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Abstract

To determine the potential contribution of endothelin (ET) to
modulation of high pulmonary vascular resistance in the nor-
mal fetus, we studied the effects of BQ123, a selective ET-A
receptor antagonist, and sarafoxotoxin S6c (SFX), a selective
ET-B receptor agonist, in 31 chronically prepared late gesta-
tion fetal lambs. Brief intrapulmonary infusions of BQ 123
(0.1-1.0 mcg/min for 10 min) caused sustained increases in
left pulmonary artery flow (Qp) without changing main pulmo-
nary artery (MPA) and aortic (Ao) pressures. In contrast, BQ
123 did not change vascular resistance in a regional systemic
circulation (the fetal hindlimb). To determine whether big-en-
dothelin-1 (big-ET-1 )-induced pulmonary vasoconstriction is
mediated by ET-A receptor stimulation, we studied the effects
of big-ET-1 with or without pretreatment with BQ123. BQ123
(0.5 mcg/min for 10 min) blocked the rise in total pulmonary
resistance caused by big-ET-1. CGS27830 (100 mcg/min for
10 min), an ET-A and -B receptor antagonist, did not change
basal tone but blocked big-ET-1-induced pulmonary vasocon-
striction. Brief and prolonged intrapulmonary infusion of SFX
(0.1 mcg/min for 10 min) increased Qp twofold without chang-
ing MPAor Ao pressures. Nitro-L-arginine (L-NA), a selec-
tive endothelium-derived nitric oxide (EDNO) antagonist,
blocked vasodilation caused by BQ123 and SFX. Weconclude
that: (a) BQ123 causes sustained fetal pulmonary vasodila-
tion, but did not change vascular resistance in the fetal hind-
limb; (b) Big-ET-1-induced pulmonary vasoconstriction may
be mediated through ET-A receptor stimulation; and (c) ET-B
receptor stimulation causes pulmonary vasodilation through
EDNOrelease. These findings support the hypothesis that en-
dothelin may play a role in modulation of high basal pulmonary
vascular resistance in the normal fetus. (J. Clin. Invest. 1994.
2141-2148.) Key words: Nitric Oxide - BQ123 * sarafotoxin
S6c * CGS27830 - pulmonary hypertension

Introduction

In utero, the normal fetal lung is characterized by high pulmo-
nary vascular resistance, as pulmonary blood flow accounts for
only 8-10% of the combined ventricular output ( 1 ). At birth,
pulmonary blood flow dramatically increases 8-1 0-fold with a
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progressive fall in pulmonary pressure. Mechanisms responsi-
ble for maintenance of high pulmonary vascular resistance in
the perinatal pulmonary circulation are incompletely under-
stood. Physical factors, such as the lack of an air-liquid inter-
face or ventilation, low oxygen tension, and perhaps vasoactive
mediators, such as leukotrienes, may play a role in the mainte-
nance of high pulmonary vascular tone in utero (2-8).
Whether other vasoconstrictor stimuli, such as the newly de-
scribed peptide endothelin (9), contribute to high pulmonary
vascular resistance in the normal fetus is unknown.

Endothelin (ET)'-1 is the first peptide of the endothelin
family to be described (9). The mRNAof preproendothelin- 1,
the precursor of ET- 1, has been localized to small bronchioles
and blood vessels in the perinatal lung ( 10), and immunoreac-
tive ET- 1 levels are elevated in normal human umbilical cord
blood samples at birth ( 11). Pharmacologic studies have dem-
onstrated that endothelin has both vasodilator and vasocon-
strictor activities (12, 13). During prolonged intrapulmonary
infusion, ET-l vasodilation is transient and followed by sys-
temic and pulmonary hypertension (12). Cassin et al. (13)
demonstrated that brief intrapulmonary infusion of ET- 1
causes potent fetal vasodilation, but causes vasoconstriction in
the ventilated lung with lower pulmonary vascular tone. In
addition, big-endothelin- 1, the precursor to ET- 1, increases fe-
tal pulmonary vascular resistance without even transient vaso-
dilation, suggesting that the effects of endogenous ET- 1 produc-
tion may differ from the effects of pharmacologic infusions of
ET- 1 (12-14). The physiologic or pathophysiologic roles of
ET-l in the perinatal lung are unknown.

