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Abstract

Based on past studies of an experimental model of severe in-
trauterine pulmonary hypertension, we hypothesized that
endothelin-1 (ET-1) contributes to high pulmonary vascular
resistance (PVR), hypertensive lung structural changes, and
right ventricular hypertrophy (RVH) caused by prolonged
closure of the ductus arteriosus. To test this hypothesis, we
studied the effects of BQ 123, a selective ET, receptor an-
tagonist, after ligation of the ductus arteriosus in utero. In
19 late gestation fetal lambs (1263 d; 147 d, term) we li-
gated the ductus arteriosus at surgery, and treated animals
with either BQ 123 (1 mg/d) or vehicle (0.1% DMSO, HTN)
in the pulmonary artery for 8 d. Chronic BQ 123 treatment
attenuated the rise in mean pulmonary artery pressure
(PAP) 8 d after ductus arteriosus ligation (782, HTN vs.
704 mmHg, BQ 123, P < 0.05). To study the effects of
ET, blockade at birth, 15 animals were delivered by cesar-
ean section and ventilated with 10% oxygen (O,), 100% O,
and inhaled nitric oxide (NO). Lambs treated with BQ 123
had lower PVR after delivery during ventilation with 10%
0,, 100% O,, and inhaled NO (HTN vs. BQ 123, P < 0.05
for each intervention). Acute BQ 123 treatment (2 mg/30
min) lowered PVR in three HTN animals ventilated with
100% O, and inhaled NO (P < 0.05). Chronic BQ 123 treat-
ment prevented the development of RVH as determined by
the ratio of the right ventricle/left ventricle + septum
(0.7920.03, HTN vs. 0.570.06, BQ 123, P < 0.05) and at-
tenuated the increase in wall thickness of small pulmonary
arteries (612, HTN vs. 50+2%, BQ 123, P < 0.05). In
summary, chronic intrauterine ET, receptor blockade de-
creased PAP in utero, decreased RVH and distal muscular-
ization of small pulmonary arteries, and increased the fall in
PVR at delivery. We conclude that ET, receptor stimula-
tion contributes to the pathogenesis and pathophysiology of
experimental perinatal pulmonary hypertension. (J. Clin.
Invest. 1997. 99:1179-1186.) Key words: endothelin « pul-
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Introduction

The clinical syndrome of persistent pulmonary hypertension of
the newborn (PPHN)! is characterized by elevated pulmonary
vascular resistance (PVR) resulting in right-to-left shunting
across the foramen ovale and ductus arteriosus with severe hy-
poxemia (1). Although mechanisms contributing to PPHN are
poorly understood, clinical and experimental studies suggest
that chronic pulmonary hypertension in utero leads to failure
of the normal transition at birth (1-4). Chronic intrauterine
pulmonary hypertension due to ligation of the ductus arterio-
sus in fetal lambs causes marked elevation of intrauterine pul-
monary artery pressure, right ventricular hypertrophy, hyper-
tensive lung structural changes, as well as abnormal pulmonary
vasoreactivity and the failure to achieve the normal decline in
pulmonary resistance at birth (2-5). This experimental model
of pulmonary hypertension is also characterized by attenua-
tion of pulmonary vasodilation to small increases in fetal Po,
(2), and impairment of endothelium-dependent vasodilation to
acetylcholine (6). Ligation of the ductus arteriosus in late-ges-
tation fetal lambs has provided an experimental model for
studying mechanisms contributing to structural and functional
changes associated with perinatal pulmonary hypertension (2,
3,5,6).

Past studies of this experimental model of PPHN suggest
that high PVR is partly due to structural changes and an imbal-
ance in production or responsiveness to vasodilator and vaso-
constrictor stimuli (2-6). Endothelium-dependent vasodilation
and nitric oxide (NO) activity are impaired in the hypertensive
fetal lung, whereas vasodilation to the cGMP agonists, atrial
natriuretic peptide, and inhaled NO, remain intact (6). Endo-
thelin-1 (ET-1) is a potent vasoactive peptide with mitogenic
effects on vascular smooth muscle, and is produced primarily
by the vascular endothelium in the normal lung circulation (7,
8). In the normal fetal lung, ET-1 is present, and contributes to
high PVR (9-12). We have previously shown that chronic in-
trauterine pulmonary hypertension causes the loss of ETg-
mediated vasodilation, progressive ET,-mediated vasocon-
striction, and increased lung ET-1 content (13). Little is

1. Abbreviations used in this paper: Ao, aorta; ET, endothelin; HTN,
hypertension; LA, left atrium; LPA, left pulmonary artery; MPA,
main pulmonary artery; NO, nitric oxide; PPHN, persistent pulmo-
nary hypertension of the newborn; PAP, pulmonary artery pressure;
PVR, pulmonary vascular resistance.
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known, however, about the role of ET-1 and its receptors in
chronic pulmonary hypertension in the perinatal period.

