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ABSTRACT

Endothelin-1 (ET-1) is a polypeptide that has potent
hemodynamic effects on the pulmonary circulation. To
determine whether there are changes in these effects with
increasing postnatal age, we investigated the effects of
ET-1 (250 ng/kg) at rest and during pulmonary hyperten-
sion in eight lambs (<1 wk old) and 11 juvenile sheep (6-12
mo old). At rest, ET-1 did not change pulmonary arterial
pressure in lambs, but increased pulmonary arterial pres-
sure by 64.0 = 37.5% (p < 0.05) in sheep. During pulmo-
nary hypertension, ET-1 produced greater decreases in
pulmonary arterial pressure in lambs than in sheep (26.6 +
3.4% versus 18.7 * 8.3%, p < 0.05). In juvenile sheep, the
increase in resting pulmonary arterial pressure produced
by ET-1 was inhibited by meclofenamic acid, an inhibitor
of prostaglandin synthesis (40.3 + 9.9% versus 2.3 + 4.7%,
p < 0.05); during pulmonary hypertension, the decrease in

pulmonary arterial pressure produced by ET-1 was inhib-
ited by N“-nitro-L-arginine, an inhibitor of endothelium-
derived nitric oxide synthesis (21.4 + 10.7% versus 8.0 +
3.6%, p < 0.05) and by glybenclamide, an ATP-dependent
potassium-channel blocker (18.8 + 8.4% versus 4.0 +
4.4%, p < 0.05). The hemodynamic effects of ET-1 on the
pulmonary circulation are dependent on postnatal age.
Pulmonary vasoconstriction is mediated by prostaglandin
production, and pulmonary vasodilation is mediated, in
part, by releasc of endothelium-derived nitric oxide and
activation of ATP-dependent potassium channels. (Pediatr
Res 36: 394401, 1994)

Abbreviations
ET-1, endothelin-1
EDNO, endothelium-derived nitric oxide

ET-1, an endothelium-derived polypeptide, has potent
vasoactive properties that may mediate vascular tone (1).
Studies of ET-1 on the pulmonary circulation in fetal,
newborn, and adult animals demonstrate that ET-1 pro-
duces a wide range of hemodynamic effects, which in-
clude vasodilation alone, vasoconstriction alone, or tran-
sient vasodilation followed by vasoconstriction (2-14).
However, the reasons why ET-1 produces this wide
range of hemodynamic effects are unknown.

After birth, there are extensive structural and physio-
logic changes in the pulmonary circulation (15). For ex-
ample, there are developmental changes in pulmonary
vascular receptors and their secondary messengers that
mediate physiologic responses (16-19). Recent in vitro
data suggest that the effects of ET-1 on the pulmonary
circulation may also change with increasing age from
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pulmonary vasodilation to pulmonary vasoconstriction
(20, 21).

This study has two purposes. First, to investigate
whether postnatal age alters the hemodynamic effects of
ET-1 on the pulmonary circulation in the intact sheep, we
compared the effects of intrapulmonary injections of
ET-1 in newborn lambs (<1 wk old) and juvenile sheep
(6-12 mo old), both at rest and during pulmonary hyper-
tension. Second, to determine the mechanism of ET-1-
induced responses, we compared the effects of intrapul-
monary injections of ET-1 in juvenile sheep before and
during prostaglandin synthesis inhibition, EDNO-
synthesis inhibition, and potassium-channel blockade.