The effects of exogenous ET- 1 or big-ET-l on pulmonary
vascular tone may be partially dependent upon stimulation of
different ET receptors ( 15 ). The cDNA cloning of ET recep-
tors from bovine and rat lung have revealed two distinct recep-
tor subtypes: ET-A and ET-B ( 16-17). ET-A and ET-B recep-
tors are present in many vascular beds including lung, brain,
heart, and kidney ( 15 ). The ET-A receptor, which is selective
for ET- 1 and ET-2, is generally present on vascular smooth
muscle cells, and may mediate smooth muscle contraction
( 18). The ET-B receptor, which is present on endothelial cells
and is non-isopeptide selective, may mediate vasodilation
( 19). However, ET-B receptors have been found in both vascu-
lar endothelium and smooth muscle (20). Recent develop-
ments of selective receptor agonists and antagonists for endo-
thelin have provided new tools to study the physiologic roles of
endothelin (21, 22). BQ 123, a selective endothelin A receptor
antagonist (21 ), sarafotoxin S6c, a selective endothelin B re-

1. Abbreviations used in this paper: Ao, aorta; EDNO, endothelium-
derived nitric oxide; ET, endothelin; L-NA, nitro-L-arginine; LPA, left
pulmonary artery; MPA, main pulmonary artery; PVR, pulmonary
vascular resistance; Qp, left pulmonary artery flow; SFX, sarafotoxin
S6c; TPR, total pulmonary resistance.
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ceptor agonist (22), and CGS27830, an endothelin A and B
receptor antagonist 20 times more selective for the endothelin
A receptor than the endothelin B receptor (23), have been used
in various experimental settings, but their effects in the fetal
lung have not been studied.

Therefore, to characterize the physiologic activities of the
endothelin A and B receptors in the fetal lung and to study the
potential role of ET- 1 in modulating fetal pulmonary vascular
tone, we performed a series of experiments using the ET-A
receptor antagonist, BQ123, the ET-B receptor agonist, sarafo-
toxin S6c, and the ET-A and ET-B receptor antagonist, CGS
27830, in the chronically prepared late gestation fetal lamb.

Methods
Surgical preparation. All procedures and protocols were previously
reviewed and approved by the Animal Care and Use Committee at the
University of Colorado Health Sciences Center (Denver, CO). Mixed
breed (Columbia-Rambouillet) pregnant ewes between 125-137 d ges-
tation (term = 147 d) were fasted 24 h before surgery. Ewes were se-
dated with intravenous pentobarbital sodium (2-4 g) and anesthetized
with 1% tetracaine hydrochloride (3 mg) by lumbar puncture. Ewes
were kept sedated but breathed spontaneously throughout the surgery.
Penicillin 500 mgand 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 ascending aorta
and superior vena cava after insertion into the axillary artery and vein.
A left thoracotomy exposed the heart and great vessels. Catheters were
inserted into the left pulmonary artery (LPA) main pulmonary artery
(MPA) and left atrium (LA) by direct puncture through purse string
sutures, as previously described (24). Catheters were guided into posi-
tion with a 14- or 16-gauge intravenous placement unit (Angiocath;
Travenol, Deerfield, IL). These catheters were secured by tightening
the purse string suture as the introducer was withdrawn. The LPA
catheter was inserted at the bifurcation of the MPAand the ductus
arteriosus and guided through the commonpulmonary artery into the
LPA. The MPAcatheter was inserted between the ductus arteriosus
and the pulmonic valve. A 6-mm ultrasonic flow probe (Transonics,
Ithaca, NY) was placed around the LPA to measure LPA blood flow
(Qp). The uteroplacental circulation was kept intact and the fetuses
were 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 hysterotomy. Ampicillin 250 mgwas infused daily in the
fetus and amniotic cavity during the first 3 d after surgery. Studies were
performed after a postoperative recovery time of 48-72 h. In four ani-
mals, catheters were placed in the fetal hindlimb pedal artery for pres-
sure measurement, fetal forelimb brachial vein, external iliac artery for
infusion, pudentoepigastric vein, and amniotic cavity. An ultrasonic
flow probe was placed around the external iliac artery to measure hind-
limb flow as described by Wilkening et al. (25).