We hypothesized that enhanced ET, receptor activity par-
tially accounts for the in utero increases in PAP, the abnormal
transition of the fetus with pulmonary hypertension after de-
livery, the right ventricular hypertrophy, and the smooth mus-
cle lung changes in chronic pulmonary hypertension caused by
ligation of the ductus arteriosus in fetal lambs. Therefore, we
studied the role of the ET, receptor in the development of
pulmonary hypertension in this model with the selective ET,
antagonist BQ 123.

Methods

Surgical preparation and physiological measurements. All procedures
and protocols were previously reviewed and approved by the Animal
Care and Use Committee at the University of Colorado Health Sci-
ences Center. 19 mixed breed (Columbia-Rambouillet, Santa Mon-
ica, CA) pregnant ewes between 125 and 129 days gestation (term =
147 d) were fasted 24 h before surgery. Ewes were sedated with intra-
venous pentobarbital sodium (2-4 g) and anesthetized with 1% tetra-
caine hydrochloride (3 mg) by lumbar puncture. Ewes were kept se-
dated with pentobarbital but breathed spontaneously throughout the
surgery. Penicillin (500 mg) and streptomycin (1 g) were administered
to the ewe at surgery. Under sterile conditions, the fetal lamb’s left
forelimb was delivered through a uterine incision. A skin incision was
made under the left forelimb after local infiltration with lidocaine (2-3
ml, 1% solution). Polyvinyl catheters were advanced into the ascend-
ing aorta (Ao) and superior vena cava after insertion into the axillary
artery and vein. A left axillary to sternal thoracotomy exposed the
heart and great arteries. A catheter was inserted into the main pulmo-
nary artery (MPA) by direct puncture through purse string sutures, as
previously described (14). Catheters were guided into position with a
14- or 16-gauge intravenous placement unit (Angiocath; Travenol
Laboratories, Deerfield, IL). Catheters were secured by tightening
the purse string suture as the introducer was withdrawn. The MPA
catheter was inserted between the ductus arteriosus and the pulmonic
valve. The ductus arteriosus was partially ligated using umbilical tape
(13). The thoracotomy incision was closed in layers. The uteroplacen-
tal circulation was kept intact and the fetus was gently placed in the
uterus, with exposed surfaces bathed in warm towels. Ampicillin (500
mg) was added to the amniotic cavity before closure of the hysterot-
omy. Ampicillin (250 mg) was infused daily in the fetal vein and am-
niotic cavity during the first 3 d after surgery. The ewe was allowed to
recover. The Ao, MPA, and amniotic cavity catheters were connected
to a computer-driven pressure transducer and recorder (Biopac Sys-
tems, Santa Barbara, CA). Pressures were referenced to the amniotic
cavity pressure. The pressure transducer was calibrated with a mer-
cury column manometer. Heart rate was determined from phasic pul-
monary blood flow tracings. Blood samples for pH, Pco,, P0,, and
hemoglobin (Hb) were drawn from the Ao and measured at 39.5°C
with a blood gas analyzer and hemoximeter (OSM-3; Radiometer,
Copenhagen, Denmark).

Drug preparation. BQ 123 (Alexis Biochemicals, San Diego, CA)
was dissolved in DMSO (1 mg in 300 wl). This solution was diluted in
24 ml normal saline and directly infused into the MPA over 24 h at a
rate of 1 ml/h. DMSO (0.1% in normal saline) was infused at the
same rate into control animals.

Protocol 1: Hemodynamic effects of prolonged BQ 123 treatment
during chronic ductus arteriosus ligation (n = 19). To determine the
hemodynamic effects of prolonged ET, receptor blockade after duc-
tus arteriosus ligation, either BQ 123 (1 mg/d, n = 6) or the control
solution (0.1% DMSO, n = 13) was infused in the MPA by continu-
ous infusion for 8 d. Infusions were begun within 15 min of the com-
pletion of the ductus arteriosus ligation surgery. Measurements in-
cluded daily pulmonary artery pressure (PAP), Pao, and heart rate
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measurements as well as arterial blood gas tensions drawn from the
ascending Ao.