METHODS
Surgical Preparation

The surgical preparation was the same for both new-
born lambs and juvenile sheep. The lambs (<1 wk old)
and sheep (6-12 mo old, not time bred) were sedated with
ketamine hydrochloride (5 mg/kg) by intramuscular injec-
tion, intubated with a 4.5- or 10.0-mm outer diameter
endotracheal tube, and mechanically ventilated with a
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Harvard volume-cycled animal ventilator. General anes-
thesia was then induced by having the animal breathe a
mixture of oxygen and halothane (1-2%). Under local
anesthesia with 1% lidocaine hydrochloride, polyvinyl
catheters were placed in an artery and vein of each hind
leg. These catheters were advanced to the descending
aorta and the inferior vena cava, respectively. A left
lateral thoracotomy was performed in the fourth inter-
costal space. Polyvinyl catheters were then placed in the
internal thoracic artery and vein and advanced to the
ascending aorta and right atrium, respectively. The peri-
cardium was incised along the main pulmonary trunk.
Three Teflon cannulas attached to polyvinyl catheters
were then inserted, two into the main pulmonary artery
and one into the left atrium. A precalibrated transonic
flow transducer (Transonic Systems, Ithaca, NY) was
placed around the left pulmonary artery to measure left
pulmonary blood flow. In the lamb, the ductus arteriosus
was visualized and ligated. A chest tube was placed in the
pleural space for drainage. The thoracotomy incision was
closed in layers. The catheters were filled with heparin
sodium, plugged, and brought to the skin along with the
transducer cable, where they were protected in a pouch
secured to the animal’s flank. After recovery from anes-
thesia, the animals were weaned from mechanical venti-
lation, extubated, and returned to their cages. At least 2
d were allowed for recovery. Daily, the chest tube was
aspirated and the catheters were flushed with heparin
sodium. The lambs were given a daily intramuscular
injection of 250 000 U of penicillin G and 25 mg of
gentamicin. The sheep were given a daily intramuscular
injection of 1 million U of penicillin G procaine and 50 mg
of gentamicin suspension. For the first 24 h after surgery,
buprenorphine hydrochloride (Reckitt & Colman Phar-
maceuticals, Richmond, VA; 0.01 mg/kg) was adminis-
trated intramuscularly to prevent postoperative pain.
This surgical preparation was similar to those previously
published from our laboratory (22). All protocols were
approved by the Committee on Animal Research, Uni-
versity of California, San Francisco.

Drug Preparation

ET-1 (0.5 mg), (Peptides International, Inc., Louis-
ville, KY) was suspended in 10 mL of sterile water and
stored at —20°C. Immediately before administration,
each ET-1 dose was measured and diluted to 1 mL with
0.9% saline. U46619 (9,11-dideoxy-9-epoxymethano-
prostaglandin F,; Sigma Chemical Co., St. Louis, MO)
was suspended in 95% ethanol and stored at —20°C.
Immediately before administration, 100 ng were dis-
solved in 20 mL of 0.9% saline. Meclofenamic acid (Sig-
ma Chemical Co.) was prepared for bolus injection by
dissolving 70 mg in 10.6 mL of 0.9% saline, 0.4 mL of
Na,CO; (7.15 g/L), and 8 mL of distilled water. For the
continuous infusion, 70 mg of meclofenamic acid was
dissolved in 58 mL of 0.9% saline, 2 mL of Na,CO; (7.15
g/L), and 40 mL of distilled water. N“-nitro-L-arginine
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(Sigma Chemical Co.) was suspended in 0.9% saline. Cro-
makalim (BRL-38227, SmithKline Beecham Pharmaceuti-
cals, Surrey, England) and acetylcholine chloride (Iolab
Corporation, Claremont, CA) were suspended in 0.9%
saline. Glybenclamide (Sigma Chemical Co.) was sus-
pended in distilled water and titrated to a pH of 12.0 by the
addition of 1IN NaOH. All solutions were prepared on the
day of the study and kept on ice until administrated.

Experimental Protocol

To determine whether postnatal development alters
the hemodynamic effects of ET-1, we compared the ef-
fects of ET-1 on the pulmonary circulation at rest and
during pulmonary hypertension in lambs and sheep. To
determine the mechanism of ET-1’s hemodynamic effects
in sheep, we compared the effects of ET-1 before and
during the infusion of meclofenamic acid at rest, and
before and during the infusion of N“-nitro-L-arginine,
glybenclamide, and meclofenamic acid during pulmonary
hypertension induced by the infusion of U46619 (a throm-
boxane A, mimic). All studies were performed with the
newborn lambs and juvenile sheep resting quietly in a
sling or a cage and spontaneously breathing room air. We
have previously shown that low to moderate doses of
ET-1 (50-1000 ng/kg) do not change mean pulmonary
arterial pressure or pulmonary vascular resistance in rest-
ing newborn lambs, and very large doses of ET-1 (2000
ng/kg) produce pulmonary vasoconstriction (14, 23). The
dose of ET-1 used in the present study (250 ng/kg) was
chosen after preliminary studies in juvenile sheep showed
that higher doses (500 ng/kg) produced marked decreases
in pulmonary blood flow and hemodynamic instability. In
addition, preliminary studies also showed that a 24-h
recovery period was necessary to produce consistent
hemodynamic responses to repeated doses of ET-1 in the
juvenile sheep. Therefore, the lambs and sheep were
rested at least 24 h between injections of ET-1, and dose
response curves were not performed. Bolus injections of
ET-1 were used after preliminary studies in lambs
showed that continuous infusions produced no hemody-
namic effects. Each lamb underwent two studies (at rest
and U46619); each sheep underwent three to four studies
(at rest, U46619, and one to two mechanism studies).
Only juvenile sheep received infusions of N“-nitro--
arginine, glybenclamide, or meclofenamic acid.

