British Journal of Pharmacology (1998) 124, 1165-1174

0 1998 Stockton Press Al rights reserved 0007 -1188/98 $12.00

http://www.stockton-press.co.uk/bjp

Development of endothelin receptors in perinatal rabbit pulmonary
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1 Contractile responses to endothelin-1 (ET-1) and sarafotoxin S6¢c (S6c) were studied in pulmonary
resistance arteries (~320 um i.d.) from fetal, 0—24 h, 4 day and 7 day rabbits. The effects of the ET4-
selective antagonist FR139317, the selective ETy receptor antagonist BQ-788 and the non-selective ET,/
ETy receptor antagonist SB 209670, on these responses, were determined. Acetylcholine-induced
vasodilation and noradrenaline-evoked contractions were also examined.

2 ET-1 potency was in the following order (pECs, values): fetal (8.7) = 0—-24 h (8.8) = 4 day (8.6) >
7 day (8.0). The order of potency for S6¢c was 7 days (11.1) = 4 days (10.8) >0-24 h (9.7) > fetal (8.6).
Hence, S6¢c and ET-1 were equipotent in the fetus but S6¢c was increasingly more potent than ET-1 with
increasing age, being some 1000 times more potent by 7 days. By 7 days, responses to ET-1 were also
resistant to both FR139317 and BQ-788. FR139317 inhibited responses to ET-1 in vessels from 0—24 h
and 4 day, but not fetal, rabbits (pK,: 6.4 in 4 day rabbits). BQ-788 inhibited responses to ET-1 at all
age points except for 7 days (pKy: 6.7 at 0—24 h; 6.2 at 4 days). BQ-788 inhibited responses to Séc at all
age points (pK,: 8.5 at 4 days). SB 209670 inhibited responses to ET-1 and S6¢c at 0—24 h and 4 days
(»Ky for ET-1: 8.3 and 8.0 respectively; pK;, for S6¢c: 9.2 and 10.2 respectively).

3 Acetylcholine (I uM) induced vasodilation at all age points (inhibited by 100 uM L-N“-nitroarginine
methylester) although the degree of vasodilation was significantly reduced (~75%) at 0-—24 h.
Noradrenaline induced contraction at all age points except 7 days and its response was significantly
enhanced at 0—24 h.

4 Over the first week of life, the potency of S6c increases whilst that to ET-1 decreases suggesting
differential development of responses to ET-1 and S6¢c and heterogeneity of ETA- or ‘ETp-like’ receptor-
mediated responses. There is no synergism between ET, and ETjy receptors at birth but this is
established by 7 days. Immediately after birth rabbit Pulmonary Resistance Arteries are hyperresponsive

to ET-1 and noradrenaline but exhibit impaired nitric-oxide dependent vasodilation.
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Introduction

At birth, the ventilation and exposure of the lungs to the high
O, content of atmospheric air results in loss of hypoxic
pulmonary vasoconstriction and hence a marked reduction in
the pulmonary vascular resistance (PVR). This change is vital
for the marked reduction in pulmonary pressure required to
deal with the 10 fold increase in pulmonary blood flow which
occurs in the normal transition of the role of gas exchange
from the placenta to the lungs (Heymann & Soifer, 1988).
However in some newborns, this normal decrease in PVR and
increase in pulmonary blood flow does not occur and results in
persistent pulmonary hypertension of the newborn (PPHN).
This condition results in substantial morbidity and mortality in
more than 1 in 1000 newborn infants (Reece et al., 1987;
Hageman et al., 1984).

The endothelins (ETs) and sarafotoxins are a family of
potent vasoconstrictor peptides (Inoue et al., 1989; Kloog &
Sokolovsky, 1989). Two subtypes of mammalian endothelin
(ET) receptor have been cloned and sequenced. The first was
denoted ET, and demonstrates selectivity for endothelin-1
(ET-1) over ET-3 (Arai et al., 1990). The other receptor, ETj,
is non-isopeptide selective (Sakurai et al., 1990). Whilst both
receptors have been shown to mediate contraction, the ETy
receptor may also mediate vasorelaxation via endothelial
release of nitric oxide (Masaki et al., 1991).
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ETs have been implicated in many pathophysiologic
conditions including pulmonary hypertension (PHT). Elevated
circulating ET-1 levels have been reported in patients with
both primary and secondary PHT and in infants with PPHN
(Stewart et al., 1991; Rosenberg et al., 1993). Kumar et al.
(1996) have also shown a significant elevation in PPHN and a
positive correlation with disease severity, suggesting that ET-1
may serve as a marker of the disease severity in these infants.
ET-1 is one of many endothelial-derived products that play an
important role in the transition from in utero to postnatal
pulmonary circulation (Zielger et al., 1995). Loesch and
Burnstock (1995) showed that the endothelial cells of the main
pulmonary artery in the newborn rat are rich in ET, suggesting
a substantial involvement in the vasomotor control of the
pulmonary circulation during the early stages of postnatal
development.