Physiological measurements. Flow transducer cables were attached
to an internally calibrated flowmeter (Transonics) for continuous mea-
surements of Qp. The absolute values of flows were determined from
phasic blood flow signals obtained during baseline periods, as previ-
ously described (23, 26, 27). The main pulmonary artery, aortic, and
amniotic cavity catheters were connected to a Gould-Statham P23 ID
pressure transducer. Pressures were referenced to the amniotic cavity
pressure. Calibration of the pressure transducer was performed with a
mercury column manometer. Heart rate was determined from the flow
meter or phasic pulmonary blood flow tracings. Measurements were
continuously recorded on a Gould chart recorder. Calculation of resis-
tances are reported as total pulmonary resistance (TPR; mmHg- min -

ml-' = PAP/Qp) or pulmonary vascular resistance (PVR;
mmHg.min * ml-' = PAP - LA/Qp). Blood samples for pH, Pco2,
P02, hemoglobin, and oxygen saturation were drawn from the main
pulmonary artery catheter and were measured at 39.50C with a Radi-

ometer OSM-3 blood gas analyzer and hemoximeter (Radiometer,
Copenhagen) .

Experimental design. Protocol 1: hemodynamic effects of intrapul-
monary and regional systemic (hindlimb) infusion of BQ123 on the

fetus. (n = 7 animals, mean gestational age = 129 d). Serial arterial
blood gas tensions, hemoglobin, oxygen saturation, and hemodynamic
parameters were recorded throughout baseline, drug infusion, and re-
covery periods. Hemodynamic parameters included phasic and mean
Qp, heart rate, and pressures in the MPAand Ao. After 30 min of
baseline hemodynamic measurements, random doses of BQ 123 (0.1,
0.5, and 1.0 mcg/min.) were infused for 10 min in the LPA. Hemody-
namic measurements were continuously recorded for 60 min after the
infusion. To determine whether these effects were selective for the pul-
monary circulation, BQ 123 (0.5 mcg/min for 10 min) was infused
into the external iliac artery of the fetal hindlimb (n = 4 animals).
Serial measurements of hindlimb pedal artery pressure and external
iliac flow were recorded for 60 min after infusion.

Protocol 2: effects ofBQ 123 infusion on big-ET-1-inducedpulmo-
nary vasoconstriction. (n = 6 animals, mean gestational age = 130 d).
To determine whether the big-ET-l-induced rise in total pulmonary
resistance is due to ET-A receptor stimulation, we studied the effects of
intrapulmonary infusion of big-ET-I with and without pretreatment
with BQ 123. After 30 min of baseline measurements, big-ET-I was
infused in the LPA(1.5 mcg/min for 10 min). Hemodynamic measure-
ments were continuously recorded for 60 min. Arterial blood gas ten-
sions, hemoglobin, and oxygen saturations were measured before and
after drug infusion. After at least 24 h recovery, the study was repeated
after pretreatment with BQ123. BQ123 (0.5 mcg/min for 10 min) was
infused in the LPA, followed by infusion of big-ET-l (1.5 mcg/min for
10 min; LPA). Hemodynamic measurements were continuously re-
corded for 60 min. Arterial blood gas tensions, hemoglobin, and oxy-
gen saturations were recorded before and after the infusions. These
studies were performed in random order.

Protocol 3: effects of CGS27830 infusion on big-ET-1-inducedpul-
monary vasoconstriction. (n = 7 animals, mean gestational age = 131
d). To determine whether CGS27830 alters basal tone in the fetus, we
studied the effects of intrapulmonary infusion of CGS27830. After 30
min of baseline measurements, CGS27830 was infused in the LPA
(100 mcg/min for 10 min ). Hemodynamic measurements were contin-
uously recorded for 30 min. Arterial blood gas tensions, hemoglobin,
and oxygen saturations were measured before and after drug infusion.
To further examine the role of ET-A receptor stimulation, we studied
the effects of intrapulmonary infusion of big-ET-l with and without
pretreatment with CGS27830. After 30 min of baseline measure-
ments, big-ET-l was infused in the LPA (1.5 mcg/min for 10 min).
Hemodynamic measurements were continuously recorded for 60 min.
Arterial blood gas tensions, hemoglobin, and oxygen saturations were
measured before and after drug infusion. After at least 24 h recovery,
the study was repeated after pretreatment with CGS27830. CGS27830
(100 mcg/min for 10 min) was infused in the LPA, followed by infu-
sion of big-ET-l (1.5 mcg/min for 10 min; LPA). Hemodynamic mea-
surements were continuously recorded for 60 min. Arterial blood gas
tensions, hemoglobin, and oxygen saturations were recorded before
and after the infusions. These studies were performed in random order.

Protocol 4: hemodynamic effects of intrapulmonary infusion of sar-
afaxotoxin S6c(n = 7 animals, meangestational age = 130 d). After 30
min of baseline hemodynamic measurements, sarafotoxin S6c (SFX)
(0.1 mcg/min for 10 min) was infused in the LPA. Hemodynamic
measurements were continuously recorded for 60 min after the infu-
sion. To determine whether SFX caused hypertension with prolonged
infusion, SFX (0.025 mcg/min) was infused in the LPA for 2 h (n = 2
animals). Hemodynamic measurements were continuously recorded
for the entire infusion. Arterial blood gas tensions, hemoglobin, and
oxygen saturations were recorded before and after the infusions.