ET-1 injections at rest. In eight lambs and 10 sheep,
baseline measurements of the hemodynamic variables
(pulmonary arterial pressure, systemic arterial pressure,
left pulmonary blood flow, heart rate, and left and right
atrial pressures) and systemic arterial blood gases and pH
were made. ET-1 (250 ng/kg) was injected into the pul-
monary artery. The dose was injected in less than 10 s,
followed by a 2-mL flush of 0.9% saline. The hemody-
namic variables and systemic arterial blood gases and pH
were measured at the maximum change in pulmonary
artery pressure (ET-1). At the end of the study, the sheep
were returned to their cages.
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ET-1 injections during U46619-induced pulmonary hyper-
tension. After a 24-h recovery, eight lambs and 11 sheep
had baseline measurements of the hemodynamic vari-
ables and systemic arterial blood gases made. Then, an
infusion of U46619 was begun into the inferior vena cava
and continued throughout the study period. The dose (~2
ng/kg/min) was titrated to achieve a mean pulmonary
arterial pressure 2 times baseline. After 10 min of steady
state pulmonary hypertension, all variables were mea-
sured (U46619). ET-1 (250 ng/kg) was injected into the
pulmonary artery and the hemodynamic variables were
measured as above (U46619 + ET-1). The infusion of
U46619 was then stopped, and the sheep were returned to
their cages.

ET-1 injections during meclofenamic acid infusions, N*-
nitro-L-arginine infusions, and glybenclamide infusions. In
juvenile sheep, the mechanism of ET-1’s pulmonary vas-
oconstricting effects at rest was assessed by comparing
the effects of the initial injection of ET-1 and the injection
during the infusion of meclofenamic acid (a prostaglandin
synthesis inhibitor). Conversely, the mechanism of ET-
I’s pulmonary vasodilating effects was assessed by com-
paring the effects of the initial injection of ET-1 during
pulmonary hypertension induced by U46619 and the in-
jection of ET-1 during the infusion of N*-nitro-L-arginine,
glybenclamide, or meclofenamic acid, all during putmo-
nary hypertension induced by U46619. A 24-h recovery
period was allowed between each infusion.

Meclofenamic acid infusions at rest. In five sheep, base-
line measurements were made. Then, meclofenamic acid
(10 mg/kg) was infused into the pulmonary artery over 15
min, followed by a 1.0 mg/kg/h infusion for at least 4 h.
Previous studies showed that this cumulative dose of
meclofenamic acid inhibits the production of prostaglan-
dins (24). After 4 h of the meclofenamic acid infusion, all
variables were measured and ET-1 was injected as de-
scribed above.

N®-nitro-L-arginine infusions during pulmonary hyperten-
sion. In six sheep, baseline measurements were made. An
infusion of U46619 was infused i.v. to increase mean
pulmonary arterial pressure 2 times baseline. After 10
min of steady state pulmonary hypertension, acetylcho-
line (0.5 ng/kg, an EDNO-dependent vasodilator) was
injected and all variables were measured. The U46619
infusion was then stopped. After a 30-min recovery,
N®-nitro-L-arginine (1 mg/kg/min) was infused i.v. for 120
min. Previous studies showed that this cumulative dose
of N*-nitro-L-arginine attenuates the pulmonary vasodi-
lating effects of acetylcholine and other endothelium-
dependent vasodilators (22). Then, pulmonary hyperten-
sion was induced by U46619 as described. After 10 min
all variables were measured, and the acetylcholine and
ET-1 injections were repeated.

