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Nitric oxide regulation of TP receptor-mediated pulmonary
vasoconstriction in the anesthetized, open-chest rat
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Abstract

We investigated the influence of endothelial nitric oxide (NO) on the pulmonary pressor activity of the stable thromboxane A,
analogue, U-46619 (9,11-dideoxy-9a-(methanoepoxy) prostaglandin F,, ), in anesthetized open-chest Sprague-Dawley rats (n = 6-9 per
group). NO synthase inhibition, as obtained by N®-nitro-L-arginine methyl ester (L-NAME; 0.63 mg/kg i.v.+ 20 mg/kg/h), induced
sustained systemic hypertension (mean maximal increase, A, in mean systemic arterial pressure =38 + 6 mmHg; P < 0.05 vs. vehicle)
associated with dlight bradycardia (A heart rate = —42 + 8 beats/min; P < 0.05 vs. vehicle) and delayed- (> 30 min) onset pulmonary
hypertension (A mean pulmonary arterial pressure= 10+ 3.4 mmHg; P < 0.05 vs. vehicle). In separate experiments, when mean
systemic arteria pressure was maximally increased by L-NAME, the difference between mean pulmonary arterial pressure and mean left
atrial pressure was greater in L-NAME-treated rats (41 + 16% compared to 10 + 1% in the vehicle group; P < 0.05), strongly suggesting
that spontaneously released NO modulated pulmonary vascular resistance. L-Arginine at a dose which reduced by ~ 50% the
L-NAME-associated systemic hypertension did not alter the late rise in mean pulmonary arterial pressure (A mean pulmonary arterial
pressure= 12+ 4 mmHg; P=NS vs. L-NAME alone). U-46619, dlicited rapid, dose-dependent, and transient increases in mean
pulmonary arterial pressure (A = 8.8+ 2.0 and 21.2 + 1.9 mmHg at 1.25 and 20 wg/kg i.v. respectively; both P < 0.01 vs. vehicle).
U-46619 (1.25 p.g,/kg)-induced increases in mean pulmonary arterial pressure were fully antagonized by the thromboxane A , /prostanoid
(TP) receptor antagonist, SQ 29,548 ([1S{1la,2a(52Z),3a,4a]]-7-[3-[[2-[(phenyl-amino)-carbonyl] hydrazino] methyl]-7-oxabicyclo
[2.2.1]hept-2-yl]-5-heptencic acid) (0.63 mg/kg i.v.+ 0.63 mg,/kg,/h). Injection of U-46619 (1.25 g /kg), 15 min after L-NAME
administration, evoked a 24.7 + 0.9 mmHg increase in mean pulmonary arterial pressure (P < 0.01 vs. U-46619 in control rats), which
was (i) greater than that produced by a 16-fold higher dose of U-46619 alone, (ii) fully antagonized by SQ 29,548, (iii) significantly
attenuated during coadministration of L-NAME and L-arginine (10 mg/kg i.v.+ 160 mg/kg/h; A mean pulmonary arterial pressure =
14.6 + 4.3 mmHg; P < 0.05 vs. U-46619 following L-NAME alone and P = NS vs. U-46619 in control rats). These results indicate that,
under normal circumstances, pulmonary vasomotor tone is regulated by spontaneously released NO. Moreover, pulmonary vascular NO
attenuates TP receptor-mediated pressor responses, strongly suggesting that in addition to mediating pulmonary vasoconstriction, TP
receptor activation also concomitantly releases NO within the pulmonary vasculature.
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1. Introduction

Endothelial nitric oxide (NO) is a powerful vasodilator
which regulates pulmonary vascular resistance in animals
and man, and acts as a physiological brake against vaso-
constriction (Barnes and Liu, 1995; Moncada and Higgs,
1993). It has been suspected that disturbance of NO syn-
thase activity may be of key importance in the pathophysi-
ology of pulmonary vascular diseases (Peacock, 1995). In
this regard, it was recently demonstrated that the pul-
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monary endothelial expression of NO synthase is indeed
reduced in patients with pulmonary hypertension (Giaid
and Saleh, 1995), leading to reduced NO availability and
subsequent vasoconstriction. Inhalation of NO gas selec-
tively lowers pulmonary vascular resistance (Pepke-Zaba
et al., 1991), indicating that the hypertensive pulmonary
vasculature is still responsive to NO.