ET receptor subtype distribution varies with their localiza-
tion and between species, especially in the pulmonary
circulation. Vasoconstriction is evoked via ET, receptor
activation in human, rat, dog and pig large pulmonary arteries
(Nakamiche et al., 1992; Douglas et al., 1993; Fukuroda et al.,
1994b; MacLean et al., 1994). However, in the rabbit large and
small pulmonary artery and in the rat pulmonary resistance
artery (PRA), ‘atypical’ ETy-like receptors mediate vasocon-
striction (MacLean et al., 1994; Hay et al., 1996; Docherty &
MacLean, 1998; McCulloch et al., 1998). In human PRAs ET-
I-mediated vasoconstriction is also mediated via stimulation of
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ETg receptors at low concentrations of ET-1 whilst ET,
receptors may mediate contraction at higher concentrations
(McCulloch et al., 1996; 1998).

It is the PRAs which are the important determinants of
pulmonary vascular resistance, hypoxic-induced vasoconstric-
tion and pulmonary hypertension in vivo (Staub, 1985). Hence
the aim of this study was to examine the responsiveness of
PRAs to ET-1 from the fetal and neonatal rabbit and examine
the effect of ET antagonists on ET-1-mediated vasoconstric-
tion.

We examined the functional responses to ET-receptor
stimulation in rabbit PRAs from fetal and neonatal rabbits
at three age points during the first week of life, using ET-1 and
sarafotoxin S6c (S6¢c; an ETg-selective agonist). The ET
receptor antagonists used to characterise the endothelin
receptors were the ET5-selective antagonist FR139317 (Sogabe
et al., 1993) and BQ-788, a potent and selective ETy receptor
antagonist (Ishikawa et al., 1994). The non-selective ETA/ETg
receptor antagonist SB 209670 is an effective antagonist in rat,
rabbit and human PRAs and its potency depends on the
agonist studied (Ohlstein et al., 1994; Hay et al., 1996;
McCulloch et al., 1998; Docherty & MacLean, 1998). We
also, therefore, examined its ability to inhibit responses to ET-
1 and Sé6c in the post-natal vessels.

Methods
Rabbit PRAs

Fetal (2 days pre-term) and neonatal New Zealand White
rabbit pups were studied at 0—24 h, 4 days and 7 days after
birth. They were killed by sodium pentobarbitone
(60 mg kg=' ip.) and the lungs were removed. Small
intralobar PRAs (~250 yum 1i.d., all 2nd order) were
dissected out and cleaned of surrounding parenchyma. The
average internal diameters (um) were as follows (n>=15):
fetal: 334+12.6; 0—24 h: 323 +55.4; 4 day: 333.9+15.6 and
7 day: 315.8426.9. These were mounted as ring prepara-
tions (~2 mm long) on a wire myograph, bathed in Krebs
solution at 37°C. Preliminary studies have shown that
bubbling with 95%O0, inhibits responses to vasoconstrictors
in the rabbit PRAs so we bubbled with 3%0,/5%CO,
balance N, for fetal rabbit vessels as this is the condition in
utero, and 16%0,/5%CO, balance N, for all others, to give
values similar to those found in vive. Control experiments
conducted previously compared the effect of 3%O, and
16%0O, on vasoconstrictor responses to ET and S6c in these
vessels and found that responses were not altered. These
muscular vessels have medial layers of ~2 um width and
therefore provide minimum barrier to diffusion.

Vessels were tensioned to give a transmural pressure
equivalent to approximately 12—14 mmHg, similar to in vivo
pressures of rabbit pulmonary arterioles after birth. Fetal
vessels were also tensioned to this degree as this was the
minimum tension at which contractile responses could be
observed. The average equivalent transmural pressures
(mmHg) were as follows (n>15): fetal: 13.0+0.8; 0—-24 h:
12.2+40.6; 4 day: 13.0+0.6 and 7 day: 12.5+0.9.

Experimental protocol

After a 1 h equilibration period, response to 50 mM KCl was
determined twice. The response to 1 uM noradrenaline was
established. In vessels exhibiting a significant contraction to
noradrenaline, once this contraction had stabilised, the

Fetal
1003 —O— Endothelin-1
4 —{— Sarafotoxin Séc

0-24 Hrs

Response (% own maximum)

-13-12-11-10-9 -8 -7 -6
Peptide (log M)

