.6*
HR 92.3±3.1 87.6±4.5 102±6.3 95.7+6.8 98.2±4.7 89.2±5.8 106.3±5.6 96.7±2.1 93.5±2.1 85.3±4.2

Data are means±SE (n = 5); i n = 4. Ppa and Pla are given in cmH20; COin liters per minute, PVRin cmH20 per liter per minute; Psa is systemic
artery pressure in mmHg; and HR is heart rate in beats per minute. * P < 0.05 differs from baseline (BL).

(CO). Through a right neck incision, a No. 8 introducer (Cordis Labora-
tories Inc., Miami, FL) was inserted into the jugular vein, and a silastic
catheter was placed into the aorta through the carotid artery. Some
animals had a permanent tracheostomy made under a second general
anesthesia. After surgery, sheep were allowed to recover in pens for 4-
7 d with free access to water and feed before the start of exercise
training and experiments. For exercise, animals were fitted with a padded
leather collar which was attached at a comfortable level to side posts
built onto a treadmill (Quinton Instruments Co., Seattle, WA). The
sheep were acclimated to the treadmill at progressive speeds over several
days until they could trot at 4 mph for over 4 min without discomfort.

Physiologic measurements. Hemodynamic variables were continu-
ously recorded at rest and during exercise using pressure transducers
and an electronic recorder (MT95000; Astro-Med, Inc., West Warwick,
RI). The zero reference for pressures was set near the level of the
left atrium. Pulmonary blood flow was measured continuously by the
implanted ultrasonic flow probe which was connected to a flowmeter
(Transonic Systems, Inc.), and the signal was displayed on the electronic
recorder. The ultrasonic flow values were calibrated to COs determined
by the thermodilution method using a CO computer (model 9520A;
Edwards Co., Santa Ana, CA). To raise CO, isoproterenol, 5 mg in 100
ml normal saline, was infused intravenously at different rates into each
sheep at rest using a pump (Harvard Apparatus, Inc., South Natick,
MA). Flow meter and thermodilution values were measured at multiple
COs at steady state, and a correlation plot and regression equation were
constructed for each animal (2, 3, 6). Arterial blood gas tensions and
pH were analyzed with a pH/blood gas analyzer (model 158; Coming
Medical and Scientific, Medfield, MA).

Experimental protocols. In all studies, we continuously measured
Ppa, left atrial pressure, and COat rest and exercise. Systemic artery
pressure was measured in most protocols.

Dosing of Nw-nitro-L-arginine (NLA). To determine the most useful
dose of NLA (Sigma Chemical Co., St. Louis, MO), five sheep were
given five doses (1.0, 5.0, 10, 20, and 30 mg/kg), administered on
separate days in random order (Table I). After baseline measurements,
NLA was given by bolus into the pulmonary artery catheter. Hemody-
namic measurements were continued for at least 30 min after drug
administration. New steady state values occurred within 15-20 min
(Table I). NLA caused dose-dependent increases in pulmonary and
systemic artery pressure. COsignificantly decreased with the first dose,
1 mg/kg of NLA. Ppa rose despite the decrease in CO, denoting true
vasoconstriction. The increase in PVRobserved in response to increas-
ing doses of NLA was dose dependent; 30 mg/kg of NLA caused a
marked increase in PVRfrom 4.87±0.26 to 12.5±0.37 cmH2O/liter per
minute. Wechose 20 mg/kg for a standard dose of NLA because it
reliably raised Ppa without causing severe systemic hypertension or
large reduction in CO. This is the dose used by most other investigators
(19, 20).

Effects of NOsynthase inhibition and L-arginine on pulmonary he-

modynamics during exercise. In paired studies, six sheep exercised on
a treadmill at a constant speed of 4 mph for 4 min untreated, with
NLA pretreatment, or with NLA plus L-arginine (Sigma Chemical Co.)
pretreatment. In the NLA-alone arm, exercise was begun 20 min after
drug infusion. On a separate day, sheep were treated first with NLA for
20 min followed by L-arginine (200 mg/kg) by bolus via the pulmonary
artery catheter. Exercise was begun - 10 min after L-arginine infusion.