Thromboxane A, is a mgor product of arachidonic
acid metabolism in the lung that stimulates contraction of
vascular smooth muscle via activation of TP receptors
(Barnes and Liu, 1995; Coleman et a., 1994). An impor-
tant role of thromboxane A, in the development and/or
maintainance of pulmonary hypertension has been pro-
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posed by the observation of elevated levels of the stable
thromboxane A, metabolite, thromboxane B, (Rubin,
1995). In vitro evidence suggested that contraction of rat
aortic rings with the stable thromboxane A, analogue,
U-46619 (9,11-dideoxy-9a-(methanoepoxy) prostaglandin
F,. ), was attenuated in the presence of endothelium due to
the release of an endothelium derived relaxing factor
(probably NO; Folger et al., 1991). Consequently, if re-
duced NO synthase activity and NO production eventually
lead to enhanced TP receptor-mediated pulmonary vaso-
congtriction, then this may have clinica relevance. How-
ever, it is not known at the present time whether endothe-
lial NO attenuates TP receptor-mediated pulmonary hyper-
tension in vivo.

We therefore investigated the influence of endothelia
NO on the pulmonary pressor responses evoked by the
stable thromboxane A, analogue, U-46619, in anes-
thetized, open-chest rats, by employing the NO synthase
inhibitor, N“-nitro-L-arginine methyl ester (L-NAME), an
agent which has previously been shown to inhibit pul-
monary endothelial NO synthase (Fineman et al., 1992,
McMahon et al., 1991; Nishiwaki et al., 1992).

2. Materials and methods

In accordance with French law and the loca ethica
committee guidelines for animal research, male Sprague-
Dawley rats (300—400 g, OFA, Iffa-Credo, France) were
anesthetized with sodium pentobarbital (60 mg/kg i.p.;
Sanofi Laboratories, France) and placed on a heated table
to maintain rectal temperature at 37 + 0.5°C. They were
prepared for acute experimentation as described previously
(Bertolino et al., 1995ab). Briefly, animals underwent
tracheotomy and were mechanically ventilated. Catheters
were inserted into a femoral vein and artery for infusing
fluids and drugs, sampling blood, and continuous measure-
ment of arterial pressure via a Statham P10EZ pressure

Table 1

transducer connected to a Gould amplifier and a computer-
ized data acquisition system (AcgqKnowledge, BIOPAC
Systems, Goleta, CA, USA). A left thoracotomy was per-
formed through the third intercostal space. The pulmonary
artery was exposed and a curved 19-gauge needle, con-
nected to a Silastic tube (Dow Corning, Midland, MI,
USA), was inserted near the bifurcation of the artery from
the ventricle. The Silastic catheter was secured to the
exposed muscle layer of the animal, then the thorax was
closed. Pulmonary arterial pressure was recorded as de-
scribed for the systemic arterial pressure. Experiments
were started 15—-30 min after completion of surgical proce-
dures.

2.1. Effect of NO synthase inhibition and of a thromboxane
A, analogue on systemic and pulmonary hemodynamic
parameters

Rats received an intravenous injection of L-NAME (0.63
mg,/kg + 20 mg/kg per h; n=8) or the vehicle (NaCl,
0.9%; n=23). The 23 rats receiving the vehicle of L-
NAME were divided into 3 subgroups. They received
either the thromboxane A , analogue, U-46619, at one of
the following doses (1.25 or 20 wg/kg; n=8 and 7,
respectively) or its vehicle (Na,CO;, 2 mM; n=8). U-
46619 or its vehicle was injected 15 min after initiation of
the infusion of the L-NAME vehicle.

To determine whether spontaneously released NO mod-
ulated pulmonary vascular resistance, mean pulmonary
arterial and mean left atrial pressures were simultaneously
recorded and the difference, an index of pulmonary vascu-
lar tone, determined in the presence and absence of L-
NAME in a separate series of experiments. Left atria
pressure was recorded continuously by means of a catheter
placed in the left atrium via the apex. Six rats received
L-NAME (0.63 mg/kg+ 20 mg/kg per h) whereas 6
others received a vehicle infusion over a 15 min period at
which time the experiment was ended.