Protocol 5: hemodynamic effects of nitro-L-arginine treatment on
fetal pulmonary vasodilation with SFXand BQ123 infusions. (n = 4
animals, mean gestational age = 130 d). To determine whether the
vasodilator effects of SFX and BQ 123 were mediated by the release of
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endothelium-derived nitric oxide (EDNO), we studied the effects of
the EDNOantagonist, nitro-L-arginine (L-NA) treatment on SFXand
BQ 123 pulmonary vasodilation. Randomdoses of BQ 123 (0.5 mcg/
min for 10 min) and SFX (0.1 mcg/min for 10 min) were infused in
the LPA. After 30 min of baseline hemodynamic measurements, L-NA
(5-20 mg) was infused in the LPA. SFX (0.1 mcg/min) or BQ123 (0.5
mcg/min) were infused for 10 min into the LPA. Hemodynamic mea-
surements were continuously recorded for 60 min. Arterial blood gas
tensions, hemoglobin, and oxygen saturations were recorded before
and after infusions.

Data analysis. Data are presented as means± 1 SE. Statistical analy-
sis was performed with the Statview SE software package (Abacus Con-
cepts, Berkeley, CA). Comparisons were made using a two way analy-
sis of variance for repeated measures (ANOVA) and Fisher's protected
least significant difference test. P < 0.05 was considered significant.

Results

Protocol 1: hemodynamic effects of intrapulmonary and re-
gional systemic (hindlimb) infusions of BQ123 on the fetus.
BQ123 caused progressive and sustained increases in Qpwith-
out changing MPAor Ao pressure (Fig. 1). As shown, after
brief infusion of BQ 123, Qp continued to increase, reaching
peak flow at 30 min, and remaining elevated > 60 min after
starting the infusion. Baseline values for heart rate (179±6
bpm), pH (7.35±0.01), Pco2 (51±1 mmHg), Po2 (17±1
mmHg), hemoglobin (7.0±0.6 g/dl), and oxygen saturation
(57±2%) did not change during the study. Fig. 2 illustrates the
hemodynamic effects of different doses of BQ 123. Although
BQ 123 at 0.1 mcg/min did not have any hemodynamic ef-
fects, BQ 123 (0.5 and 1.0 mcg/min) increased Qp twofold
without changing MPAor Ao pressures. BQ 123 decreased
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Figure 2. Hemodynamic effects of intrapulmonary infusion of BQ
123 in the late-gestation fetal lamb at 0.1, 0.5, and 1.0 mcg/min. BQ
123 at 0.5 and 1.0 mcg/min caused similar increases in Qp(left pul-
monary artery flow) without changing main pulmonary artery pres-
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Figure 1. Hemodynamic effects of brief intrapulmonary infusion of
BQ 123 at 0.5 mcg/min in late gestation fetal lambs. BQ 123 (0.5
mcg/min for 10 min in the LPA) caused a sustained and progressive
increase in Qp without changing main pulmonary artery or aortic
pressures.

total pulmonary resistance by 65 and 77%with the 0.5 and 1.0
mcg/min doses (P < 0.05), respectively. In four animals, BQ
123, at higher doses up to 10.0 mcg/min for 10 min, did not
cause further increases in Qp. MPAand Ao pressures, heart
rate, arterial blood gas tensions, hemoglobin, and oxygen satu-
ration did not change with the doses used in this study (Ta-
ble I).

BQ123 (0.5 mcg/min for 10 min) did not change hindlimb
pressure or flow. Baseline external iliac flow was 48±14 ml/
min with hindlimb pedal artery pressure of 44±3 mmHg.
There was no significant change in hindlimb pressure or flow as
at 30 min as external iliac flow was 47±15 ml/min and hind-
limb pedal artery pressure was 46±4 mmHg. Baseline values
for heart rate (152±8 bpm), pH (7.36±0.01), PCo2 (51±2
mmHg), and Po2 (20±1 mmHg)did not change during the
study.