Figure 1 Cumulative concentration-response curves to endothelin-1
and sarafotoxin S6¢ in pulmonary resistance arteries (PRAs) from (a)
fetal rabbits, (b) 0—24 h rabbits, (c) 4 day-old rabbits, (d) 7 day-old
rabbits. Data are expressed as a percentage of the maximum response
in each preparation. Each point represents mean+s.e.mean. n==6
animals in all cases.
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response to 1 uM acetylcholine was investigated. In some
vessels, in separate experiments, this was repeated after
administration of the nitric oxide synthase inhibitor L-N“-
nitroarginine methylester (L-NAME). We were unable to
mechanically remove the vascular endothelium without
damaging the fragile underlying smooth muscle. Cumulative
concentration-response curves (CCRCs) were constructed to
ET-1 or S6c (1 pM—0.3 uMm). Some vessels were preincubated
with ET receptor antagonists for 45 min prior to the
construction of the CCRC. Concentrations of antagonists
studied were chosen due to their calculated pA,/pK,, values in
other vascular preparations. The antagonists studied were
FR139317 (1 uM) (pA, vs ET-1 in rabbit aorta: 7.2, Sogabe et
al., 1993); BQ-788 (1 um) (pA, vs BQ-3020 in rabbit
pulmonary artery: 8.4, Ishikawa et al., 1994) and SB 209670
(0.1 um) (pK,, vs ET-1 in adult rabbit PRA: 6.8, Docherty &
MacLean, 1998). In some vessels the response to 1 nM—10 uM
noradrenaline was also examined.

Drugs and solutions

The composition of the Krebs/bicarbonate buffer (pH 7.4)
was as follows (in mM): NaCl 118.4, NaHCO; 25, KCL 4.7,
KH,PO, 1.2, MgSO, 0.6, CaCl, 2.5, glucose 11, EDTA 23.
The following drugs were used: ET-1 (Thistle Peptides,
Glasgow, Scotland), BQ-788 (N-cis-2,6-dimethylpiperidino-
carboxyl-L-g-methylleucyl -D-I-methocarbonyltrypophanyl- D -
norleucine) (Peptide International, Kentucky, U.S.A.),
FR139317 ((R)2-[(R)-2-[(S)-2-[[1 - (hexahydro - 1H - azepinyl)]-
carbinyl]amino -4-methylpertanoyl]amino - 3 -[3-(1-methyl-1H-
indoyl)]propionyl]Jamino-3-(2-pyridyl)propionic acid; Neosys-
tems, France), SB 209670 ((+)-(1S,2R,3S)-3-(2-carboxy-
methoxy-4-methoxyphenyl) - 1 -(3,4- methylenedioxyphenyl)-5-
(prop-1-yloxy)indane-2-carboxylic acid; gifted by SmithKline
Beecham Pharmaceuticals, King of Prussia, U.S.A.),
sarafotoxin Sé6c, acetylcholine chloride, 5-hydroxytryptamine
creatinine sulphate and L-N“-nitroarginine methylester
(Sigma, Poole, U.K.). Stock solutions of Sé6¢c were prepared
in 0.1% acetic acid and those of BQ-788 in 0.1% DMSO.
All other drugs and dilutions were prepared in distilled
water.

Data analysis

When a maximum response to ET-1 or S6c was obtained,
pECs, values were calculated by computer interpolation
from individual CCRCs and expressed as —log M
concentration. However, due to the biphasic nature of the
CCRCs, we acknowledge that this can only be an estimate
of the pECs, values. For this reason also we could not use

standard curve fitting programs. Statistical comparison of
the means of groups of data were made by one way analysis
of variance (ANOVA); P<0.05 was considered statistically
significant. Throughout, data are expressed as mean+s.e.m.
and n=number of animals. CCRCs are shown as responses
expressed as a % of maximum response to agonist.
Wherever possible, pK;, values were estimated but it is
noted that in many cases only an estimate can be
determined as maximum responses are often not achieved
to the ET peptide concentrations used in the presence of
antagonists.

Results
Responses to ET-1 and S6¢

ET-1 and S6¢c, were potent vasoconstrictors of rabbit PRAs
at all age points studied (Figure 1(A—D), Table 1). ET-1
potency was in the following order: fetal=0-24 h=4 day
>7 day (Table 1). ET-1 evoked a similar maximum response
at all age points studied (Table 2). The CCRC to ET-1 was
‘bell-shaped’ with responses decreasing around 10 nM
(Figure 1(A-D)).

The order of potency for S6¢c was 7 days=4 days
>0-24h >fetal (Table 1). Responses to S6¢c from
1 pmol—1 nmol increased with developmental age whilst
responses to higher concentrations decreased. For example,
in the fetus there was little contraction to 10 pmol Séc
whilst in the 7 day vessels, the maximum response to S6¢c
was observed at this concentration; in the fetal vessels,
10 nmol S6¢c produced a maximum response whilst this
concentration produced little response at seven days of age
(Figure 1(A—-D)). The CCRC to S6c was also ‘bell-
shaped’. The concentration at which the ‘drop off’ in
response occurred varied with age, being noted over
0.1 nM in fetal PRAs and then progressively lower
concentrations with increasing age. Maximal contractions
to S6c were similar in 0—-24 h and 4 day-old vessels
(Table 2) and were significantly greater than that observed
in fetal and 7 day-old rabbit PRAs (~40%).