In paired studies, four sheep exercised with and without L-arginine
pretreatment. Sheep received L-arginine, 200 mg/kg intravenously
by bolus, via the pulmonary artery catheter after steady state base-
line. Exercise was begun - 10 min after administration of L-arginine
(Table II).

Effects of inhaled NOon pulmonary hemodynamics during exercise.
In six trained sheep a tracheostomy was made under general anesthesia.
After 2 d of recovery, a No. 10 Shiley tracheostomy tube was placed,
and sheep were exercised with and without NOinhalation. NOgas (50
ppm in N2) was mixed with 02 using a Bennett 50 psi gas blender, and
delivered by a high-flow regulator through low-resistance ventilator
tubing and one-way valves to prevent rebreathing. The fraction of in-
spired 02 (F102) was set at 0.25 on the blender. The final concentration
of NOat the mouth was - 40 ppm (1-0.25) x 50 ppm. From other
studies, NO gas has vasodilator effects at concentration as low as 2
ppm, and maximal effects occur at < 40 ppm (14, 21). After steady
state values were observed on room air, sheep then breathed control gas
(02 = 25%, N2 = 75%) via the gas delivery system. After a new steady
state was achieved while breathing control gas, sheep exercised at 4
mph for 4 min. Sheep then rested for over 1 h and were restudied while
breathing NO.

Effects of inhaled NOon hypoxia- and U46619-induced vasocon-
striction during exercise. In paired studies, six sheep breathed hypoxic
gas at baseline and during exercise with and without inhaled NO. Hyp-
oxic gas was delivered via the blender at F102 0.12, resulting in an
arterial PaO2 of - 40 Torr. After 20 min, when pulmonary hypertension
was stable, sheep were exercised. In the NOinhalation part of the study,
sheep breathed NOat an F102 of 0.12 after reaching a stable hypoxic
pressor response and then were exercised.

Similarly, six sheep received continuous intravenous infusion of
U46619 in saline at baseline and during exercise with and without NO
inhalation. We used the stable 9-methylene ether analogue of PGH2
[(1SS) hydroxy-l 1ca, 9a-(epoxymethano) prosta-SZ, 13-dienoic acid;
The Upjohn Co., Kalamazoo, MI]. U46619 was continuously infused
into sheep at 4-10 isg/min to produce at least a 50% increase in Ppa.
After reaching stable effects of U46619, sheep were exercised. In the
NOinhalation part of this protocol, sheep breathed NOafter the pressor
response to U46619 was stable and were then exercised.

Distribution of PVRduring NLA infusion, hypoxia, and U46619. In
six sheep, we measured Ppa, pulmonary artery microwedge pressure
(Pmw), left arterial pressure (Pla), and COcontinuously to assess the
longitudinal distribution of pulmonary resistance. To obtain Pmw, a
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Table II. Effect of NOSubstrate (L-Arginine) on Hemodynamics

Rest Exercise (s)

BL Post-treatment 20 60 120 240

Ppa
Control 19.5±2.0 19.5±2.0 28.6±1.8* 28.6±1.7* 27.4±2.0 25.8±2.4
L-Arginine 17.8±1.3 19.0±0.9 28.3±2.0* 28.8±2.7* 27.5±3.4 26.3±2.5

Pla
Control 0.8±0.5 1.1±0.2 4.8±1.3* 4.0±1.3 2.5±0.9 2.1±0.9
L-Arginine 0.8±0.1 0.6±0.3 4.5±0.8* 3.7±1.1 3.4±1.2 1.8±0.8

CO
Control 4.3±0.4 4.3±0.4 6.8±1.0* 8.4±0.9* 8.5±0.8* 8.7±0.9*
L-Arginine 4.2±0.3 4.8±0.2 7.9±0.7* 9.1±0.7* 9.1±0.7* 8.9±0.6*

PVR
Control 4.6±0.3 4.4±0.3 3.7±0.2 3.1±0.2* 3.0±0.2* 2.7±0.1*
L-Arginine 4.2±0.2 3.8±0.1 3.2±0.1 2.8±0.1* 2.6±0.1 * 2.7±0.1 *

* P < 0.05 versus baseline and post-treatment. Pulmonary hemodynamics at rest and during exercise at 4 mph in control and L-arginine-pretreated
sheep (n = 4, paired). BL, baseline. Ppa and Pla are given in cmH2O; and COis given in liters per minute. Values are means±SE.