Protocol 2: effects of BQ123 infusion on big-ET-I induced
hypertension. Intrapulmonary infusion of big-ET- 1 (1.5 mcg/
min for 10 min) increased MPAand Ao pressures (Table II).
Total pulmonary resistance (TPR) increased from 0.61±0.07
to 0.93±0.13 mmHg- min * ml-' (P < 0.05). Pretreatment
with BQ123 (0.5 mcg/min for 10 min) blocked the increase in
TPR(Fig. 3). Big-ET- 1 increased MPApressure from 44±2 to
57±2 mmHgat 30 min. Pretreatment with BQ123, attenuated
the rise in MPApressure (42±2 baseline to 49±2 mmHg)and
Qp increased (68±8 to 101 ± 16 ml/min at 60 min). Big-ET- 1
decreased heart rate from baseline values, but did not change
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Table L Hemodynamic Effects of Intrapulmonary Infusion
of BQ123 (0.5 and 1.0 mcg/min for 10 min)

Baseline Infusion*

Mean AoP, mmHg
0.5 40±2 40±1
1.0 42±2 44±2

Mean PAP, mmHg
0.5 51±1 52±1
1.0 43±2 45±3

TPR, mmHgmin * ml-'
0.5 0.65±0.02 0.42±0.05*
1.0 0.64±0.09 0.49±0.11*

HR, bpm
0.5 180±6 181±5
1.0 180±8 185±6

Values are mean±SE. Comparisons between baseline and infusion
values were made by repeated-measures ANOVA.AoP, aortic pres-
sure; PAP, pulmonary artery pressure; HR, heart rate, beats per min;
TPR, total pulmonary resistance. * P < 0.05 vs. baseline. $ Values 30
min after infusion.

arterial blood gas tensions, hemoglobin, or oxygen saturation
(Table II).

Protocol 3: effects of CGS27830 infusion on big-ET-J in-
duced hypertension. Intrapulmonary infusion of CGS27830
did not change basal tone in the fetus (Table III). Intrapul-
monary infusion of big-ET-1 (1.5 mcg/min for 10 min) in-
creased MPAand Ao pressures (Table IV). Pulmonary vascu-
lar resistance (PVR) increased from 0.64±0.03 to 1.00±0.11
mmHg.min ml-' (P < 0.05). Pretreatment with CGS27830
(100 mcg/min for 10 min) blocked the increase in PVR(Fig.
4). Big-ET-l increased MPApressure from 46±1 to 62±1
mmHgat 20 min. Pretreatment with CGS27830 blocked the
rise in MPApressure (49±3 baseline to 50±2 mmHg)and Qp
(70±6 to 70± 11) (Table IV). Arterial blood gas tensions, he-
moglobin, and heart rate did not change.

Protocol 4: hemodynamic effects of intrapulmonary infu-
sion of sarafotoxin S6c. Brief intrapulmonary infusion of SFX
(0.1 mcg/min for 10 min) increased LPA flow from 67±6 to
168±19 ml/min at 10 min without changing MPAor Ao pres-
sure (Fig. 5). TPR fell from 0.66±0.06 to 0.27±0.03 mmHg.
min * ml-' (P < 0.05). In contrast with BQ 123, SFX-induced
pulmonary vasodilation was rapid in onset, attained peak flow
at 10 min, and rapidly decreased toward baseline shortly after
the infusion was stopped (Fig. 5). Arterial blood gas tensions,
hemoglobin, and oxygen saturation did not change, but heart
rate fell slightly following SFX infusion (Table V).

An increase in Qpwas sustained during the 2-h infusion of
SFX. Qp increased from 75±5 to 186±26 ml/min at 1 h (P
< 0.05). Qp remained significantly increased at 2 h with flow
of 103±18 ml/min. MPAand Ao pressure did not significantly
change during the two hour infusion. Arterial blood gas ten-
sions, hemoglobin, and oxygen saturation did not change dur-
ing the infusion.

Protocol 5: hemodynamic effects of L-NA treatment on fetal
pulmonary vasodilation with sarafotoxin S6c and BQ123 infu-
sions. L-NA decreased Qp from 70±13 to 45±12 ml/min and
increased TPR from 0.67±0.12 to 1.26±0.33 mmHg-min

ml-' (P < 0.05). L-NA pretreatment blocked the rise in Qp
from BQ 123 or SFX (Fig. 6). After L-NA infusion, neither
SFX nor BQ 123 increased flow. TPR significantly increased
following L-NA, and remained elevated after SFXand BQ123
infusions ( 1.88±0.91 and 1.04±0.17, respectively). There were
no significant differences between arterial blood gas tensions,
hemoglobin, or oxygen saturation before and after infusion.