ET-1 and S6c were equipotent in the fetal PRAs (Figure
1(A)) however the magnitude of the S6c maximum response
was significantly smaller (P<0.01; Table 2). In comparison,
S6¢c was significantly more potent that ET-1 at 0-24 h
following birth (Figure 1(B)) and this difference in potency
was even more pronounced at 4 (Figure 1(C)) and 7 days
(Figure 1(D)) old. The magnitude of the S6c maximum
response was similar to that noted to ET-1 in the 0—24 h and
4 day-old preparation but as was seen in the fetus, was

Table 1 pECs, values for endothelin-1 and sarafotoxin Séc, in the absence and presence of antagonists, in pulmonary resistance

arteries from fetal and neonatal rabbits

ET-1 ET-1+1 um ET-1+1 um
control FRI139317 BQ-788
n n
Fetal 8.74+£0.2% 6 7.9+0.4 6 7.6+0.1%*
0-24h 8840.2° 6 8.2+0.2* 6 8.0+0.1%*
4 days 8.6+0.1* 6 7.7+0.2%* 6 8.2+0.0%*
7 days 8.0+0.2 6 7.7+0.3 6 8.3+0.2

S6¢ S6c+ 1 um
control BQ-788
n n n
6 8.6+0.3 6 7.140.2% 7
6 9.740.17*P 6 7.040.1%%% 5
6 10.8403% T ¥Pbe ¢ 7840.1%%% 7
7 11.14£02" T ¥bbee ¢ 7.34£03%%% 4

Statistical comparisons were made by ANOVA; presence of antagonist compared to ET-1 or S6c control *P<0.05; **P<0.01;
##%P <0.001; ET-1 control compared to S6c control at same age point © " P<0.01, ©* * P<0.001; 7 day-old control ET-1 compared to
other age points. *P<0.05; fetal control Séc compared to other age points; °P<0.01, ®*P<0.001; 0—24 h old Séc control compared to
other age points; “P<0.01, “P<0.001. Values are mean+s.e.m. ET-1,endothelin-1; Sé6c, sarafotoxin S6c. n, number of animals.
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Table 2 Maximal contractile responses to endothelin-1 and sarafotoxin S6c expressed as % of contraction to 50 mm KCl, in

pulmonary resistance arteries from fetal and neonatal rabbits

Fetal 0-24 h 4 days 7 days
ET-1 95.3+9 84+ 14 101.74+16.8 92.7+11.1
Sé6c 39.5413.2%%¢ 97.84+27.7 86.1+8.9 41.347.1%%ce
ET-1 & FR139317 47.449.9% 654213 114.1£21.6 82.243.5
ET-1 & BQ-788 140.1+15.8° 169.6+17.7°° 163.9+13.4° 115.4+19.9
SXS6c & BQ-788 109.3+27.1 88.24+20 117.2+12.8 78.24+24.2

Statistical comparisons were made by ANOVA; control ET-1 compared to control S6¢ **P<0.01; control ET-1 compared to presence
of FR139317 *P<0.01; control ET-1 compared to presence of BQ-788 °P<0.05, *®P<0.01, ®*®P<0.001; 4 day-old control S6c
compared to other age points, “P<0.05, “P<0.01. Values are mean+s.e.m. ET-1, endothelin-1; S6c, sarafotoxin S6c. (n=4-7

animals).

significantly smaller than the ET-1 maximum by 7 days (Table
2).

Effect of antagonists on ET receptor mediated responses

FRI139317 vs ET-1 The selective ET, receptor antagonist
FR139317 (1 um) did not inhibit the ET-1-induced vasocon-
striction of fetal PRAs (Figure 2A). In comparison, ET-1
responses in PRAs from 0-24 h (Figure 2B) and 4 day-old
(Figure 2C) rabbits were significantly inhibited by this
antagonist. The estimated pK, was 6.41+0.16 for 0—24 h
PRAs. An estimated pK,, of 6.84 +0.30 was calculated for 4 day
PRASs but this can only be an estimate as responses to the range
of ET-1 concentrations studied, in the presence of the
antagonist, did not reach a maximum. In 7 day old rabbit
PRAs, FR139317 caused an inhibition of the ET-1-induced
responses to concentrations above 3 nM (Figure 2D).
FR139317 produced a marked reduction in the maximum
ET-1 response of the fetal PRAs but had no affect on the
magnitude of the maximal contraction to ET-1 at any of the
postnatal age points studied (Table 2).

BQ-788 vs ET-1 BQ-788 (1 uMm) significantly inhibited ET-1
responses in PRAs from fetal, 0—24 h and 4 day old rabbits
(Figure 2 (A—C), Table 1). The estimated pK, values were
6.71+0.13 and 6.23+0.08 for 0—24 h and 4 day old PRAs
respectively. An estimated pKb of 7.06+0.25 was calculated
for the fetal vessels PRAs but this can only be an estimate as
responses to the range of ET-1 concentrations studied, in the
presence of the antagonist, did not reach a maximum. BQ-788
increased the maximum response to ET-1 at these age points
(Table 2). BQ-788 did not, however, inhibit ET-1-induced
responses in the 7 day vessels and did not significantly alter the
maximum contractile response in these vessels (Figure 2 (D),
Table 1, Table 2).