Protocol 2: Effects of prolonged BQ 123 treatment on the vasodila-
tor response to birth-related stimuli and inhaled NO after chronic in-
trauterine pulmonary hypertension (n = 15). To determine whether
prolonged ET, receptor blockade improves pulmonary vasoreactiv-
ity and the decline in PVR at birth after ductus arteriosus ligation, we
studied the hemodynamic and blood gas effects of prolonged BQ 123
treatment after cesarean section delivery and mechanical ventilation
of the animals in protocol 1 (n = 5, BQ 123; n = 10, hypertension
[HTN]). Animals underwent a second surgery at this time for place-
ment of additional catheters and a flow transducer. These catheters
and transducer, for the purpose of decreasing mortality in utero, were
not placed at the original surgery. 8 d after ductus arteriosus ligation,
the ewe was fasted for 24 h in preparation for study. On day 8, ewes
were sedated with intravenous pentobarbital sodium (2-4 g) and
anesthetized with 1% tetracaine hydrochloride (3 mg) by lumbar
puncture. Ewes were kept sedated with pentobaribital but breathed
spontaneously throughout the surgery. Under aseptic conditions, the
fetus was delivered through a uterine incision with the utero-placen-
tal circulation intact. A skin incision was made under the left forelimb
after local infiltration with lidocaine (2-3 ml, 1% solution). A left ax-
illary to sternal thoracotomy exposed the heart and great arteries. A
catheter was inserted into the left atrium (LA) by direct puncture
through purse string sutures, as described above. A 6.0-mm ultrasonic
flow probe (Transonics Systems, Inc., Ithaca, NY) was placed around
the left pulmonary artery (LPA) to measure blood flow to the left
lung. BQ 123 or the control solution was continued in protocol 2 at
the same flow rate as protocol 1.

The flow transducer cables were attached to an internally cali-
brated flowmeter (Transonic) for continuous measurements of LPA
flow. The absolute values of flows were determined from phasic
blood flow signals obtained during baseline periods, as previously de-
scribed (15, 16). A correction factor between end-diastolic flow and
the internally calibrated zero point on the Transonic flow meter was
added to the mean flow on the Transonics flow meter. The value ob-
tained from this method correlates with previously determined mea-
sures of LPA flow in the late-gestation ovine fetal lung (15). Calcula-
tion of resistances are reported as left lung pulmonary vascular
resistance (PVR, mmHg/ml per min = mean MPA pressure-mean
LA pressure/LPA flow). Study measurements included PAP, Pao,
Pla, LPA flow, and arterial blood gas tensions. Baseline measure-
ments were recorded after 30 min.

During the delivery study, pancuronium bromide (0.3 mg, vena
cava) was administered to the fetus, and the fetal head was delivered.
A tracheostomy was performed, and a 5.0 mm-ID endotracheal tube
was inserted. Mechanical ventilation with 10% O, 90% N, was initi-
ated. The uterine incision was carefully extended to allow visualiza-
tion of the thorax. Initial ventilator settings included a rate of 30
breaths per minute, peak inspiratory pressure of 30 cm H,O, positive
end-expiratory pressure of 5 cm H,O, and inspiratory time of 0.8 s.
Peak inspiratory pressure was increased until chest wall motion could
be observed with inspiration, to a maximum of 35 cm H,0. Rate was
varied as necessary to maintain PCO, close to 40 mmHg. Sodium bi-
carbonate (3 meq) was given in the vena cava to correct a pH less
than 7.2 if PCO, was less than 50 mmHg. Animals were ventilated se-
quentially with 100% O, and 100% O, with 20 parts per million (ppm)
inhaled NO. Inhaled NO was used to optimize vasodilation. The um-
bilical cord was then ligated, and the sequence of ventilation was re-
peated with 100% O, and 100% O, with inhaled NO (20 ppm). Stud-
ies were performed with the umbilical cord intact—and then with the
umbilical cord ligated—to allow for stabilization of the lambs as pre-
viously reported (6).

To determine whether blockade of ET, receptor activity was sus-
tained during treatment with BQ 123, big-endothelin-1 (1.5 pg/min
for 10 min), was infused in the pulmonary artery of three animals re-
ceiving prolonged BQ 123 treatment at the completion of the delivery
study. Study measurements included PAP, Pao, Pla, LPA flow, and



arterial blood gas tensions. In the late-gestation ovine fetla lung, infu-
sion of big-endothelin-1 (the precursor to ET-1) in the pulmonary
artery causes only hypertension without vasodilation (11). The hyper-
tensive effect of big-ET-1 is blocked by the selective ET receptor an-
tagonist, BQ 123, suggesting that big-endothelin-1 causes stimulation
of the ET, receptor (11).

Protocol 3: Hemodynamic effects of acute BQ 123 infusion after
delivery. To determine residual ET,-mediated vasoconstriction after
delivery of lambs with chronic intrauterine pulmonary hypertension,
we studied the acute response to BQ 123 (2 mg over 30 min) in con-
trol hypertensive animals. BQ 123 was acutely infused in the MPA
during ventilation with 100% O, and inhaled nitric oxide (20 ppm) in
three animals from protocol 2. Study measurements included PAP,
Pao, Pla, LPA flow, and arterial blood gas tensions. The animals were
killed with euthanasia solution.