Discussion

Wefound that BQ 123, a selective ET-A receptor antagonist,
caused sustained fetal pulmonary vasodilation. In contrast, BQ
123 did not cause vasodilation in the systemic circulation of
the fetal hindlimb, suggesting that vasodilation to BQ 123 is
specific to the fetal lung. BQ 123 also blocked big-ET- 1 in-
duced pulmonary vasoconstriction, demonstrating that the he-
modynamic effects of big-ET-1 hypertension are probably me-
diated through ET-A receptors. In addition, CGS27830, an
endothelin A and B receptor antagonist, did not change basal
tone and blocked big-ET- I -induced hypertension. Stimulation
of the ET-B receptor by SFX caused pulmonary vasodilation,
even with prolonged intrapulmonary infusion. Finally, L-NA,
a selective endothelium-derived nitric oxide antagonist,
blocked SFX S6c and BQ 123 pulmonary vasodilation. These
findings suggest that in the developing fetal circulation, stimula-
tion of the ET-A receptor most likely mediates vasoconstric-
tion and that ET-B receptor stimulation mediates vasodilation,
and that ET- 1 contributes to vasoregulation of the normal fetal
lung.

Although mechanisms maintaining high pulmonary vascu-
lar resistance in the fetus are uncertain, possible explanation
for this high resistance include lack of an air liquid interface or
ventilation, low oxygen tension (2-7), decreased vasodilators,
such as prostacyclin, bradykinin or endothelium-derived nitric
oxide or increased vasoconstrictors such as platelet activating
factor or leukotrienes (28-37). Endothelin has potent vaso-
constrictor properties (9), but its role in the fetal lung is poorly
understood.

Table II. Hemodynamic Effects of Intrapulmonary Infusin
of Big-ET-I with and without Pretreatment with BQ123

Baseline Infusion*

Qp, ml/min
Big-ET 75±7 67±8
BQ/Big-ET 68±8 101±16*

Mean PAP, mmHg
Big-ET 44±2 57±2*
BQ/Big-ET 42±2 49±2*

Mean AoP, mmHg
Big-ET 42±1 57±3*
BQ/Big-ET 42±2 49±2*

HR, bpm
Big-ET 191±6 167±6*
BQ/Big-ET 166±8 169±12

Values are mean±SE. Comparisons between baseline and infusion
values were made by repeated-measures ANOVA. Qp, left pulmonary
artery flow; PAP, pulmonary artery pressure; AoP, aortic pressure;
HR, heart rate, beats per min.
* P < 0.05 vs. baseline. * Values 30 min after infusion.
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Figure 3. Effects of BQ 123 on big-ET-l-induced pulmonary hyper-
tension. Changes in total pulmonary resistance (TPR) after intrapul-
monary infusion of big ET-l (1.5 mcg/min for 10 min) with and
without pretreatment with BQ 123 (BQ/BIG ET-]) (0.5 mcg/min
for 10 min). Big ET-1 increased TPR, which is attenuated with BQ
123 pretreatment.

ET-1 has complex hemodynamic effects in the fetal lung.
Brief infusion of ET- 1 causes potent vasodilation acutely, how-
ever with prolonged infusion, hypertension develops (12). Fur-
thermore, ET- 1 causes tone-dependent effects in the fetal pul-
monary vasculature. ET- 1 causes vasodilation in high tone pul-
monary vasculature, however, vasoconstriction is seen when
the pulmonary vascular bed is ventilated (13). Mechanisms of
ET-l induced vasodilation in the fetus include ATP-sensitive
potassium channels, release of EDNO, or release of prostacy-
clin (38-40).

Several mechanisms potentially explain BQ 123-induced
vasodilation. First, the ET-A receptor blockade could inhibit
ET- 1 effects of vasoconstriction mediated by calcium influx or
phosphoinositide hydrolysis (41-44). Second, ET-A receptor
blockade could lead to inhanced activation of the ET-B recep-
tor, thus causing vasodilation. ATP-sensitive K+ channels may
also mediate vasodilation to ET-1 (39). Finally, prostacyclin
may mediate ET- 1 induced vasodilation (40). Wespeculate
that prostacyclin release or K+ channel activation are not the

Table III. Hemodynamic Effects of Intrapulomonary Infusion
of CGS27830 (100 mcg/min for 10 min)

Baseline Infusion

Qp, ml/min 69±4 64±4
Mean PAP, mmHg 49±2 49±3
Mean AoP, mmHg 48±2 47±3
LA, mmHg 3±1 3±1
PVR, mmHg-min * ml-' 0.67±0.06 0.74±0.05
pH, units 7.36±0.01 7.32±0.01
Pco2, mmHg 51±1 54±2
Po2, mmHg 20±2 16±2
Hgb, g/dl 6.2±.19 6.5±.32
HR, bpm 156±5 156±13

Values are mean±SE. Comparisons between baseline and infusion
values were made by repeated-measures ANOVA. Qp, left pulmonary
artery flow; PAP, pulmonary artery pressure; AoP, aortic pressure;
LA, left atrial pressure; PVR, pulmonary vascular resistance; Hgb,
hemoglobin; HR, heart rate, beats per min.