No. 7 Swan-Ganz catheter (Edwards Co.) was advanced through the
introducer (Cordis Laboratories Inc.) into the pulmonary artery to an
initial wedge position guided by the vascular pressure tracing. The
catheter was then readvanced with the balloon deflated into a more
distal wedge position. The criteria for attainment of Pmware described
in detail in previous studies (2, 6). Total PVR = (Ppa - Pla)/CO;
upstream resistance (PVRup) = (Ppa - Pmw)/CO; downstream resis-
tance (PVRdown) = (Pmw - Pla)/CO. NLA (20 mg/kg) was infused
via the pulmonary artery catheter, and then the sheep were exercised.
Similarly, hypoxic gas and U46619 were given as described above.
After new steady state hemodynamic responses were observed, NOwas
started. Pulmonary vascular segment resistances were calculated.

Statistics. Data are expressed as means±SE. Data were analyzed by
one- and two-way ANOVA, using Number Cruncher Statistical System
(Kaysville, UT). Tests for differences in groups and between baseline
and experimental values were by Duncan's new multiple range test.
Paired t test was used for within group comparisons for a single variable.
Significant differences were assumed at P < 0.05. To compare changes
in exercise-induced pulmonary vasodilation we calculated percent
change in PVRas (PVRexp - PVRrest)/PVR rest x 100.

Results

Effects of NLA on pulmonary hemodynamics during exercise.
Hemodynamic values at rest and during exercise in control,
NLA-treated, and NLA + L-arginine-treated sheep are summa-
rized in Figs. 1 and 2. In control runs, Ppa rose from 21.3±1.5
at baseline to a peak of 34.2±3.8 cmH2Owithin 60 s of exercise,
then decreased to 30.9±4.6 cmH2Oat 240 s. COrose precipi-
tously at the start of exercise, to a level double that of baseline,
and then remained stable. Changes in Pla during control exercise
were small; Pmwrose slightly from 7.9±0.9 at baseline to a
peak of 11.2±+1.1 cmH2O at 40 s of exercise (P = NS) and
then gradually decreased. PVRdecreased abruptly with exercise
from 4.87+0.56 to 3.78±0.44 cmH2O/liter per minute at 20 s
and then more gradually to a nadir of 3.00±0.18 cmH2O/liter
per minute at 4 min of exercise.

NLA (20 mg/kg) treatment caused an increase in Ppa at
rest from 21.7±1.4 to 35.2±4.7 cmH20 (P < 0.05), a decrease
in COfrom 4.6±0.44 to 3.5±0.29 liters/min (P < 0.05), and

a rise in PVRfrom 5.1±0.5 to 9.8± 1.0 cmH2O/liter per minute
(P < 0.05). During exercise, Ppa increased to a significantly
higher level than in control runs, reaching a peak of 55.3±5.7
cmH20 at 60 s. COduring exercise was significantly lower than
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Figure 1. Pulmonary hemodynamics at rest and during exercise at 4
mph in control (filled circle), NLA-(filled triangle), and NLA + L-
arginine- (filled diamond) pretreated sheep (n = 6, paired). BL, base-
line; L-ARG, L-arginine, for this and all subsequent points. Values are
means±SE. # P < 0.05 for this and all subsequent points versus base-
line. +P < 0.05 for this and all subsequent points versus baseline and
time 0. * P < 0.05 for this and all subsequent points versus other groups.
*P < 0.05 versus control.
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in controls. Changes in Pla and Pmwwere similar to those of
controls. PVR in NLA-treated sheep decreased to 7.9±+1.6
within 20 s of exercise and then decreased more gradually to a
level of 5.9+0.8 cmH2Oliter per minute at 4 min. PVRduring
exercise in NLA-pretreated sheep was significantly higher than
in control runs (Fig. 2). However, the percent change in PVR
after the onset of exercise was the same in NLA-pretreated and
control sheep (Fig. 3).