Hemodynamic values measured at baseline and prior to U-46619 or vehicle administration

Treatment n BW(g) MSAP(mmHg) MPAP (mmHg) HR (beats/min)
Baseline  Before A Baseline Before A Baseline Before A

U-46619/ U-46619/ U-46619/

vehicle vehicle vehicle
Vehicle 23 360+9 98+6N 92+4 -61+49 189407 NS 186+0.7 —03+04 362+16 NS 347+14 -15+ 6
L-NAME 14 350+7 106+62 144+8  37.8+56° 174+03NS 167407 —07+07 388+142 345+12 —42+ 8°
SQ29548 14 344+5 102+5N 9445 —-80+45° 197+07N° 197406 00404 369+ 14 NS 353+10 —-16+11°
L-NAME 12 338+7 111+52 142+8 315+73%9 169+05N 170+07 01407 388+ 132 342413 —46+12°d
+5Q 29,548
L-NAME 17 359+8 97+5% 117+7 204+42°% 211+112 226+11 15+04P%9 366413 NS 349+ 12 —16+11°%°
+L-arginine

Values are mean + S.E.M. of measurements obtained at baseline and 15 min after initiation of one of the treatments indicated in the first column (i.e.,
before injection of either U-46619 or its vehicle). n, number of rats; BW, body weight; MPAP, mean pulmonary arterial pressure; MSAP, mean systemic
arterial pressure; HR, heart rate. @ P < 0.005 baseline vs. before U-46619/vehicle. ° P < 0.05 vs. vehicle; ¢ P < 0.05 vs. L-NAME; ® P < 0.05 vs. SQ
29,548, ® P < 0.05 vs. L-NAME + SQ 29,548. ™5 Not significant. All other comparisons did not reach statistical significance.
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2.2. Influence of L-NAME on the responses to U-46619

Six rats received U-46619 at the dose of 1.25 png/kg
i.v., 15 min after initiation of L-NAME infusion. U-46619
was administered when L-NAME-induced changes in mean
systemic arterial pressure and heart rate were maximal, at
which time mean pulmonary arterial pressure was consis-
tently not significantly affected.

2.3. Influence of TP receptor blockade on the responses to
U-46619, L-NAME alone or in combination

Twenty-six rats received the TP receptor antagonist SQ
29,548 (0.63 mg/kg i.v.+ 0.63 mg/kg per h) and were
divided into 4 subgroups. Six rats received U-46619 (1.25
ng/kg i.v.) whereas 8 received its vehicle, 15 min after
initiation of the infusion of SQ 29,548. In 2 additional
groups, L-NAME (0.63 mg/kg + 20 mg/kg per h) was
coadministered with SQ 29,548; these rats received either
the thromboxane A , analogue U-46619 (1.25 png/kg i.v.;
n=6) or its vehicle (n=6) 15 min after initiation of the
infusion of SQ 29,548 and L-NAME. When L-NAME and
SQ 29,548 were infused simultaneoudly the infusion rate
was reduced to 20 .l /min in order to maintain the volume
administered constant.

2.4. Influence of L-arginine administration on the re-
sponses to L-NAME alone or in association with U-46619

L-Arginine (10 mg/kg i.v.+ 160 mg/kg per h) was
coadministered with L-NAME (0.63 mg/kg i.v.+ 20
mg/kg per h) in 17 rats (both at a rate of 20 wl/min);
these rats received either U-46619 (1.25 pg/kgi.v.; n=9)
or its vehicle (n = 8) 15 min after initiation of the infusion
of L-arginine and L-NAME.
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Fig. 1. Typical recordings of systemic (SAP; A) and pulmonary (PAP; B)
arterial pressures following nitric oxide synthase inhibition as obtained by
injection of 0.63 mg/kg of L-NAME over 2 min, starting at 0 min as
indicated by the arrow, followed by a constant infusion of 20 mg/kg per
h at the rate of 40 .l /min over 1 h. L-NAME induced rapid, marked, and
sustained systemic hypertension accompanied by delayed onset pul-
monary hypertension.
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Fig. 2. Time-course of the effects of nitric oxide (NO) synthase inhibition
on mean absolute changes in mean systemic (AMSAP; A) and pulmonary
arteriad pressures (AMPAP; B), as well as heart rate (AHR; O) in
open-chest anesthetized rats. NO synthase inhibition was obtained by
injection of 0.63 mg/kg of L-NAME over 2 min followed by a constant
infusion of 20 mg/kg per h (filled squares; n=8). No significant
changes in mean systemic arterial pressure, mean pulmonary arteria
pressure and heart rate were detected in time control, vehicle-infused rats
(NaCl, 0.9% as a 1 ml /kg solution over 2 min followed by a constant
infusion at arate of 40 ! /min over 1 h; open squares; n=8). * P < 0.05
vs. baseline; $ P < 0.05 between groups.