Protocol 4: Assessment of cardiac hypertrophy (n = 15). To deter-
mine the effect of prolonged ET, receptor blockade with BQ 123 on
cardiac hypertrophy after ductus arteriosus ligation, cardiac weight of
the right ventricle and left ventricle + septum was measured (n = 6,
BQ 123; n = 13, HTN). The ratio of right ventricle / left ventricle +
septum was calculated.

Protocol 5: Morphometric evaluation of the effect of prolonged ET 4
receptor blockade with BQ 123 on lung histology (n = 10). To deter-
mine the effect of prolonged ET, receptor blockade with BQ 123 on
wall thickness of small pulmonary arteries after ductus arteriosus li-
gation, we performed morphometric evaluation of the lungs from an-
imals killed in protocol 2 (n = 5, BQ 123; n = 5, HTN). Methods for
examining lung histology and performing morphometric analysis in-
cluded vascular perfusion of the pulmonary artery with 1% paraformal-
dehyde and tracheal fixation with 1% low temperature melting aga-
rose (44). After fixation, thin longitudinal sections were cut, placed in
paraformaldehyde, embedded in paraffin, and stained with hematox-
ylin and eosin. Morphometric analysis was performed by two blinded
observers (S.H. Abman and R.M. Tuder) with a Zeiss Interactive
Digital Analyzer System (Carl Zeiss Inc., Thornwood, NY). Pulmo-
nary arteries less than 100 wm were landmarked according to their as-
sociated airways (terminal bronchiole, respiratory bronchiole, alveo-
lar duct); measurements included the wall thickness and vessel
diameter of at least 20 consecutive pulmonary arteries per animal.
The wall thickness (WT) of each artery was expressed as a percentage
of the vessel diameter by the formula: (2X medial wall thickness/ex-
ternal diameter) X100.

Data analysis. Data are presented as means*=1 SEM. Statistical
analysis was performed with the Statview and Super ANOVA soft-
ware packages (Abacus Concepts, Berkeley, CA). Comparisons were
made using univariate repeated measures ANOVA by linear contrast
analysis for protocols 1, 2, and 3. Comparisons were made using an un-
paired ¢ test for protocols 4 and 5. P < 0.05 was considered significant.

Results

Protocol 1: Hemodynamic effects of prolonged BQ 123 treat-
ment during chronic ductus arteriosus ligation. Ductus arterio-
sus ligation causes progressive pulmonary hypertension as pre-
viously shown (13). Mean MPA pressure in the normal fetus at
this gestational age is 434 mmHg (13). After ductus arterio-
sus ligation, mean PAP rapidly increased to 65+2 mmHg after
the first day. Mean PAP progressively increased to 78*2
mmHg after 8 d in untreated animals (P < 0.05, Fig. 1). Pro-
longed BQ 123 treatment did not change the early increase in
PAP after ductus arteriosus ligation, but prevented progres-
sive increases in PAP 8 days after ligation. PAP was lower in
the animals treated with BQ 123 from 4 to 8 d after ductus ar-
teriosus ligation. Mean Pao was lower in the BQ 123 group on
day 8 (Fig. 1). Arterial blood gas tensions, hemoglobin, and
heart rates were not different between the control and BQ 123

85- >
751 HTN
PAP
(mmHg) BQ 123
65-
55-
50-
AoP
(mmHg) HTN
401 > BQ 123
30 . : ; , ; ; - .
1 2 3 4 5 6 7 8

Days After DA Ligation

Figure 1. HTN vs. BQ 123. Hemodynamic effects of prolonged ET
receptor blockade with BQ 123 (a selective ET, receptor antagonist)
on intrauterine pressure after ductus arteriosus ligation. BQ 123 (1.0
mg/day) attenuated the progressive increase in pulmonary artery
pressure (PAP) in comparison with control (HTN). Aortic pressure
(AoP) was lower on day 8 in the BQ 123 group. *P < 0.05.

treatment groups, however, PO, and H/gb were lower on day 8
than day 1 for both groups (P < 0.05, Table I).