In the NLA + L-arginine-treated sheep, NLA also caused
a significant increase in PVR at rest from 5.4+0.1 to 8.4±0.6
cmH2O/liter per minute. L-Arginine administration fully re-
versed the NLA-induced vasoconstriction back to control levels
at rest and during exercise (Fig. 2).

Systemic blood pressures at rest and exercise in control and
during NLA and NLA + L-arginine treatment are shown in
Table III. NLA significantly raised BP at rest. BP was no differ-
ent than controls with L-arginine reversal. There were no sig-
nificant changes by one-way ANOVAwith exercise, although
BP rose in each group, probably because of the small number
of sheep.

Effects of L-arginine alone on hemodynamics. COslightly
increased after L-arginine treatment (from 4.2+0.3 to 4.8±0.2
cmH2O/liter per minute), but this change was not significant
(Table II). The time course and magnitude of changes in Ppa,
Pla, CO, and PVR during exercise were similar to those of
control runs (Table II, Fig. 3).

Effects of NO inhalation at rest and during exercise. NO
inhalation slightly reduced PVR from 4.6+0.2 to 4.0+0.3 at
rest, due to a fall in Ppa from 18.9±0.7 to 16.3±0.8
cmH2O, although the change did not reach statistical signifi-
cance (Table IV). Inhaled NOdid not change the time course
or magnitude of changes in Ppa, Pla, or CO during exercise
(Table IV, Fig. 4).

Acute hypoxia caused an increase in Ppa from 19.5+0.9 to

-40 -

-50 -
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* = control
A = NLA

L-ARG

* = control
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Figure 3. The percent change in PVR after onset of exercise in sheep
pretreated with NLA (n = 6, paired) and L-arginine (L-ARG) (n = 4,
paired). Values are means+SE.

26.4+0.7 cmH2O and an increase in PVR from 4.7±0.3 to
5.8±0.3 cmH2O/liter per minute (Table IV). During hypoxic
exercise, Ppa continued to rise to a peak of 30.1±2.0 cmH2O
at 40 s of exercise. After the start of hypoxic exercise, PVR
decreased rapidly to a new level that was higher than controls,
indicating continued hypoxic vasoconstriction. Inhaled NOfully
reversed hypoxia-induced pulmonary hypertension to normal
levels at rest and during exercise. In this experiment, PaO2
decreased from 84.2+3.4 to 36.1±1.2 Torr during hypoxia at
rest and to 32.5+1.7 Torr during exercise. These levels were
unchanged by NOinhalation.

Continuous infusion of U46619 caused significant increases
in Ppa and PVRat rest. After the start of exercise, Ppa increased
further to a peak of 29.6±1.9 cmH2Oat 40 s of exercise. Inhaled
NOfully reversed pulmonary hypertension and vasoconstriction
induced by U46619 at rest and during exercise.

In all vasoconstricted groups, the magnitude and time course
of percent change in PVR after the onset of exercise were the
same as control exercise (Fig. 4). Furthermore, there were no
significant effects of inhaled NOon the magnitude and timing
of the percent change in PVRafter exercise (Fig. 4).

The site of action in NOsynthase inhibition and NOinhala-
tion. NLA, hypoxia, and U46619 caused significant increases
in Ppa (Figs. 1 and 5). Pmwrose during U46619 infusion
(6.8±0.4 to 10.3+0.6 cmH2O, P < 0.05), but not with NLA
or hypoxia (Fig. 5). In U46619-treated sheep, PVRsignificantly
increased in both up- and downstream segments, whereas PVR
increased mainly in upstream segments with NLA and hypoxia.
NO inhalation fully reversed vasoconstriction during hypoxia
and U46619 infusion and resulted in reduction in both up- and
downstream resistance during U46619 infusion (Fig. 5). The
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Table III. Systemic Pressure Response at Rest and Exercise to NLA and NLA + L-Arginine