BQ-788 vs S6¢  BQ-788 produced a dramatic inhibition of the
S6c-induced responses at all age points studied (Figures 3 (A—
D), Table 1). Inhibition was most pronounced in the neonate
PRA response as the potency of S6¢ increased. The estimated
pK, value was 7.49+0.50, 8.70+0.2, 8.4940.20 and
9.80+0.45 for fetal, 0—24 h, 4 day and 7 day-old vessel
responses respectively. It should be noted, however, that a
maximum response to the concentration of ET-1 studied, in
the presence of BQ-788, was not obtained in the vessels from
the fetal, 0—24 h and 7 day-old rabbits.

SB 209670 vs ET-1 SB 209670 inhibited ET-1 vasoconstric-
tions in the vessels tested (0—24 h and 4 days, Figure 4 (A and
B), Table 3). The estimated pK,, values were 8.3+0.1 (0—24 h,
n=5) and 8.0+0.1 (4 day, n=6). SB 209670 did not
significantly affect the maximum response to ET-1 (Table 3).

SB 209670 vs S6¢ SB 209670 was extremely potent against
S6c in the vessels tested (0—24 h and 4 days, Figure 4 (C
and D), Table 3). The estimated pK, values were 9.2+0.1
(0—24 h, n=3) and 10.2+0.2 (4 day, n=5). SB 209670 did
not significantly affect the maximum response to Sé6c (Table
3). The pK, values were significantly greater in the 0—24 h
vessels (P<0.05). The pK, values for SB 209670 were also
significantly greater with Sé6c as the agonist than with ET-1
at both the 0—24 h (P<0.001) and 4 day (P<0.0001) time
points.

Responses to 50 mm KCI, noradrenaline,
S-hydroxytryptamine and acetylcholine

50 mM KCI induced the following contractions (mg wt
tension). In fetal vessels: 168.8+24.3 (n=11); 0-24h
vessels: 175.7+24.3 (n=18); 4 day vessels: 283.6+38.5
(n=13) and 7 day vessels: 411.5+67.2 (n=13). The degree
of contraction in the fetal and 0-24h vessels was
significantly smaller than in the 7 day vessels (P<0.01 and
P<0.001 respectively).

The 1 uM bolus of noradrenaline induced significant
contractions in the fetal, 0—24 h and 4 day vessels. The
magnitude of the contractions (expressed as a % of the
contraction to 50 mM KCl) were as follows: In fetal vessels:
26+16 (n=15); 0-24h vessels: 81+21 (n=12); 4 day
vessels: 22+7 (n=7) and 7 day vessels: 2+1 (n=6). The
degree of contraction in the 0—24 h vessels was significantly
greater than in the other vessels (P<0.05). We examined the
full CCRC to noradrenaline in the postnatal vessels. The
CCRC:s to noradrenaline were bell-shaped with the ‘fall off’
in contraction occurring at 0.3 uM and responses to
noradrenaline were significantly enhanced at 0—24 h (Figure
5). The response to 1 uM acetylcholine was examined in the
fetal, 0—24 h and 4 day vessels, i.e. where there was a
maintained contraction to a single bolus dose of 1 um
noradrenaline. Acetylcholine relaxed these vessels and the
degree of relaxation was significantly reduced in the 0—24 h
vessels compared with both the fetal and 4 day vessels
(Figure 6). To examine if acetylcholine-induced relaxation
was preserved at 7 days, we preconstricted 7 day vessels with
1 uM  S-hydroxytryptamine (n=6, contraction: 60% of
response to 50 mM KCIl). Acetylcholine relaxed these vessels
by 75+10%. All responses to acetylcholine were inhibited
totally by L-NAME (1 um) [data not shown].

Discussion

The results demonstrate a marked alteration in ET-receptor
mediated vasoconstriction in rabbit PRAs, in the first week of
life. The potency of ET-1 and S6c varied with developmental



C. Docherty & M.R. MacLean

Perinatal pulmonary artery ET receptors 1169

age with the potency order of ET-1 being: fetal = 0-24 h = 4
day > 7 day whilst the potency order for S6c was: fetal < 0—
24 h < 4 days = 7 days. These changes in potency resulted in

Fetal
—O— Endothelin-1 (ET-1)
a —@— ET-1plus 1M FR139317
—l— ET-1 plus 1 uM BQ-788

g b 0-24 hrs
g 1207
§ 100-
80 4
g -
5 607
X 40
o 201
w E
g 0-
a
I
o
14 4 Days

-13-12-11-10 -9 -8 -7 -6
Endothelin-1 (log M)

Figure 2 Cumulative concentration-response curves to endothelin-1
from (a) fetal rabbits (b) 0—24 h rabbits (c) 4 day-old rabbits (d) 7
day-old rabbits: effect of the ET, receptor antagonist FR139317 and
the ETgp receptor antagonist BQ-788. Data are expressed as a
percentage of the maximum response in each preparation. Each point
represents mean +s.e.mean. n=06 rabbits in all cases.