Protocol 2: Effects of prolonged BQ 123 treatment on the
vasodilator response to birth-related stimuli and inhaled NO after
chronic intrauterine pulmonary hypertension. Chronic BQ 123
treatment lowered PVR and increased LPA flow at baseline
prior to delivery (Fig. 2, Table II) During ventilation with the
umbilical cord intact, (for low O, [10%], high O, [100%],
100% O, and inhaled NO), PVR remained lower at each inter-
vention in the fetuses treated with prolonged BQ 123 treat-
ment than in the control hypertensive group (Fig. 2). LPA flow
was greater in the BQ 123 group during ventilation with low
0O, , high O,, and high O, and inhaled NO (Table II). PAP was
lower in the BQ 123 group during ventilation with 100% O,
and inhaled NO (Table II). Pao was higher in the control
group only during ventilation with low O,. Measurement of
pH was higher while measurement of PCO, was lower in the
BQ 123 group during ventilation with 100% O,. Values for
heart rate (175+13, 182+6 bpm; HTN vs. BQ 123) and hemo-
globin concentration (7.1+0.4, 6.4+0.5 g/dl; HTN vs. BQ 123)
were not different between the two groups at baseline or dur-

Table I. Effects of Daily Intrapulmonary BQ 123 (1.0 mg/d) or
Control (HTN) Treatment on Arterial Blood Gas Tensions,
Hemoglobin, and Heart Rate in Experimental Pulmonary
Hypertension After Ductus Arteriosius Ligation

Day 1 Day 8
HTN BQ 123 HTN BQ 123
pH (units) 7.37x0.01 7.34x0.01 7.33+0.02  7.35+0.01
Pco, (mmHg) 52+2 48=2 53%2 511
Po, (mmHg) 17+1 19+2 15=1% 15+1%
Hb (g/dl) 75+22 7.6=.34 6.9+.50%  6.7+.20%
HR (bpm) 1735 175+4 166+4 166+8

Values are mean+SEM. Comparisons between HTN and BQ 123 val-
ues were made by repeated-measures ANOVA. *P < 0.05 day 1 vs. day
8. Hb, hemoglobin; HR, heart rate, beats per min.
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Figure 2. HTN vs. BQ 123. Hemodynamic effects of BQ 123 on pul-
monary vascular resistance during acute delivery after ductus arterio-
sus ligation in the late-gestation fetal lamb. PVR was lower following
BQ 123 treatment prior to ventilation (Baseline), and ventilation with
low FiO, (0.10), high FiO, (1.00), and during ventilation with high
FiO, and 20 ppm inhaled NO than control (HTN). *P < 0.05.

ing ventilation. At baseline, LA pressure was 3+2 mmHg in
the control group and 3+3 mmHg in the BQ 123 group, and
did not change with ventilation. The use of sodium bicarbon-
ate was similar between the control group and the BQ 123
group (61, HTN vs. 62 meq, BQ 123).

After the umbilical cord was ligated, PVR was lower in the
BQ 123 group during ventilation with 100 O, (0.63*0.12 vs.
0.33x0.04 mmHg/ml per min, HTN vs. BQ 123, P < 0.05) and
100% O, and 20 ppm inhaled NO (0.38%0.06 vs. 0.18%0.02
mmHg/ml per min, HTN vs. BQ 123, P < 0.05) . LPA flow was
higher during ventilation with 100% O, and 100% O, with in-

0.6-

0.5 [
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Figure 3. Baseline vs. BQ 123. Hemodynamic effects of acute BQ 123
treatment (2 mg/30 min) on pulmonary vascular resistance (PVR)
during acute delivery after ductus arteriosus ligation in the late-gesta-
tion fetal lamb. BQ 123 decreased PVR in control hypertensive ani-
mals during ventilation with FiO, 1.00 and 20 ppm inhaled NO. *P <
0.05.

haled NO, and PAP was lower in the BQ 123 group during
ventilation with 100% O, and inhaled NO (Table II). Ao pres-
sure was not different. Measurement of pH was higher during
ventilation with 100% O, and inhaled NO, while PCcO, was not
different. During ventilation with 100% O, and 100% O, and
inhaled NO, PO, was higher in the BQ 123 group.

Following the delivery study, big-endothelin-1 (1.5 pg/min
for 10 min) did not change PAP, Pao, Pla, LPA flow, or arte-
rial blood gas tensions in three animals treated with prolonged

Table I1. Changes in Hemodynamics, Arterial Blood Gas Tensions, and Hemoglobin During Mechanical Ventilation in Control or
BQ 123 Treated Animals After In Utero Pulmonary Hypertension

Cord intact Cord tied
100% O, + 100% O, +
Baseline 10% O, 100% O, NO 20 ppm 100% O, NO 20 ppm

LPA flow (ml/min)

HTN 48£9% 55+10% 89+14* 130*=16* 104+20%* 130+20%*

BQ 123 80+8 88+10 168*11 201+13 17113 210x19
Mean PAP (mmHG)