2.5. Drugs and solutions

SQ 29,548 ([1S[la,2a(5Z),3a,4a]]-7-[3-[[2-
[(phenyl-amino)-carbonyl] hydrazino] methyl]-7-oxabicyclo
[2.2.1]hept-2-yl]-5-heptenoic acid) and U-46619 (9,11-di-
deoxy-9a-(methanoepoxy) prostaglandin F,,) purchased
from Cayman (Ann Arbor, MI, USA) were dissolved in
Na,CO, (2 mM). They were maintained on ice after
dissolution and injected in p.g/kg base weight. U-46619
was administered as a 1 ml/kg solution over 2 min
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whereas SQ 29,548 was injected as a 1 ml /kg solution
over 2 min followed by a constant infusion at a rate of 40
pl/min for 1 h. N“-Nitro-L-arginine methyl ester hydro-
chloride and L-arginine hydrochloride (both from Sigma,
St. Louis, MO, USA) were dissolved in sterile NaCl, 0.9%,
and injected in wg/kg base weight as 1 ml /kg solutions
over 2 min followed by a constant infusion at a rate of 40
! /min (except when specified otherwise) for 1 h.

2.6. Calculations and statistical analysis

Data are expressed as mean absolute (or relative) maxi-
mal changes (A) +S.E.M. One-way analysis of variance
followed by the Dunnett test were used to assess signifi-
cance among and between groups (StatView, Abacus Con-
cepts, Berkeley, CA, USA). P =0.05 was considered the
minimum level of significance.

3. Results

3.1. Effect of NO synthase inhibition on mean systemic
arterial pressure, mean pulmonary arterial pressure, left
atrial pressure and heart rate

A typica recording of systemic (A) and pulmonary (B)
arterial pressure following NO synthase inhibition is pre-
sented in Fig. 1. NO synthase inhibition was associated
with a rapid (within 5 min), marked (Amean systemic
arterial pressure= 38+ 6 mmHg; P < 0.05 vs. vehicle)
and sustained increase in mean systemic arterial pressure
which was accompanied by a dight bradycardia (Aheart
rate = —42 + 8 beats/min; P < 0.05 vs. vehicle) reaching
a plateau within 15 min (Table 1; Fig. 2). Mean pulmonary
arterial pressure increased progressively after 30 min at-
taining a maximum of 27.7+ 3.2 mmHg (Amean pul-
monary arterial pressure= 10 + 3.4 mmHg; P < 0.05 vs.
vehicle group; Table 2; Figs. 1 and 2) at the end of the
experiment. No significant changes in mean systemic arte-
rial pressure, mean pulmonary arterial pressure, or heart
rate were detected in control, vehicle-infused rats (Tables 1
and 2; Fig. 2).

Table 3
Baseline and maximal hemodynamic values measured after L-NAME or
vehicle administration

Treatment Vehicle(n=6) L-NAME (n=6)
Baseline  Absolute Baseline  Absolute
change change

BW (g) 381+2 367+6

MSAP(mmHg)  605+24 6.7+19 67.8+46 475+65°2
MPAP(mmHg)  159+1.0 14+02 161+11 54+20°%
MLAP (mmHg) 36+05 02+01 33+01 05+01%2
(MPAP—MLAP) 123+08 12+02 128+11 49+20%2

(mmHg)

Values are mean+ S.E.M. n, number of rats; BW, body weight; MSAP,
mean systemic arteria presure; MPAP, mean pulmonary arterial pressure;
MLAP, mean left atrial pressure. P < 0.05 vs. vehicle group. Basdline
values were measured at 0 min following 15 min stabilisation. Maximal
values were measured 5-15 min after initiation of L-NAME or its
vehicle.