Glybenclamide infusions during pulmonary hypertension.
In six sheep, baseline measurements were made and
U46619 was infused to induce pulmonary hypertension.
After 10 min of steady state pulmonary hypertension,
cromakalim (50 wg/kg, a potassium-channel activator)

WONG ET AL.

was injected and all variables were measured. The
U46619 infusion was then stopped. After a 30-min recov-
ery, glybenclamide (5 mg/kg) or distilled water with a pH
of 12.0 (vehicle), was infused i.v. for 60 min. Then
U46619 was infused to induce pulmonary hypertension.
After 10 min all variables were measured, and the cro-
makalim and ET-1 injections were repeated. The specific
doses of cromakalim and glybenclamide were chosen
because previous studies showed that 50 pg/kg of cro-
makalim produces potent pulmonary vasodilation and
that the cumulative dose of glybenclamide used attenu-
ates the pulmonary vasodilating effects of potassium-
channel activators (14, 25).

Meclofenamic acid infusions during pulmonary hyperten-
sion. In six juvenile sheep, baseline measurements were
measured. Meclofenamic acid was infused i.v. as de-
scribed above. After 4 h of the meclofenamic acid infu-
sion, U46619 was infused as described above. After 10
min of steady state pulmonary hypertension, all variables
were measured, and ET-1 was injected.

Measurements

Pulmonary and systemic arterial pressures and left and
right atrial pressures were measured by Statham P23Db
pressure transducers (Statham Instruments, Hato Rey,
Puerto Rico). Mean pressures were obtained by electrical
integration. Heart rate was measured by a cardiotachom-
eter triggered from the phasic systemic arterial pressure
pulse wave. Left pulmonary artery blood flow was mea-
sured on an ultrasonic flow meter (Transonic Systems).
All hemodynamic variables were continuously recorded
on a Gould multichannel electrostatic recorder (Gould
Inc., Cleveland, OH). Systemic arterial blood gases and
pH were measured on a Corning 158 pH/blood gas ana-
lyzer (Corning Medical and Scientific, Medfield, MA).
Left pulmonary vascular resistance was calculated as
mean pulmonary arterial pressure minus left atrial pres-
sure divided by left pulmonary blood flow.

Statistical Analysis

The means + SD were calculated for the hemodynamic
variables and systemic arterial blood gases and pH during
all experimental conditions. The effects of U46619 on
these variables were compared with their respective
baseline by the paired ¢ test. The effects of each vasoac-
tive agent (ET-1, meclofenamic acid, acetylcholine, N“-
nitro-L-arginine, cromakalim, and glybenclamide) on
these variables were compared with their previous steady
state condition by the paired ¢ test using the Bonferroni
correction when necessary. The percent change in the
variables produced by ET-1 at rest and during U46619-
induced pulmonary hypertension between newborn
lambs and juvenile sheep were compared by the unpaired
t test. The percent change in the hemodynamic variables
produced by ET-1 at rest was compared with the percent
change produced during infusion of meclofenamic acid at
rest by the paired ¢ test. The percent change in the
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Table 1. Hemodynamic effects of ET-1 in newborn lambs and juvenile sheep at rest*

Newborn lambs Juvenile sheep

REST ET-1 REST ET-1

Pulmonary arterial pressure (mm Hg) 199 = 2.9 19.3 £ 29 16.5 + 2.6 27.2 + 8.5
Left pulmonary vascular resistance (mm Hg/mL/min) 0.029 = 0.007 0.030 = 0.006 0.008 = 0.002 0.044 = 0.078%
Systemic arterial pressure (mm Hg) 78.3 £5.2 87.0 = 7.2% 95.4 + 9.6 112.6 = 15.0%
Left pulmonary blood flow (mL/min) 643.6 = 107.9 594.4 + 62.9 1180.0 % 355.3 952.3 + 415.4¢
Heart rate (bpm) 222.5 £ 29.5 208.5 + 30.8% 138.6 + 40.2 132.5 £ 51.2
Left atrial pressure (mm Hg) 2.1 £25 24 28 6.3 %+ 2.6 8.6 = 3.1
Right atrial pressure (mm Hg) 0.2 =04 0.8 > 1.1 4.1 + 2.5 5.8 = 3.5t

* Values are mean + SD for eight newborn lambs and 10 juvenile sheep.

t p < 0.05 vs previous rest column.

hemodynamic variables produced by ET-1, acetylcho-
line, and cromakalim during U46619-induced pulmonary
hypertension was compared with the percent change
produced during the infusion of N*“-nitro-L-arginine, gly-
benclamide, or meclofenamic acid by the paired ¢ test.
The means + SD were calculated for left pulmonary
vascular resistance and compared by the Wilcoxon
signed-rank test or the Mann-Whitney test; p < 0.05 was
considered statistically significant.