HTN 68+2 64+3 59+£3 47+£3* 56+5 45+3%*

BQ 123 69+4 64+6 55+£5 412 54+4 37x2
Mean Pao (mmHg)

HTN 47x2 46+3%* 45+3 45+3 43+6 46+4

BQ 123 44+4 38+2 40x2 37x4 42+4 40£3
pH, units

HTN 7.18+0.07 7.17%0.06 7.29+0.02* 7.32+0.02 7.31%0.04 7.30+0.05*

BQ 123 7.22+0.04 7.24+0.03 7.36+0.02 7.39+0.03 7.37=0.06 7.40%+0.04
Pco, (mmHg)

HTN 60£3 62+4 52+2% 36£3 42+3 45%5

BQ 123 56£2 552 42+2 442 39+6 36+4
Po, (mmHg)

HTN 17+2 18+2 25+3 75+23 35+10% 38+10%*

BQ 123 173 17x1 39=10 66+16 84+37 99+37

Values are mean*=SEM. Comparisons between HTN and BQ 123 values were made by repeated-measures ANOVA. *= P < 0.05, HTN vs. BQ 123.
LPA, left pulmonary artery; PAP, pulmonary artery pressure; Pao, aortic pressure.
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Figure 4. HTN vs. BQ 123. Effects of BQ 123 treatment on cardiac
weight of the right ventricle (RV) and left ventricle + septum

(LV + S). BQ 123 (1.0 mg/day) blocked the increase in RV weight
without changing the weight of the LV + S in comparison with con-
trol (HTN). *P < 0.05.

BQ 123 treatment, suggesting that blockade of ET, receptor
activity was sustained during treatment with BQ 123.

Protocol 3: Hemodynamic effects of acute BQ 123 infusion
after delivery. Acute infusion of BQ 123 in three HTN animals
ventilated with 100% O, and inhaled NO lowered PVR from
0.41%0.11 to 0.21+0.03 mmHg/ml per min (P < 0.05) (Fig. 3).
PAP fell from 50+4 to 352 mmHg (P < 0.05), but LPA flow
did not change (12019 vs. 142+16 ml/min). Baseline values
for Pao (45+3 mmHg), Pla (4+2 mmHg), heart rate (170=7
beats per min), pH (7.32%0.03), Pco, (462 mmHg), PO,
(3628 mmHg), and hemoglobin (6.9+0.4 g/dl) did not change
during the infusion.

Protocol 4: Assessment of cardiac hypertrophy. BQ 123 blocked
the development of right ventricular hypertrophy as the ratio
of right ventricular weight to left ventricular + septum weight
was lower with BQ 123 treatment (0.790.03 vs. 0.57%0.06,
HTN vs. BQ 123, P < 0.05). The left ventricle + septum
weight did not change with BQ 123 treatment, but the weight
of the right ventricle was lower in the BQ 123 group (Fig. 4). In
comparison with previously published data in age-matched
control animals without ductus arteriosus ligation (13), assess-
ment of RVH was similar between BQ 123 treated animals
and normal animals.

Protocol 5: Morphometric evaluation of the effect of pro-
longed ET, receptor blockade with BQ 123 on lung histology.
BQ 123 treatment decreased wall thickness of small pulmo-
nary arteries (61=2% vs. 50x2%, HTN vs. BQ 123, P < 0.05)
(Fig. 5). In the BQ 123 treated lungs, the% WT was lower in
the pulmonary arteries accompanying terminal and respiratory
bronchioles, but not adjacent to alveolar ducts (Figs. 5 and 6).

Discussion

We report that chronic blockade of the ET, receptor with BQ
123 lowered fetal PAP, enhanced vasodilation at delivery, de-

Figure 5. Effects of prolonged ET, receptor blockade with BQ 123
on distal muscularization of small pulmonary arteries. BQ 123 (top)
attenuated the medial hypertrophy of small pulmonary arteries < 100
wm (arrow) adjacent to terminal bronchioles in comparison with hy-
pertensive controls (bottom).

creased right ventricular hypertrophy, and decreased distal
muscularization of small pulmonary arteries in the lung during
the development of intrauterine pulmonary hypertension
caused by ductus arteriosus ligation. In response to birth-
related stimuli, PVR fell to lower levels in lambs chronically
treated with BQ 123. Furthermore, selective ET, receptor
blockade acutely lowered PVR in control animals ventilated
with 100% O, and inhaled NO, demonstrating that ET,-medi-
ated vasoconstriction contributes to residual high tone even af-
ter rhythmic distension of the lung and vasodilation with 100%
O, and inhaled NO. These findings support the hypothesis that
increased ET, receptor activity contributes to maintenance of
high PVR in utero, failure of the normal transition at birth,
right ventricular hypertrophy, and the structural changes in the
pulmonary vascular bed during chronic fetal pulmonary hyper-
tension.