S6c and ET-1 being equipotent in the fetal vessels whereas S6¢
was increasingly more potent that ET-1 with development. In
classical ET4 receptor preparations such as the rat aorta, S6c is

Fetal
a8 —1— Sarafotoxin S6c (S6c¢)
—— S6c plus 1 pm BQ-788

120j
100
80:
60j
40 -
20

0

b 0-24 hrs
1201

100
80i
60i
40 -
20 -

0-

4 Days

Response (% own maximum)

40
20
0-.
-13-12-11-10 -9 -8 -7 -6
Sarafotoxin S6c (log M)

Figure 3 Cumulative concentration-response curves to sarafotoxin
Sé6c in pulmonary resistance arteries from (a) fetal rabbits (b) 0—-24 h
rabbits (c) 4 day-old rabbits (d) 7 day-old rabbits: effect of the ETy
receptor antagonist BQ-788. Data are expressed as a percentage of
the maximum response in each preparation. Each point represents
mean +s.e.mean. n=6 rabbits in all cases.
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Figure 4 The effect of 0.1 um SB 209670 on response curves to
endothelin-1 (a, b) and sarafotoxin S6c (c, d) in rabbit pulmonary
resistance arteries. (a) Endothelin-1 (n=6), vs SB 209670 (n=4) in
vessels from 0—24 h old rabbits. (b) Endothelin-1 (n=6) vs SB
209670 (n=06) in vessels from 4 day-old rabbits. (c) sarafotoxin S6¢c
(n=6) vs SB 209670 (n=3) in vessels from 0—24 h old rabbits. (d)
Sarafotoxin S6c (n=16) vs SB 209670 (n=15) in vessels from 4 day-old
rabbits. Data are expressed as a percentage of the maximum response
in each preparation. Each point represents mean +s.e.mean.

considerably less potent that ET-1 (Williams ef al., 1991). The
order of potency in the perinatal vessels, therefore suggests
that an ETjp-like receptor population prevails. In the postnatal
vessels, the receptor has the characteristics of an ‘ET¢’ receptor
where S6c is more potent than ET-1 (Masaki et al., 1994). This
is in accordance with previous reports where S6c is a more
potent vasoconstrictor that ET-1 in rabbit and human
saphenous veins, rabbit conduit pulmonary arteries and adult
rabbit and rat PRAs (Moreland ef al., 1994; LaDoucer et al.,
1993; White et al., 1994; Douglas et al., 1995; Hay et al., 1996;
McCulloch et al., 1998; Docherty & MacLean, 1998). In these
reports, the ET receptor has been variably referred to either as
‘ETc-like’, ‘ETg-like’ or as an ‘atypical” ET receptor. Here we
show that the characteristics of this receptor develop in the first
week of life in the rabbit PRA.

CCRCs to S6¢c, ET-1 and noradrenaline were all bell-
shaped. This was particularly evident for S6¢c and noradrena-
line. ETy receptors stimulated by S6c are known to be rapidly
desensitised (Sharifi & Schiffrin, 1996). Indeed, we have
observed this phenomenon in adult rat and rabbit PRAs and
noted that this effect is not dependent on nitric oxide but due
to receptor densensitisation (MacLean et al., 1994; Docherty &
MacLean, 1998; MacLean & McCulloch 1998). It can be seen
that the rising phase of the CCRC to ET-1 in the rabbit PRA is
actually biphasic in nature in that there is a shallow component
up to ~1 nM followed by a steeper component (i.e. Figure 1).
This is an effect that we have observed and discussed
previously both in the rabbit and rat (Docherty & MacLean,
1998; MacLean & McCulloch, 1998). In adult rabbit PRAs,
using an ET binding assay, we have also demonstrated ET
binding which best fitted a two-site model (MacLean et al.,
1998). Pharmacological analysis suggests that there may be a
heterogeneous population of ETg-like receptors in this
preparation contributing to the biphasic nature of the CCRC
to ET-1 (Docherty & MacLean, 1998).

It has also been known for some time that repeated
application of noradrenaline onto vascular smooth muscle
causes desensitisation of the «-adrenoceptor (Bobik er al.,
1984). Recently, this has been proposed to be due to G-protein
uncoupling (Seasholtz et al., 1997). From the present results, it
is apparent that ET and a-adrenoceptor receptors in immature
pulmonary smooth muscle are rapidly desensitised. The
mechanisms behind this are currently unclear and beyond the
scope of the current investigation. Noradrenaline does not
cause vasoconstriction in adult rabbit pulmonary resistance
arteries (Docherty & MacLean, unpublished observations).
Absence of contractile responses to noradrenaline from 7 days
of age suggest that these rapidly desensitised a-adrenoceptor
receptors either become permanently uncoupled from their
intracellular signalling apparatus or diminish in number.
Presynaptic f-adrenoceptors exist in the rabbit and human
pulmonary artery and these receptors may be upregulated in
pulmonary hypertension (Majewski, 1984; Lopes et al., 1991).
Hence, changes in these receptors may also account for the
observed changes in noradrenaline-induced contraction.
Curiously, responses to noradrenaline (via both «;-adrenocep-
tor and ay-adrenoceptors) are evident in adult rabbit large
pulmonary arteries, another example of regional differences in
receptor distribution within the pulmonary arterial tree
(MacLean et al., 1993).