To determine whether spontaneously released NO mod-
ulated pulmonary vascular resistance, we simultaneously
recorded mean pulmonary arterial and mean left atria
pressures and determined the difference as an index of
pulmonary vascular tone in the presence and absence of
L-NAME in a separate series of experiments. The results
are presented in Table 3. Mean systemic arterial pressure
was lower in these animals compared to that reported in
the first set of experiments, probably due to the heavier
instrumentation (Tables 1 and 3). L-NAME €elicited compa-
rable increases in mean systemic arterial pressure to those
reported in the previous experiments (48 + 6 mmHg; P <
0.05 vs. vehicle) whereas mean pulmonary arteria pres-
sure increased by 35+ 12% (P < 0.05 vs. vehicle) within
5-15 min. Furthermore, mean left atrial pressure as well as
the difference between mean pulmonary arterial and mean
left atrial pressures were significantly greater in L-NAME-
compared to vehicle-treated animals (15+ 2 vs. 5+ 2%
and 41 + 16 vs. 10 + 1% for mean left atrial pressure and
the difference in L-NAME- and vehicle-treated rats, respec-
tively; both P < 0.05 between groups) (Table 3). A ten-
dency for mean systemic and pulmonary arterial pressures
to increase more rapidly compared to the first set of
experiments was also noted following L-NAME.

Table 2
Mean basal and maximal pulmonary arterial pressure values
Treatment n BW (g9) Mean pulmonary arterial pressure

Basa (mmHg) Maximal (mmHg) % Change
Vehicle 8 361+ 15 205+ 09 NS 219+19 7+ 8
L-NAME 8 349+ 8 17.7+032 27.7+32 58 4 20 B¢
SQ 29,548 8 346+ 8 204+ 11N 230+ 14 14+ 8
L-NAME + SQ 29,548 6 335+ 10 161+ 03?2 306+ 4.3 90 + 27 P
L-NAME + L-arginine 8 363+ 12 194+16°2 314+ 40 68 + 24 b¢

Values are mean + S.E.M. n, number of rats; BW, body weight. P < 0.05 basal vs. maximal. ® p < 0.05 vs. vehicle; © P < 0.05 SQ 29,548. NS Not
significant. All other comparisons did not reach statistical significance. Baseline values were measured at O min following 15 min stabilisation. Maximal
values were measured 50—60 min after initiation of the treatments indicated in the first column.
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3.2. Effect of the thromboxane A, analogue, U-46619, on
mean systemic arterial pressure, mean pulmonary arterial
pressure and heart rate

Following intravenous injection of U-46619, mean pul-
monary arterial pressure increased promptly, within 2—3
min (A mean pulmonary arterial pressure= 8.8 + 2.0 and
212+ 19 mmHg a 1.25 and 20 pg/kg, respectively;
both P < 0.01 vs. vehicle group and P < 0.05 between
doses; Fig. 3), then progressively returned to preinjection
values. Systemic hypertension developed at the low dose,
whereas hypotension occurred at the high dose (Fig. 3). No
significant change in heart rate was detected at either dose
(data not shown). We next determined whether pulmonary
pressor responses evoked by U-46619 were influenced by
NO.