Rest Exercise (s)

BL Treatment 20 60 120 240

Control 84.8±4.9 86.6±3.3 89.2±4.6 90±3.9 90.6±3.7
NLA 83.4±3.1 95.6±4.5* 95.8±4.1 98.4±3.8 99.6±2.6 102.6±3.6
NLA + L-Arginine 85.4±3.6 83.6±2.5 87±2.7 91.4±3.1 89.6±2.5 89.4±2.9

Data are means±SEM (n = 5) in mmHgaortic pressure. * P < 0.05 compared with BL (base line).

increase in upstream PVRafter NLAtreatment persisted during in PVRwas mainly due to vasoconstriction in vessels upstream
exercise. PVRup significantly increased from 3.3±0.2 to from small veins. The hemodynamic effects of NLA were re-
7.8±1.9 cmH2O/liter per minute after NLApretreatment at rest versed by L-arginine, a substrate for NOsynthase. Neither exog-
and decreased to 4.9±0.7 cmH2O/liter per minute at 240 s of enous inhaled NOnor L-arginine caused independent vasodila-
exercise, still higher than in control runs, 2.3±0.3 cmH20/liter tor effects at baseline or during exercise. We conclude that
per minute (P < 0.05) at 240 s of exercise. constitutive NOrelease contributes to low pulmonary vascular

tone at rest and that the effect persists but is not enhanced
Discussion during exercise.

There has been controversy about the role of NO in the
We found that NO synthase inhibition with NLA caused an maintenance of normal low resting pulmonary vascular tone.
increase in PVR at rest and during exercise, and the increase NLA treatment had little effect on the baseline perfusion pres-

Table IV. Effects of NOon Hemodynamics at Rest and Exercise in Preconstricted Vessels

Rest Exercise (s)

BL Post-treatment ±NO 20 60 120 240

Ppa NO
Control (-) 18.5±0.9 19.4±1.1 23.3±1.6 24.9±1.6* 24.1±1.6* 21.8±1.4

(+) 18.9±0.7 18.9±0.7 16.3±0.8 19.5±1.0 20.5±1.4 19.8±1.4 17.9±1.4
Hypoxia (-) 19.5±0.9 26.4±0.7* 29.7±1.8* 29.7±2.3* 27.8±1.8V 26.8±1.8*

(+) 19.3±0.6 27.7±0.9t 18.9±1.1* 22.4±2.3§ 22.3±2.9§ 20.9±2.9 20.3±3.1
U46619 (-) 17.1±0.9 26.2±0.7* 28.9±1.6* 29.3±1.9t 29.5±1.8* 26.8±1.9*

(+) 17.9±0.9 29.0±0.7t 18.3±1.0§ 21.1±1.6§ 20.6±1.8§ 19.6±1.8§ 18.7±2.0§
Pla

Control (+) 0.2±0.9 0.2±0.9 0.4±0.9 0.7±1.1 0.1±1.2 -2.0±1.2
(+) 0.9±1.0 0.9±1.0 0.7±1.0 1.2±1.1 0.3±1.4 -0.5±1.4 -1.4±1.5

Hypoxia (-) -0.2±0.8 -1.7±1.1 0.7±0.9 -0.3±1.0 -0.9±1.1 -1.7±0.9
(+) -0.2±0.7 -0.8±1.0 -0.6±1.2 0.8±0.9 -0.2±1.4 -0.7±1.2 -1.5±1.2

H46619 (-) 0.7±0.4 0.9±0.6 2.1±1.1 -0.5±0.9 -0.5±1.0 -1.6±0.8
(+) 1.0±0.4 2.4±0.8 1.2±1.1 1.7±1.2 0.5±1.2 0.4±1.1 -1.2±0.8

CO
Control (-) 4.0±0.3 4.1±0.3 6.6±0.3* 7.5±0.4* 7.6±0.4* 7.5±0.4*

(+) 3.9±0.2 3.9±0.2 3.9±0.2 6.3±0.3* 7.3±0.5* 7.3±0.5* 7.2±0.3*
Hypoxia (-) 4.2±0.2 4.9±0.2 6.8±0.8* 7.6±0.3* 7.6±0.2* 8.0±0.5*