In the human neonate plasma, ET-1 levels are high at birth
but decline in the first week of life (Malamitsi Puchner er al.,
1993; Endo et al., 1996). Similar alterations in plasma levels
have also been demonstrated in various animals, such as pig
(Levy et al., 1995). We have also observed parallel increases in
levels of BigET-1 and ET-1 in neonates with pulmonary
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Table 3 pECs, values and maximum responses to endothelin-1 and sarafotoxin Séc, in the absence and presence of 0.1 um SB 209670,
in pulmonary resistance arteries from 0—24 h and 4 day-old rabbits

0-24 h 4 days
n pECsg max n PECsg max
ET-1 control 6 8.84+0.2 85.0+12.1 6 8.61+0.1 102.0+15.9
ET-1+0.1 um SB 209670 5 7.540.1%%* 65.1+9.4 6 7.640.2%** nma
Sé6c control 6 9.740.1 98.1+27.5 6 10.8+0.3 86.4+7.0
S6c+0.1 um SB 209670 3 7.540.1%%%* 50.2+16.5 5 7.540.1%%* 105.1+10.0

Statistical comparisons were made by ANOVA; presence of antagonist compared to ET-1 or S6¢c control; ***P<0.001. Values are
mean +s.e.m. Max, maximum response expressed as % of the response to 50 mm KCI. ET-1, endothelin-1; S6c, sarafotoxin S6c. n,

number of animals; nma, no maximum achieved.
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Figure S Cumulative concentration-response curves to noradrena-
line in pulmonary resistance arteries from 0—24 h rabbits (n=38), 4
day-old rabbits (n=3) and 7 day-old rabbits (n=35). Data are
expressed as a percentage of the maximum response to 50 mm KCl in
each preparation. Each point represents mean +s.e.mean. Statistical
comparisons of 0-24 h cf 7 day were by ANOVA; *P<0.05,
**P<0.01.

hypertension (Sabharwal et al., 1997). Hence we observe an
increase in the potency of ET-1 at a time where we might
expect high plasma and tissue levels of ET-1 to prevail, despite
evidence for ET receptor desensitisation in our studies. This
increased sensitivity may be due to a comparatively greater
number of ET receptors present on the pulmonary vasculature
in the new-born compared to adult lung. Indeed, Hislop et al.
(1995b) have demonstrated a reduction in I'*® ET-1 binding in
isolated porcine pulmonary arteries between birth and
adulthood.

Responses to S6¢c were inhibited by BQ-788 which had an
estimated pK,, value of ~8.5 in the neonatal PRAs. However
in adult rabbit PRAS we have calculated a pK;, value of 6.8 for
S6c (Docherty & MacLean, 1998). Hay et al. (1996) also
showed that BQ-788 has a pK, value of 6.2 in rabbit large
pulmonary arteries. Hence BQ-788 appears to be extremely
potent against S6c-induced vasoconstrictions in perinatal
PRAs which suggests that further developmental changes to
ET ligand binding and/or efficacy must occur after 7 days of
age. This is consistent with our observations on the potency of
S6¢ with development. The pECs, values for ET-1 and S6¢ in
the 7 day vessels were 8.0 and 11.1 respectively. Separate
studies in our laboratory have provided values for ET-1 and
S6¢c in adult rabbit PRAs of ~7.9 and 8.6 respectively
(Docherty & MacLean, 1998). Hence PRAs from 7 day
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Figure 6 Relaxation to 1 uM acetylcholine in pulmonary resistance
arteries from fetal rabbits (n=17), 0—24 h rabbits (n=11) and 4 day
rabbits (n=11). Data is expressed as the percentage of preconstric-
tion to 1 uM noradrenaline removed by acetylcholine. Statistical
comparisons cf. 0—24 h were by ANOVA; *P<0.05, **P<0.01.

neonatal and adult rabbits are similar in sensitivity to ET-1,
whereas sensitivity to S6c in the 7 day-old rabbit is markedly
greater than that observed in the adult rabbit PRAs. It
therefore appears that ET-1 potency decreases over the first
week of life to that observed in the adult. A decrease in S6¢
potency to that existing in adult vessels must occur at a later
age. This divergence in the development of responses to ET-1
and S6c suggests that these peptides either activate different
receptor populations or have different binding domains on the
same receptor as suggested by Sakamoto ez al. (1993). There is
a growing body of pharmacological evidence that novel ETy
receptors may exist in the lung (Ohlstein et al., 1994; Hay et al.,
1996; Hay & Luttman, 1997; Hay et al., 1998; McCulloch et
al., 1998; Docherty & MacLean, 1998). Only one ETj receptor
has been cloned however, although there is evidence for at least
two ETp receptor splice variants (Shyamala et al, 1994;
Elshourbagy et al, 1996). Up to 4 days of age, BQ-788
inhibited ET-1-evoked response. By 7 days the ET-1-mediated
response is clearly of a different character from that mediated
by S6c in that it has developed resistance to BQ-788 as
observed in PRAs from adult rabbits (Docherty & MacLean,
1988). This suggests that this receptor has similar character-
istics to the ‘mature’ receptor by 7 days.