Past studies of an experimental model of PPHN suggest
that high PVR is partly due to structural changes and an imbal-
ance in production and responsiveness to vasodilator and vaso-
constrictor stimuli (2-6). Endothelium-dependent vasodilation
and endogenous NO activity are impaired in the hypertensive
fetal lung, whereas vasodilation to the cGMP agonists atrial
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Figure 6. HTN vs. BQ 123. Effects of BQ 123 treatment on distal
muscularization of small pulmonary arteries. In the BQ 123 treated
lungs, the % wall thickness (7) was decreased in the pulmonary arter-
ies accompanying terminal and respiratory bronchioles, but not adja-
cent to alveolar ducts in comparison with control hypertensive lungs
(HTN). *P < 0.05.

natriuretic peptide and inhaled NO remain intact (6). Several
studies suggest that ET-1 may contribute to vasoconstriction
and altered vasoreactivity in experimental PPHN (12, 17-20).
Diminished nitric oxide production and altered smooth muscle
cell responsiveness are known to contribute to pulmonary hy-
pertension (6, 21, 22), and decreased NO production may in-
crease ET-1 production (23). In addition to its effects on vas-
cular tone, increased ET-1 activity also stimulates smooth
muscle proliferation, which may further increase PVR (24).

Blockade of ET, receptor activity attenuates and reverses
the development of pulmonary hypertension and right ventric-
ular hypertrophy in adult rat models of pulmonary hyperten-
sion caused by chronic hypoxia or monocrotaline (25-29). Fur-
thermore, studies of adult models of pulmonary hypertension
demonstrate increased lung expression of ET, receptor mRNA
(30) and decreased ETg receptor mRNA (31). Increased pro-
duction of ET-1 has also been shown in adult rat pulmonary
hypertension models (31, 32). We have previously shown that
pulmonary hypertension due to ductus arteriosus ligation in-
creases ET-1 production threefold, and leads to diminished
ETg-mediated vasodilation and enhanced ET,-mediated vaso-
constriction, suggesting that increased ET-1 and changes in its
receptor activity at least in part mediate the altered reactivity
in this model of pulmonary hypertension (13). The present
study significantly extends these observations, and demon-
strates that chronic blockade of ET,-mediated vasoconstric-
tion attenuates perinatal pulmonary hypertension.

The physiologic role of ET-1 in the normal ovine fetal lung
has been controversial. ET-1 is present in the perinatal lung
(9), and is vasoactive in the fetus (11, 18, 19, 33, 34). Brief infu-
sion of ET-1 causes potent vasodilation acutely (17, 35-37),
however, with prolonged infusion, hypertension prevails (18,
38). Exogenous infusion of ET-1, on the other hand, may not
accurately describe the hemodynamic effects of endogenous
production of ET-1 in the fetal lung. Evidence suggests that
ET-1 acts as a local autocrine and paracrine factor rather than
a circulating hormone, since secretion of ET-1 by endothelial
cells is polar and directed abluminally toward the interstitial
region (39). Some studies of exogenous infusion of ET-1 have
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emphasized that the major effect of ET-1 in the normal late
gestation fetal lung is vasodilation, and that the majority of
ET-1 receptors active in the ovine fetal lung are the ETy, re-
ceptors (17, 37) which mediate only vasodilation (11). In con-
trast, several studies suggest that the ET, receptors play an im-
portant role in mediating vasoconstriction in the late gestation
ovine fetus (11, 20, 33, 40). Intrapulmonary infusion of big-ET-1,
the precursor to ET-1, causes progressive and sustained pul-
monary hypertension without even transient vasodilation (11,
19), suggesting that stimulation of endogenous ET-1 may have
very different effects than brief exogenous infusions of ET-1.
Blockade of the ET, receptors causes vasodilation (11, 37),
whereas selective blockade of the ETy, (vasodilation) or ETg,
(vasoconstriction) receptors does not change basal pulmonary
tone in the ovine fetus (13). Brief and prolonged stimulation of
the ETy receptors with sarafotoxin S6c, however, causes only
vasodilation in the ovine fetal lung, suggesting the presence of
only ETj, receptors (11). In contrast, studies in newborn pig-
lets suggest the presence of both ETy, (vasodilation) and ETg,
(vasoconstriction) receptors in the neonatal lung (41). There-
fore, it appears that the primary role of ET-1 in the normal
late-gestation ovine fetal lung is vasoconstriction. Recent stud-
ies have shown that combined ET, and ETjy receptor blockade
with Ro 47-0203 does not change the increase in pulmonary
blood flow or decrease in pulmonary vascular resistance with
in utero oxygen ventilation, suggesting that endogenous ET-1
activity does not play a major role in the increased pulmonary
blood flow during the normal transitional circulation at birth
(42).