3.3. Influence of NO synthase inhibition on the responses
to U-46619

Preinjection values (pre-vehicle or U-46619) for mean
systemic arteria pressure, mean pulmonary arterial pres-
sure and heart rate are presented in Table 1. Mean sys-
temic arterial pressure was significantly higher and heart
rate lower in L-NAME-treated animals compared to vehi-
cle-infused animals whereas mean pulmonary arterial pres-
sure was not significantly affected. Injection of U-46619
(1.25 ng/kg 15 min after L-NAME administration re-
sulted in a 24.7 + 0.9 mmHg increase in mean pulmonary
arterial pressure (P < 0.01 vs. U-46619 in control rats)
associated with a 64.4 + 16.1 mmHg decrease in mean
systemic arterial pressure from a basal value of 143 + 14
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Fig. 3. Influence of TP receptor blockade and L-arginine on the responses to U-46619 alone or during nitric oxide synthase inhibition as obtained by
L-NAME (0.63 mg/kg bolus + 20 mg/kg per h). The TP receptor antagonist SQ 29,548 was administered at the dose of 0.63 mg,/kg bolus + 0.63 mg,/kg
per h. L-Arginine was administered at the dose of 10 mg,/kg bolus + 160 mg,/kg per h. Values are mean maximal absolute changes in mean pulmonary
(AMPAP; A) and systemic arterial pressures (AMSAP; B) observed during the 5 min following U-46619 (1.25 or 20 pg/kg) or its vehicle (Na,COj3, 2
mM). Administration of SQ 29,548 abolished the U-46619 (1.25 n.g/kg)-induced changes in both mean pulmonary arterial pressure and mean systemic
arterial pressure either in the presence or absence of L-NAME. Injection of U-46619, during coadministration of L-NAME and L-arginine, resulted in a
significant attenuation of the rise in mean pulmonary arterial pressure associated with a similar reduction in mean systemic arterial pressure. $P<0.05vs.
vehicle-infused rats; * P < 0.05 between groups; NS, not significant between groups or vs. vehicle-infused rats.
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mmHg (Fig. 3). The effect of U-46619 (1.25 pg/kg) on
mean pulmonary arterial pressure during NO synthase
inhibition was significantly greater than that produced by a
16-fold higher dose of U-46619 administered alone (i.e.,
20 ng/kg; Amean pulmonary arterial pressure= 21.2 +
1.9 mmHg). We next investigated whether the pulmonary
pressor responses induced by U-46619 alone or during NO
synthase inhibition were mediated by TP receptors.

3.4. Influence of TP receptor blockade on the responses to
U-46619, L-NAME alone or in combination

SQ 29,548 was devoid of any significant effect on mean
systemic arterial pressure, mean pulmonary arterial pres-
sure, and heart rate compared to vehicle-infused animals
(Tables 1 and 2). As depicted in Fig. 3, the U-46619 (1.25
rg/kg)-induced increases in mean pulmonary and sys-
temic arterial pressures were fully antagonized by SQ
29,548. Treatment with SQ 29,548, at a dose which pre-
vented these responses to U-46619, had no effect on
L-NAME-induced systemic and pulmonary hypertension as
well as bradycardia (Tables 1 and 2). Furthermore, admin-
istration of SQ 29,548 during L-NAME infusion abolished
U-46619-induced increases in mean pulmonary arteria
pressure and decrease in mean systemic arterial pressure
(Fig. 3). To veify that the effects of L-NAME were
mediated by NO synthase inhibition, we determined
whether they could be reversed by L-arginine.

3.5. Influence of L-arginine administration on the re-
sponses to L-NAME alone or in association with U-46619

L-Arginine infusion at a dose which reduced by approx-
imately 50% the L-NAME-induced systemic hypertension
blocked the bradycardia but did not alter the rise in mean
pulmonary arterial pressure (Tables 1 and 2). Following
coadministration of L-NAME and L-arginine, U-46619
(1.25 pg/kg) evoked significantly lower maxima in-
creases in mean pulmonary arterial pressure (A = 14.6 +
4.3 mmHg; P < 0.05 vs. U-46619 during L-NAME infu-
sion in the absence of L-arginine and P = NS vs. U-46619
in control rats) associated with a similar reduction in mean
systemic arterial pressure (A = 41.3 + 14.5 mmHg from a
basal value of 115+ 9 mmHg; Fig. 3).

4, Discussion

We investigated the influence of endothelial NO on the
pulmonary pressor responses evoked by TP receptor acti-
vation in anesthetized open-chest rats using the NO syn-
thase inhibitor, L-NAME. The stable thromboxane A,
analogue, U-46619, elicited rapid, dose-dependent, and
transient increases in mean pulmonary arterial pressure.
When NO synthase was inhibited, TP receptor-mediated
pulmonary hypertension was (a) substantially potentiated,

(b) reversed by L-argining, and (c) antagonized by the
selective TP receptor antagonist, SQ 29,548. The results
indicate that pulmonary vascular NO attenuates TP recep-
tor-mediated pressor responses, strongly suggesting that in
addition to mediating pulmonary vasoconstriction, TP re-
ceptor activation simultaneously releases NO within the
pulmonary vasculature.