Table IV. Hemodynamic Effects of big-ET-J with and without
Pretreatment with CGS27830 (100 mcg/min for 10 min)

Baseline Infusions

Qp, ml/min
Big-ET 66±3 60±6
CGS/Big-ET 70±6 70±11

Mean PAP, mmHg
Big-ET 46±1 62±1*
CGS/Big-ET 49±3 50±2

Mean AoP, mmHg
Big-ET 45±2 62±1*
CGS/Big-ET 46±4 48±3

LA, mmHg
Big-ET 4±1 4±1
CGS/Big-ET 3±1 4±1

PVR, mmHg.min * ml-'
Big-ET 0.64±0.03 1.00±0.1 1*
CGS/Big-ET 0.64±0.03 0.61±0.08

Values are mean±SE. Comparisons between baseline and infusion
values were made by repeated-measures ANOVA. Qp, left pulmonary
artery flow; PAP, pulmonary artery pressure; AoP, aortic pressure;
LA, left atrial pressure; PVR, pulmonary vascular resistance. * P
< 0.05 vs. baseline. * Values 20 min after infusion.

major mechanism of BQ 123 vasodilation in the ovine fetal
lung as L-NA treatment blocked BQ 123 and SFX pulmonary
vasodilation. Interestingly, vasodilation to BQ 123 occurs as a
threshold phenomenon. BQ 123 infusions from 0.5 to 10.0
mcg/min for 10 min were not significantly different in the
amount of vasodilation produced suggesting that BQ 123-in-
duced vasodilation is not dose dependent.

Unlike ET- 1, big-ET- 1 causes pulmonary vasoconstriction
without vasodilation (14) implying that endogenous produc-
tion of ET- 1 may have different effects than exogenous (phar-
macologic) infusions of ET- 1. Exogenous ET- I may stimulate
both the ET-A and ET-B receptors, whereas when big-ET- 1 is
infused directly into the fetal pulmonary circulation, it is con-
verted by endothelin converting enzyme to ET- 1 on the ablu-
minal surface. This local production of ET- 1 may only stimu-
late the ET-A receptor leading to vasoconstriction. No signifi-

1.0-

0.8

PVR
0.6 -

0.4 -

-40 -30

|BIG -ET * p < 0.05
vs baseline

-20 -10 0 10 20 30 40 50 60
TIME (minutes)

Figure 4. Effects of CGS27830 on big-ET-l induced pulmonary hy-
pertension. Changes in PVRafter intrapulmonary infusion of big
ET-1 (1.5 mcg/min for 10 min) with and without pretreatment with
CGS27830 (CGS/Big-ET) (100 mcg/min for 10 min). Big-ET-l
increased PVR, which is blocked with CGSpretreatment.
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Figure 5. Hemodynamic effects of brief intrapulmonary infusion of
SFX, a selective endothelin B receptor agonist. Infusion of SFX (0.1
mcg/min for 10 min) rapidly increased Qpwithout changing main
pulmonary artery or aortic pressures. Qp rapidly decreases to baseline
after infusion.

cant ET-B receptor stimulation occurs, therefore, no
vasodilation is seen. The lack of ET-B receptor stimulation by
big-ET-l is speculative as ET-B receptor antagonists are not
readily available, however Haleen has also suggested the lack of
ET-B receptor stimulation by big-ET- 1 (45).

The development of selective agonists and antagonists for
the ET-A and ET-B receptors have led to improved under-
standing of their role in vasodilation and vasoconstriction.
Ihara has reported a selective ET-A receptor antagonist, BQ

Table V. Hemodynamic Effects of Intrapulmonary Infusion of SFX

Baseline Infusion$

pH, units 7.35±0.02 7.33±0.02
Pco2, mmHg 50±1 51±2
Po2, mmHg 20±1 20±1
Hgb, g/dl 7.4±.29 7.7±.22
02 Sat, percent 58±3 56±5
HR, bpm 178±6 161±3*
TPR, mmHgmin - ml-' 0.66±0.06 0.27±0.03*

Values are mean±SE. Comparisons between baseline and infusion
values were made by repeated-measures ANOVA.Hgb, hemoglobin;
02 Sat, oxygen saturation percent; HR, heart rate, beats per min;
TPR, total pulmonary resistance, mmHgmin - ml-'. * P < 0.05 vs.
baseline. $ Values 10 min after infusion.