(+) 4.1±0.1 4.9±0.2 4.8±0.3 6.7±0.4* 7.5±0.4* 7.5±0.4* 7.7±0.4*
U46619 (-) 4.1±0.2 3.9±0.2 6.2±0.5* 6.7±0.5* 6.6±0.6* 6.5±0.5*

(+) 3.7±0.3 3.5±0.3 3.6±0.3 5.6±0.6* 6.0±0.6* 6.0±0.5* 6.0±0.6*
PVR

Control (-) 4.6±0.3 4.6±0.3 3.5±0.3* 3.2±0.2* 3.1±0.3* 3.1±0.3*
(+) 4.6±0.2 4.6±0.2 4.0±0.2 2.9±0.2* 2.7±0.2* 2.8±0.3* 2.7±0.3*

Hypoxia (-) 4.7±0.3 5.8±0.3* 4.3±0.2r 3.9±0.2r 3.7±0.2* 3.6±0.2*
(±) 4.8±0.2 5.8±0.3t 4.1±0.3§ 3.2±0.2*§ 3.0±0.2*§ 2.8±0.3*§ 2.8±0.3*

U46619 (-) 4.1±0.3 6.7±0.6* 4.5±0.57 4.6±0.4T 4.7±0.4T 4.4±0.3
(+) 4.3±0.4 7.3±0.6* 4.5±0.5§ 3.4±0.4T 3.2±0.4 T 3.1±0.3T 3.2±0.3T§

*, versus BL (base line) and post-treatment; §, versus without NO. 7, versus time 0. $, versus BL.
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Figure 4. The percent changes in PVRafter onset of exercise in controls,
with hypoxia and U46619 infusion, with (open circles) and without
(filled circles) NOinhalation (n = 6, paired for each group). Values
are means±SE.

sure in lungs of normal rats, but did have an effect in lungs of
hypertensive rats (22). Increases in pulmonary vascular tone
after treatment with NLA were demonstrated in newborn lambs
(19), in the intact cat (23), ovine fetus (13), and hypoxic
rabbit (24). In conscious dogs, NOsynthase inhibition had no

effect on the baseline pulmonary vascular pressure-flow rela-
tionship (20). These conflicting results probably reflect species
differences and experimental conditions. Our experiments in
awake, intact animals may accurately represent the effect of
endogenous NO in the pulmonary circulation of normal adult
sheep.

Weand others have used the microwedge technique to deter-
mine the longitudinal distribution of vascular resistance in the
pulmonary circulation. The technique allows detection of pul-
monary venoconstriction (6, 17, 18). Wefound that NOsyn-

thase inhibition resulted in a rise in Ppa at rest and during
exercise, but did not change Pla or Pmw. Thus, the major site of
endogenous NOdilation is in vessels upstream from pulmonary
veins of 2.3 mmin diameter, the diameter of the Swan-Ganz
catheter. This was true both at rest and exercise.

Both pulmonary artery and vein exhibit endothelium-depen-
dent relaxation in response to several endothelium-dependent
vasodilators in vitro (15, 16). Relaxation in artery and vein
were associated with cyclic GMPaccumulation (15). Although
arterial relaxation was induced by acetylcholine, venous relax-
ation was elicited by bradykinin but not acetylcholine (15).
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Figure 5. Upstream and downstream Ppa and PVRwith NOsynthase
inhibition (NLA) and NO inhalation at rest. BL, baseline; HYPO, hyp-
oxia. Values are means±SE. ' P < 0.05 versus baseline. F102 = 0.12.
* P < 0.05 versus other groups.

The physiologic meaning of these different responses to endo-
thelium-dependent vasodilators remains to be elucidated. Our
results indicate that at rest the effects of endogenous NO are

dominant in small pulmonary vessels, probably arteries. It is
not known whether this represents differences in production
versus responsiveness to NOin different parts of the pulmonary
circulation. Similar findings were made by Cremona et al. (25)
using the double vascular occlusion technique. They demon-
strated that NLA methyl-ester, another NOsynthase inhibitor,
caused vasoconstriction in precapillary pulmonary vessels in
isolated guinea pig lung.