RESULTS
ET-1 Injections at Rest

In newborn lambs, ET-1 did not change mean pulmo-
nary arterial pressure or left pulmonary vascular resis-
tance (Table 1). In juvenile sheep, ET-1 increased mean
pulmonary arterial pressure and left pulmonary vascular
resistance (p < 0.05) (Table 1). The increase in pulmo-
nary arterial pressure occurred within 10 s of the injection
and lasted 102.2 + 41.2 s. The injection of ET-1 did not
change systemic arterial blood gases and pH in newborn
lambs. ET-1 slightly increased systemic arterial pH (from
7.50 + 0.05 to 7.52 = 0.05 units, p < 0.05) and decreased
Pao, (from 12.2 + 3.3 to 11.0 = 2.5 kPa, p < 0.05) in
juvenile sheep. The percent increase in pulmonary arte-
rial pressure and pulmonary vascular resistance induced
by ET-1 was greater in juvenile sheep than in newborn
lambs (p < 0.05) (Fig. 1).

ET-1 Injections during U46619-Induced
Pulmonary Hypertension

During steady state pulmonary hypertension, ET-1 de-
creased mean pulmonary arterial pressure and left pul-
monary vascular resistance in both lambs and sheep (p <
0.05) (Table 2). The decrease in pulmonary arterial pres-
sure occurred within 10 s of the injection and lasted 214.0
+ 29.7 s in the lamb and 55.5 = 35.0 s in the sheep. The
injection of ET-1 did not change systemic arterial blood
gases and pH in all animals. The percent decrease in
pulmonary arterial pressure produced by ET-1 in lambs
was greater than in sheep (26.6 = 3.4% versus 18.7 *
8.3%, p < 0.05). The percent decrease in left pulmonary
vascular resistance induced by ET-1 was similar, but the
absolute decrease in left pulmonary vascular resistance

produced in lambs was greater than that in sheep (0.052
0.01 versus 0.024 = 0.01 mm Hg/mL/min, p < 0.05). In
addition, in five of the sheep, the decrease in pulmonary
arterial pressure and pulmonary vascular resistance was
followed by an increase in pulmonary arterial pressure
(from 33.2 *+ 2.8 to 36.4 = 1.7 mm Hg, p < 0.05) and in
left pulmonary vascular resistance (from 0.034 + 0.015 to
0.055 + 0.008 mm Hg/mL/min). There were no differ-
ences in the baseline hemodynamic variables, systemic
arterial blood gases and pH, sex, or weight between the
sheep with pulmonary vasodilation alone and the sheep
with a biphasic response.

ET-1 Injections during Meclofenamic Acid Infusions,
N“-Nitro-L-Arginine Infusions, and Glybenclamide Infusions

Meclofenamic acid infusions at rest. The infusion of
meclofenamic acid did not change any of the hemody-
namic variables. During the infusion of meclofenamic
acid, ET-1 did not change mean pulmonary arterial pres-
sure or left pulmonary vascular resistance (Fig. 2).

N“-nitro-L-arginine infusions during pulmonary hyperten-
sion. The infusion of N*-nitro-L-arginine increased base-
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Figure 1. At rest, ET-1 (250 ng/kg) increases pulmonary arterial pres-
sure in juvenile sheep but not in newborn lambs. Values are mean =
SD; n = 8 newborn lambs and 10 juvenile sheep. *, p < 0.05 vs newborn
lambs.



398

WONG ET AL.