4.1. Pulmonary and systemic hemodynamic effects result-
ing from NO synthase inhibition

NO synthase inhibition as obtained by L-NAME, pro-
duced rapid and sustained increases in mean systemic
arterial pressure, associated with parallel but dlight brady-
cardia, whereas mean pulmonary arterial pressure was
significantly raised only after a delay of over 30 min.
Increased mean systemic arterial pressure (Chyu et al.,
1992; Gardiner et al., 1990; Rees et al., 1989; Stamler et
al., 1994) and mean pulmonary arterial pressure (Fineman
et a., 1992; McMahon et a., 1991; Wiklund et a., 1990)
following NO synthase inhibition have been described
previously. Systemic NO synthase is rapidly inhibited by
L-NAME since mean systemic arterial pressure rose within
a few minutes after L-NAME administration, in agreement
with previous reports, suggesting that spontaneous NO
release regulates systemic arterial pressure (Rees et al.,
1989). The reduction in heart rate has been attributed to a
reflex phenomenon rather than a direct effect of the NO
synthase inhibitors (Gardiner et al., 1990; Rees et a.,
1989). NO synthase inhibition-induced delayed-onset pul-
monary hypertension, occurring more than 30 min after
mean systemic arterial pressure was maximally increased,
has not previously been reported. In contrast, McMahon et
al. (1991) found that in closed-chest cats, the peak increase
in lobar arterial pressure occurred earlier than the maximal
rise in mean systemic arterial pressure following NO syn-
thase inhibition. Although we did not measure cardiac
output in our experiments, it is highly likely that it was
reduced during NO synthase inhibition, as expected from
the increases in blood pressure and decreases in heart rate,
and as reported in the rat by Wang et al. (1992, 1995). In
these studies, carried out in rats, NO synthase inhibition
evoked 15-50% increases in mean systemic arteria pres-
sure, associated with substantial (30—50%) reductions in
cardiac output (Wang et al., 1992, 1995). This fact com-
bined with the increase in the difference between mean
pulmonary arterial pressure and mean left atrial pressure
we observed at a time when mean systemic arterial pres-
sure was maximally increased, heart rate and cardiac out-
put decreased, and mean pulmonary arterial pressure only
dlightly or not detectably increased, can therefore be inter-
preted as an early rise in pulmonary vascular resistance
secondary to inhibition of basa /tonic NO release (Mc-
Gregor and Sniderman, 1985). Our results therefore sug-
gest that spontaneous NO release is involved in regulating
pulmonary vascular resistance in anesthetized open-chest
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rats, in agreement with previous studies performed in
humans (Cooper et al., 1996), newborn lambs (Fineman et
al., 1992), cats (McMahon et a., 1991) and dogs (Perrella
et a., 1991). However, Xue et a. (1994) could not detect
endothelial NO synthase immunostaining in rat small pul-
monary resistance vessels but did detect NO synthase
immunostaining in medium-sized vessels, which could be
speculated to play arole in the downstream regulation of
pulmonary vascular resistance. Furthermore, Hasunuma et
al. (1991) failed to demonstrate an involvement of
basal /tonic NO release in the maintenance of the low
pulmonary vascular tone in the isolated perfused rat lung,
but this could be explained by the limited sensitivity of the
experimental model employed. Despite the fact that pul-
monary vascular resistance is acutely modulated by the
basal release of NO, mean pulmonary arterial pressure
increased substantially and in a delayed manner. It could
be postulated that the pulmonary supply and/or availabil-
ity of L-arginine within the pulmonary vasculature may be
greater than that in the systemic vasculature and therefore
requires a larger amount of L-NAME in order to be fully
inhibited thus explaining the slow and progressive rise in
mean pulmonary arterial pressure. The delayed increase in
mean pulmonary arterial pressure could also be explained
by differential tissue sensitivity to NO synthase inhibition.
In this regard, Lahera et al. (1994) demonstrated a greater
sensitivity to NO synthase inhibition in the renal compared
to the systemic vascular beds, whereas Gardiner et al.
(1990) detected the following order of sensitivity to NO
synthase inhibition in rats: hindquarter > mesenteric >
renal. Further studies are clearly required to resolve this
issue. Alternatively, the pulmonary hypertension caused by
NO synthase inhibition may be, at least in part, an indirect
consequence of the systemic effect of L-NAME. This is
supported by the observation of a lack of reversibility of
the delayed rise in mean pulmonary arterial pressure by
L-arginine. Whatever the reason for the delayed increase in
mean pulmonary arterial pressure following NO synthase
inhibition, our findings clearly support a role for sponta
neously released NO in the regulation of pulmonary vascu-
lar resistance in the rat.