This study has shown diminished right ventricular hyper-
trophy with chronic ET, receptor blockade, with increased
pulmonary artery pressure and ductus arteriosus ligation.
Whether this blockade of right ventricular hypertrophy to nor-
mal levels in the perinatal fetus is due to a direct effect on the
right ventricle or to decreased pulmonary artery pressure is
not known. The role of ET-1 in the development of cardiac
ventricular hypertrophy is under active investigation. Cultured
rat neonatal ventricular cardiomyocytes express a low level of
ET-1 mRNA in the unstimulated state, but ET-1 mRNA ex-
pression increases in response to the alpha adrenergic agonist
phenylephrine (43). Catecholamines increase expression of
ET-1 mRNA by cultured ventricular myocytes in vitro and in
vivo (43, 44), and exogenous ET-1 induces hypertrophy of cul-
tured myocytes (45). Increased pressure load to the myocar-
dium also increases ET-1 mRNA expression (46, 47). The ET,
receptor mediates the hypertrophic effects of ET-1 on cultured
adult (48) and neonatal (49) ventricular myocytes. Although
adult myocytes do not express ETg receptors (48), angio-
tensin-II may increase expression of ETy receptors in neonatal
rat cardiomyocytes (50).

The present study demonstrates improved hemodynamics
with acute and chronic ET4 receptor blockade after ductus ar-
teriosus ligation. Chronic BQ 123 infusion attenuated the in
utero increase in PAP, blocked right ventricular hypertrophy
(RVH), attenuated distal muscularization of small pulmonary
arteries, and improved vasodilation after delivery. Acute infu-
sion of BQ 123 in control animals lowered PVR levels similar
to those shown with chronic BQ 123 treatment during mechan-
ical ventilation and vasodilation with 100% O, and inhaled
NO. Thus, ET, -mediated vasoconstriction contributes to re-
sidual high tone, even after rhythmic distension and vasodila-
tion with 100% O, and inhaled NO. This fact further suggests



that acute treatment with BQ 123 may be as effective as
chronic intrauterine blockade of the ET, receptor in this
model of perinatal pulmonary hypertension. Blockade of ET,
receptor activity was sustained during infusion of BQ 123 since
infusion of big-endothelin-1, a selective ET, receptor agonist,
did not change pulmonary tone in animals treated with pro-
longed BQ 123 treatment. We speculate, therefore, that ET,
receptor blockade may provide treatment for disease states
characterized by chronic intrauterine pulmonary hypertension,
such as PPHN.

ET-1 levels are increased in many human disorders of pul-
monary hypertension. Elevated immunoreactive ET-1 levels
have been found in primary pulmonary hypertension, the
Eisenmenger syndrome (51), PPHN (52), children with pulmo-
nary hypertension associated with congenital heart disease and
bronchopulmonary dysplasia (53), and children with congeni-
tal heart disease and increased pulmonary blood flow (54, 55).
Increased expression of ET-1 in vascular endothelial cells has
been reported in adult patients with primary pulmonary hyper-
tension, suggesting that the local production of endothelin-1
may contribute to the altered vascular reactivity and structural
changes seen in pulmonary hypertension (56). Recently, acute
infusion of the combined ET, and ETy receptor antagonist
bosentan has been shown to lower PVR and increase cardiac
output in congestive heart failure and pulmonary hypertension
(57). However, the role of ET-1 in clinical disorders of perina-
tal pulmonary hypertension (such as PPHN) remains incom-
pletely understood.

In summary, chronic blockade of the ET, receptor with
BQ 123 lowered fetal PAP, enhanced vasodilation at delivery,
decreased right ventricular hypertrophy, and decreased distal
muscularization of small pulmonary arteries in the lung during
the development of intrauterine pulmonary hypertension by
ductus arteriosus ligation. Selective ET, receptor blockade
acutely lowered PVR in control animals ventilated with 100%
O, and inhaled NO, demonstrating that ET,-mediated vaso-
constriction contributes to residual high tone, even after rhyth-
mic distension and vasodilation with 100% O, and inhaled
NO. These findings support the hypothesis that increased ET,
receptor activity contributes to maintenance of high PVR in
utero, failure of the normal transition at birth, right ventricular
hypertrophy, and structural changes in the pulmonary vascular
bed during chronic fetal pulmonary hypertension. We specu-
late that ET, receptor blockade may provide treatment for
disease states characterized by chronic intrauterine pulmonary
hypertension.
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