Wewere interested in the time course of changes in PVR
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with exercise. PVRdecreases rapidly over 0-20 s with the onset
of constant rate exercise in normal sheep and then continues to
slowly decrease to a lesser extent over several minutes (2, 3,
6). Our prior data (6) and other investigations in humans (4)
suggest that the rapid reduction in PVRat onset of exercise is
due to recruitment of microvascular bed possessing a low criti-
cal opening pressure. Activation of alpha and beta adrenorecep-
tors occurs in exercise, but these opposing vasoactive effects
appear to balance each other (3, 6). In the present study, pulmo-
nary vasoconstriction in NLA-treated sheep persisted during
exercise compared with control sheep. However, PVRin NLA-
treated sheep decreased at the same rate and magnitude as in
controls from the new postinhibition baseline. These data sug-
gest that enhanced NOrelease or effect was not responsible for
the reduction in PVRobserved in exercise in normal sheep. In
addition, pulmonary hemodynamic changes during exercise
were not affected by exogenous L-arginine supplement or in-
haled NO. Because L-arginine reversed the pulmonary hyperten-
sion that resulted from the competitive inhibition of NOsyn-
thase and because inhaled NOis clearly an effective pulmonary
vasodilator, it is possible that additional NOproduction does not
occur during exercise, or, if NOis increased, that the pulmonary
vasculature is already maximally dilated during exercise by
flow-related pressure effects (4).

NOmay play an important role in the vasodilation response
to the increase in blood flow in the newborn. Cornfield et al.
(13) reported that in the birth-related increase in pulmonary
blood flow in lambs, NLA treatment significantly inhibited both
the rise in pulmonary blood flow and the decrease in PVR,
supporting the hypothesis that an abrupt increase in pulmonary
blood flow stimulated the NOformation in the fetal lung. Differ-
ences related to age, oxygenation, and other physiological stim-
uli between exercise- and birth-related increases in blood flow
may account for the differences between our studies.

Hormonal vasoregulation during exercise has not been fully
proven. Lindenfeld et al. (26) in dogs and others in sheep
(5) have shown previously that prostacyclin does not modulate
exercise-induced pulmonary vasodilation, although prostacyclin
release is stimulated by shear stress across endothelial cells (7,
10). Wealso previously found that thromboxane formation is
not induced during exercise (5). On the other hand, there is a
large increase in alpha adrenoreceptor activation during exer-
cise, which is balanced by beta adrenoreceptor-induced vasodi-
lation (6). The effects of NOat rest persist during exercise but
are not augmented.

Loss of NO-like activity has been hypothesized to augment
pulmonary hypertension in chronic obstructive pulmonary dis-
ease (27). Abnormal increases in Ppa and PVRduring exercise
have been observed in some patients with chronic obstructive
pulmonary disease (28). NOactivity is impaired in pulmonary
arteries from some patients with severe chronic obstructive pul-
monary disease, although inhaled NOmay reduce Ppa and im-
prove gas exchange in others (27). It is not known whether or
not disorders of the release and effect of NOcontribute to this
abnormal exercise response. Chronic exposure of rats to hypoxia
has yielded variable data about endogenous NO, and it is not
clear yet whether abnormalities in NOproduction or response
contribute to the observed pulmonary hypertension (22, 29-
31 ). Further studies in animal models of human disease and in
humans may provide greater insight into the contribution of NO
to the pulmonary circulation in health and disease.

In summary, our findings suggest that basal release of en-
dogenous NOplays an important role in maintaining low pulmo-
nary vascular tone at rest and exercise in sheep, but enhanced
NOformation is not responsible for the reduction in PVRduring
exercise. Furthermore, endogenous NO exerts its vasodilator
action mainly in small veins or arterioles. Finally, increased
lung vascular pressure probably has a dominant role in the
reduction in PVRseen during exercise.
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