Table 2. Hemodynamic effects of ET-1 in newborn lambs and juvenile sheep during U46619-induced pulmonary hypertension*

Newborn lambs

Juvenile sheep

U46619 U46619+ET-1 % change U46619 U46619+ET-1 % change
Pulmonary arterial pressure (mm Hg) 347 £ 43 25.4 + 2.8% -26.6 + 3.4 34.6 £ 3.9 28.0 = 3.0t -18.7 = 8.3%
Left pulmonary vascular resistance 0.067 = 0.016  0.051x 0.015+ -24.6 7.9 0.032 = 0.011  0.025 + 0.010f =223 + 16.9

(mm Hg/mL/min)

Systemic arterial pressure (mm Hg) 89.4 + 22.2 101.4 = 26.9% 13.2 £ 5.1 106.2 + 8.7 115.1 = 12.5% 8.4 + 8.5
Left pulmonary blood flow (mL/min) 504.3 * 68.1 461.4 * 82.1 -8.8 + 6.0 920.0 = 325.5 851.1 += 383.1 -9.1 = 13.5
Heart rate (bpm) 208.7 + 48.7 186.7 + 51.6% -10.7 = 10.4 166.7 + 33.1 160.0 + 31.6 -33+ 133
Left atrial pressure (mm Hg) 25+ 1.3 4.5 x 2.1 164.5 * 290.6 83+24 10.0 = 3.0% 20.7 = 13.6
Right atrial pressure (mm Hg) 1.0 £ 0.9 1.5+14 62.5 = 94.6 7.6 2.4 8.1+23 7.6 = 11.4

* Values are mean * SD for eight newborn lambs and 11 juvenile sheep.

tp < 0.05 vs previous U46619 column.
1 p < 0.05 vs % change (newborn lambs).

line pulmonary arterial pressure (from 16.8 + 1.6 to 25.8
* 5.9 mm Hg, p < 0.05) and pulmonary vascular resis-
tance (from 0.009 = 0.003 to 0.022 = 0.010 mm Hg/mL/
min, p < 0.05). During the infusions of N“-nitro-L-
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Figure 2. At rest, the increase in mean pulmonary arterial pressure
(top) and left pulmonary vascular resistance (bottom) induced by ET-1
(250 ng/kg) is blocked by meclofenamic acid. Values are mean = SD; n
= 5 juvenile sheep. *, p < 0.05 vs ET-1.

arginine and U46619, the percent decrease in both mean
pulmonary arterial pressure and left pulmonary vascular
resistance induced by ET-1 were significantly attenuated
(Fig. 3). Similarly, the percent decrease in mean pulmo-
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Figure 3. Effect of N“-nitro-L-arginine, glybenclamide, and meclofe-
namic acid on the decrease in pulmonary arterial pressure (top) and left
pulmonary vascular resistance (bottom) induced by ET-1 (250 ng/kg) in
juvenile sheep during U46619-induced pulmonary hypertension. Values
are mean * SD for six juvenile sheep given N“-nitro-L-arginine or
glybenclamide infusions and five juvenile sheep given meclofenamic
acid infusions. *, p < 0.05 vs ET-1.
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nary arterial pressure (8.7 = 1.9% versus 2.4 + 2.7%, p <
0.05) and left pulmonary vascular resistance (42.5 *
13.2% versus 12.1 = 49.6%, p < 0.05) induced by acetyl-
choline was significantly attenuated.

Glybenclamide infusions during pulmonary hypertension.
The infusion of glybenclamide increased mean pulmo-
nary arterial pressure (from 17.8 £ 2.4 t0 20.2 + 3.4 mm
Hg, p < 0.05) and pulmonary vascular resistance (from
0.016 = 0.006 to 0.019 = 0.007 mm Hg/mL/min, p <
0.05). During the infusions of glybenclamide and U46619,
the percent decrease in both mean pulmonary arterial
pressure and left pulmonary vascular resistance induced
by ET-1 were significantly attenuated (Fig. 3). Similarly,
the percent decrease in mean pulmonary arterial pressure
(23.9 * 7.2% versus 12.9 %= 9.4%, p < 0.05) induced by
cromakalim was significantly attenuated. In three sheep,
the i.v. infusion of distilled water (pH 12) did not change
the hemodynamic variables or the hemodynamic re-
sponse to ET-1 (data not shown).

Meclofenamic acid infusions during pulmonary hyperten-
sion. The infusion of meclofenamic acid did not change
baseline pulmonary arterial pressure or left pulmonary
vascular resistance. During the infusions of meclo-
fenamic acid and U46619, the percent decrease in both
mean pulmonary arterial pressure and left pulmonary
vascular resistance induced by ET-1 was not changed
(Fig. 3).