4.2. Pulmonary and systemic hemodynamic effects result-
ing from TP receptor activation

U-46619 induced dose-dependent pulmonary hyper-
tension and systemic hypo- or hypertension depending
upon the dose, as reported by us (Bertolino et al., 1995a,b)
and others (Carrithers et a., 1994; Kaye et a., 1995;
Nossaman et al., 1992). Furthermore the large increase in
the difference between mean pulmonary arterial pressure
and mean left atrial pressure, exclusively due to the in-
crease in mean pulmonary arterial pressure, we observed
(data not shown) confirms that TP receptor activation
regulates pulmonary vascular resistance as previously re-
ported in man by Frostell et al. (1991). The silent TP

receptor antagonist, SQ 29,548 (Ogletree et al., 1985;
Bertolino et al., 1995b), abolished both the systemic and
pulmonary pressor responses, indicating that the effects of
U-46619 were specifically mediated through activation of
TP receptors.

4.3. Influence of NO synthase inhibition on the responses
to TP receptor activation

U-46619 was administered when L-NAME-induced
changes in mean systemic arterial pressure and heart rate
were maximal, at which time mean pulmonary arterial
pressure was not significantly affected; therefore changes
in pulmonary responsiveness cannot be fully attributed to
aterations in baseline conditions. NO synthase inhibition
potentiated the pulmonary hypertension resulting from TP
receptor activation. In these circumstances, the pulmonary
hypertensive activity of U-46619 (1.25 n.g/kg) was greater
than that induced by a 16-fold higher dose (i.e., 20 .g/kg)
administered alone, thus suggesting that in addition to
mediating pulmonary vasoconstriction, TP receptor activa
tion elicited NO release within the pulmonary vasculature.
Further evidence that L-NAME inhibited agonist (U-
46619)-stimulated pulmonary vascular NO release derives
from the reversibility experiments with L-arginine. Our
results are in agreement with those of Nishiwaki et a.
(1992) in chronically instrumented conscious dogs and of
Fineman et a. (1992) in intact newborn lambs. Based on
these results, it is therefore conceivable that TP receptor
activation, as obtained by U-46619, locally released NO,
which may act directly on the adjacent vascular smooth
muscle cells to counteract the pulmonary vasoconstriction
by providing an opposing vasodilatory stimulus. Further-
more, L-NAME and methylene blue have been shown to
enhance the vasoconstrictor responses to phenylephrine in
human and bovine pulmonary vascular rings (Dinh-Xuan
et a., 1991; Ignarro et al., 1987) as well as to angiotensin
Il in isolated rat lungs (Hasunuma et al., 1991) but not in
the intact cat lungs (Hyman et al., 1989). Endogenously
released NO may therefore act to modulate the fina
response to a variety of pulmonary vasoconstrictor agents.
Thus the major finding of the present investigation is that
TP receptor activation, in addition to producing vasocon-
striction, appears to simultaneously release NO within the
pulmonary vasculature. This is the first time to our knowl-
edge that these effects of TP receptor activation have been
reported in vivo, thereby confirming and extending the in
vitro observations of Folger et al. (1991) in rat aortic rings.
Moreover, our findings may have clinical significance.

4.4. Conclusion

Acute NO synthase inhibition produced marked quick-
onset systemic but delayed-onset pulmonary hypertension.
When NO synthase was inhibited, TP receptor-mediated
pulmonary hypertension was (a) substantially potentiated,
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(b) reversed by L-arginine, and (c) antagonized by the
selective TP receptor antagonist, SQ 29,548. The present
findings indicate that, under normal circumstances, pul-
monary vasomotor tone is regulated by spontaneously
released NO. Moreover, pulmonary vascular NO attenuates
TP receptor-mediated pressor responses, strongly suggest-
ing that in addition to mediating pulmonary vasoconstric-
tion, TP receptor activation also concomitantly releases
NO within the rat pulmonary vasculature in vivo.
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