T

BO123 SFX S6c

Figure 6. Effects of L-NA, an antagonist of endothelium-derived ni-
tric oxide, on BQ 123 and sarafotoxin S6c (SFXS6c) induced pul-
monary vasodilation. Infusions of SFX (0.1 mcg/min) and BQ(0.5
mcg/min) did not increase Qp after L-NA treatment.

123 (21). This cyclic pentapeptide is a potent antagonist of
ET- 1 induced hypertension in rats and antagonist of ET- 1 in-
duced contraction of porcine arteries (21). The ET-A receptor
is selective for ET- 1 and ET-2 and is believed to be the receptor
in vascular smooth muscle mediating vasocontriction (16).
BQ 123 potently and selectively binds to the ET-A receptor
(21, 46-47). The ET-B receptor is a nonselective subtype
which binds ET-3 > ET-1 (22). CGS27830 is a nonpeptide
antagonist which blocks ET-A and B receptor activity (23). We
speculate that BQ 123 but not CGS27830 causes vasodilation
due to concomitant blockade of ET B receptor activity by CGS
27830. The conclusion that big-ET-1 causes vasoconstriction
by ET-A receptor stimulation would be strengthened by ab-
sence of blockade of big-ET-1 induced hypertension with an
ET-B receptor antagonist, however this is not feasible as ET-B
receptor antagonists are not readily available. The doses of
CGS27830 used in this study also block ET-B receptor vasodi-
lation by ET-3 (preliminary observations). SFX is a snake
venom derivative with high sequence analogy to ET-3, and has
been demonstrated to be a selective agonist of the ET-B recep-
tor (22). The exact role of these receptors in the fetal lung is
incompletely understood at this time.

The role of the ET-A and ET-B receptors appear to be spe-
cies as well as site specific. ET-A and ET-B receptors mediate
vascular smooth muscle contraction in rabbit jugular vein and
rat aorta (48). However, Clozel has shown that the ET-B recep-
tor mediates transient vasodilation followed by vasoconstric-
tion in mesenteric arteries (49). Moreland has shown that stim-
ulation of the ET-B receptor contracts rabbit saphenous vein
but not the rabbit carotid artery (50). Furthermore, Cristol et
al. (51) have shown that systemic vasoconstriction in the rat is
mediated by the ET-A receptor, whereas vasoconstriction in
the kidney may be mediated by ET-B receptor stimulation
(51) . Porcine lung parencyma has more ET-B receptors than
ET-A receptors (52). Our work supports the concept that in
the fetal lung, ET-A receptor stimulation most likely leads to
vasoconstriction, whereas ET-B receptor stimulation leads to
vasodilation.

The clinical significance of endothelin in humans is uncer-
tain. ET- 1 levels are increased in the normal newborn umbili-
cal cord at the time of delivery (11, 53). Elevated immunoreac-

2146 Ivy, Kinsella, and Abman



tive ET-1 levels have also been found in primary pulmonary
hypertension, the Eisenmenger syndrome (54), persistent pul-
monary hypertension of the newborn (55), and children with
pulmonary hypertension associated with congenital heart dis-
ease and bronchopulmonary dysplasia (56). Whether ET- 1
plays a role in the modulation of high pulmonary vascular
resistance or is simply a marker of pulmonary hypertension is
not clear.

In summary, response to ET- 1 in the ovine fetal lung is
characterized by: (a) BQ123 causes sustained, selective vasodi-
lation; (b) Big-ET-l-induced pulmonary vasoconstriction is
most likely mediated by ET-A receptor stimulation; (c) the
ET-B receptor mediates pulmonary vasodilation; (d) BQ 123
or SFX vasodilation is mediated primarily through EDNO.We
conclude that the ET-A receptor probably mediates vasocon-
striction and that the ET-B receptor mediates vasodilation in
the ovine fetal lung. Wespeculate that endogenous production
of ET-l by vascular endothelium causes primarily vasocon-
striction as the ET-B receptor is not significantly activated. We
further speculate that ET- 1 contributes to the modulation of
high pulmonary vascular resistance in the ovine fetal lung.
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