DISCUSSION

This study, in intact sheep, suggests that postnatal
development alters the hemodynamic effects of ET-1 on
the pulmonary circulation; the vasoconstricting effects of
ET-1 are augmented and the vasodilating effects of ET-1
are attenuated with increasing age. Specifically, at rest,
intrapulmonary injections of ET-1 did not change mean
pulmonary arterial pressure or pulmonary vascular resis-
tance in newborn lambs, but increased these variables in
juvenile sheep. During pulmonary hypertension, ET-1
decreased mean pulmonary arterial pressure and pulmo-
nary vascular resistance in newborn lambs and juvenile
sheep, but the decrease in mean pulmonary arterial pres-
sure was greater in the lambs. In addition, in juvenile
sheep, the vasoconstricting effects of ET-1 were inhibited
by meclofenamic acid (an inhibitor of prostaglandin syn-
thesis), and the vasodilating effects of ET-1 were atten-
uated by N“-nitro-L-arginine (an EDNO synthesis inhib-
itor) and glybenclamide (an ATP-dependent potassium-
channel blocker) but not by meclofenamic acid.

Our finding that postnatal development alters the he-
modynamic effects of ET-1 on the pulmonary circulation
both at rest and during pulmonary hypertension is con-
sistent with previous in vitro studies in sheep. Intrapul-
monary vessels of fetal and newborn lambs are less
sensitive to ET-1 and have a decreased vasoconstricting
response than intrapulmonary vessels of adult sheep (21).
In vivo, ET-1 has induced either no effect or pulmonary
vasodilation in fetuses and newborns and has induced
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pulmonary vasoconstriction in adult animals (2-5, 7,
9-12, 14). However, developmental differences cannot be
delineated from species variation because newborn and
adult animals of the same species have not been com-
pared in vivo. The present study is the first to compare
the developmental effects of ET-1 on the pulmonary
circulation in the intact animal using the same species and
experimental design in each age group. It suggests that
significant alterations that result in differing responses to
ET-1 occur over the first 12 mo of life in sheep and that
postnatal development is one factor responsible for the
wide range of hemodynamic effects of ET-1 previously
reported. One potential factor that may also have con-
tributed to the different responses was the apparent dif-
ferences in resting tone between the newborn lamb and
juvenile sheep. Resting left pulmonary vascular resis-
tance was higher in the newborn lambs, which possibly
favored vasodilation. Although this factor cannot be
completely excluded, we found it unlikely. If calculated
resting pulmonary vascular resistance is indexed to sur-
face area (26), it is actually higher in the juvenile sheep.
In addition, preliminary studies from our laboratory sug-
gest that ET-1 produces pulmonary vasoconstriction in
newborn lambs with elevated tone after lung injury (data
not shown).

The postnatal alterations in the pulmonary circulation
that are responsible for the changes in the hemodynamic
effects of ET-1 during development are unclear. Other
vasoactive agents such as prostaglandin D, and histamine
display similar developmental changes (27, 28). These
changes do not represent a generalized increase in vas-
cular smooth muscle sensitivity to vasoconstricting
agents with increasing age. For example, in both lambs
and calves, pulmonary vasoconstriction secondary to
acute alveolar hypoxia is attenuated with increasing age
(29, 30). Similarly, in lambs, the response of small intra-
pulmonary arteries to vasoconstricting stimuli varied be-
tween different stimuli; some produced more vasocon-
striction with increasing age and others produced less
(31). Lastly, the pulmonary vascular smooth muscle con-
tractile protein content, stress, and maximum shortening
capacity are similar in newborn and adult animals (32).
Altered binding or regulation of ET-1 receptors could
alter the hemodynamic effects of ET-1 and may account
for the changes during postnatal development. In sheep,
as in other species, the receptors that mediate the hemo-
dynamic effects of ET-1 are ET, and ET,, (33). The ET,
receptors, located on vascular smooth muscle cells, are
responsible for the vasoconstricting effects of ET-1 (33,
34). The ET,, receptors, located on the endothelial cells,
may have two different functions performed by two
subpopulations of receptors. One subpopulation of ET,,
receptors induces vasodilation and the other, a newly
discovered ET,, subpopulation, may induce vasoconstric-
tion (35-37). In vitro studies suggest that ET-1 receptor
binding in lungs and other organs change with postnatal
development. For example, the density of ET binding
sites in pulmonary vessels is greater in adult pigs than in
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newborns (38). In addition, there are changes in ET-1
binding sites in rat myocardium and rat brain with post-
natal development (39-41). Additional studies are needed
to determine the effects of postnatal development on the
ET-1 receptor subpopulations and their role in mediating
the changing hemodynamic effects of ET-1 throughout
development.

Previous studies have shown developmental changes
in vasoactive mediators such as nitric oxide and prosta-
glandins (42-44). In newborn lambs, we previously found
that ET-1-induced pulmonary vasodilation is mediated in
part by the release of endothelium-derived nitric oxide
and the activation of ATP-dependent potassium channels
but not by prostaglandin release (14). Therefore, the role
of these mediators was investigated in juvenile sheep. In
juvenile sheep, the pulmonary vasodilating effects of
ET-1 during pulmonary hypertension were also attenu-
ated by both N-“-nitro-L-arginine and glybenclamide but
not by meclofenamic acid. This suggests that nitric oxide
release and potassium-channel activation mediate the
pulmonary vasodilating response to ET-1 in the juvenile
sheep as well. The potential independent roles of nitric
oxide release and potassium-channel activation cannot
be determined because previous studies suggest that they
are interrelated. For example, in vitro, potassium-
channel activation is associated with nitric oxide release,
and in vivo the pulmonary vasodilating effects of potas-
sium-channel activators are attenuated by the infusion of
N-®-nitro-L-arginine (45). At rest, meclofenamic acid sig-
nificantly attenuated the pulmonary vasoconstricting ef-
fects of ET-1 in juvenile sheep. These results and the
results of other studies suggest that the pulmonary vas-
oconstricting effects of ET-1 are mediated in part by
prostaglandin production (2, 7, 9, 13, 21). The precise
role of prostaglandin production during ET-1-induced
pulmonary vasoconstriction is still unknown. However,
in vitro studies suggest that prostaglandin’s role is greater
in veins than in arteries (13, 21).

An unexpected finding in the juvenile sheep was that
during pulmonary hypertension, ET-1 induced either va-
sodilation alone or a biphasic response, that is, a de-
crease in pulmonary arterial pressure followed by an
increase in pulmonary arterial pressure. Although bipha-
sic responses have been previously reported, why one
group of juvenile sheep had vasodilation alone and one
group had a biphasic response is unclear (6, 10). There
were no differences in their baseline hemodynamic vari-
ables, weight, or sex. The pulmonary vasoconstricting
component of the biphasic response is mediated by pros-
taglandin production, because the increase in pulmonary
arterial pressure in the biphasic response was blocked by
meclofenamic acid (data not shown).

Unlike our findings in the pulmonary circulation, we
did not find that postnatal age altered the effects of ET-1
on the systemic circulation. The maximum increase in
mean systemic arterial pressure induced by ET-1 was
similar in newborn lambs and juvenile sheep. In contrast,
a previous study suggested that postnatal age does alter
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the hemodynamic effects of ET-1 on the systemic circu-
lation in 4-d-old to 6-wk-old lambs (46). The discrepancy
in results of these studies may be related to differences in
experimental design. For example, in the previous study
ET-1 was injected i.v., but in the present study ET-1 was
injected into the pulmonary artery.

In summary, this study shows that postnatal age alters
the hemodynamic effects of ET-1 on the pulmonary cir-
culation in sheep. The pulmonary vasoconstricting ef-
fects of ET-1 are augmented and the pulmonary vasodi-
lating effects of ET-1 are attenuated with increasing age.
The vasoconstricting effects of ET-1 are mediated by
prostaglandin production; the vasodilating effects of
ET-1 are mediated, in part, by the release of endotheli-
um-derived nitric oxide and activation of ATP-dependent
potassium channels. The influence of postnatal age on the
effects of ET-1 in the human remain unknown. However,
circulating ET-1 levels decrease with increasing age (47).
We speculate that ET-1 may have an important role in
regulating pulmonary vascular resistance in the develop-
ing lung. Aberrations in these normal postnatal changes
may alter the balance of normal regulatory mechanisms
and contribute to pulmonary hypertension disorders in
children and adults.
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