BQ-788 had no significant effect on the magnitude of the
maximum responses to S6c whilst it augmented the ET-1
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maximum contraction in the fetal, 0—24 h and 4 day vessels.
The reason for this is unknown but may possibly be due to the
blockade of ET clearance receptors which have been shown to
be ETg in nature (Fukuroda et al., 1994a). BQ-788 can also
inhibit the endothelial ETy receptor which mediates endothe-
lium-dependent relaxation (Douglas et al., 1995). We can only
find evidence for vasoconstrictor ETp receptors in rabbit PRAs
(Docherty & MacLean, 1998). Nevertheless, we cannot rule
out the presence of endothelial ETy receptors in the perinatal
rabbit PRAs given the ability of BQ-788 to increase in the
maximum contractile responses to ET-1. It is clear from the
present results, however, that the dominant effect of ET-1 in
the perinatal vessels is an ETg-receptor-mediated vasoconstric-
tion.

Evidence for a significant role of ET, receptors was
provided by the inhibitory effect of FR139317 on ET-1-
induced vasoconstriction of PRAs from 0—24 h and 4 day-old
rabbits. A pK, of ~6.4 was estimated for the new-born ET-1
responses. This is similar to values obtained for FR139317 in
typical ET 4 receptor preparations. e.g. rat aorta (Sumner et al.,
1992). FR139317 did not significantly inhibit the fetal and 7
day rabbit PRA responses to ET-1 and at 7 days, inhibition
was only apparent at the higher ET-1 concentrations.
FR139317 also caused a significant reduction in ET-1
maximum vasoconstrictions in fetal vessels. This is indicative
of ET-1 acting via ET receptors at high concentrations but at
another receptor at low concentrations in these tissues. A
similar effect of ET, receptor blockade has been observed in
human PRAs and larger rabbit PRAs where ET, and ETg
receptors coexist (McCulloch er al., 1996; LaDouceur et al.,
1993). There is evidence for vasoconstriction via ET, as well as
ETg receptors in newborn piglets whilst ET, receptors
maintain basal fetal vascular tone in sheep (Wong et al.,
1994a; Ivy et al., 1994; Perreault & Baribeau, 1995).

Neither FR139317 nor BQ-788 were able to inhibit ET-1-
induced responses in PRAs from 7 day-old rabbits. This
phenomenon has been observed in PRAs from adult rabbits
(Docherty & MacLean, 1998). Other investigators have found
it necessary to block both ET, and ETjy receptors in larger
rabbit PA and human bronchi in order to antagonise responses
to ET-1 fully (LaDouceur et al., 1993; Fukuroda et al., 1994c,
1996). In comparison, ETy blockade alone was sufficient to
inhibit response to ET-1 in fetal vessels. In 0—24 h and 4 day
vessels, ET-1-induced vasoconstrictions were effectively antag-
onised by inhibition of ETy receptors or ET, receptors alone.
Thus in the newborn, it appears only necessary to block either
receptor in order to inhibit ET-1-mediated responses whereas
with increasing age, dual blockade is necessary. Such synergy
between ET, and ETj receptors is thought to be due to
intracellular cross-talk (Ozaki et al., 1997). Hence it is likely
that development of intra-cellular signalling pathways and
cross-talk occurs during the first week of life in the rabbit
PRA.

The non-selective ET,/ETy receptor antagonist SB 209670
virtually abolished responses to ET-1 in PRAs from 0-24 h
and 4 day-old rabbits. A comparatively greater inhibition was
noted in the presence of this dual antagonist compared to
either FR139317 or BQ-788 alone at the same concentration.
For example, FR139317 and BQ-788 resulted in a 6 and 8 fold
increase respectively, in the ET-1 pECsy in 0—24 h old rabbit
PRAs, whereas SB 209670 caused a significantly greater 18
fold shift when present at the same concentration. We have
shown in adult rabbit PRAs that SB 209670 only antagonises
vasoconstriction induced by high concentrations of ET-1
(Docherty & MacLean, 1998). This further indicates an
alteration in ET receptor subtype population with develop-

mental age. In the PRAs, SB 209670 was even more potent at
inhibiting S6c-evoked responses than those evoked by ET-1.
This phenomenon is preserved in large and small pulmonary
arteries from adult rabbits (Ohlstein et al., 1994; Docherty &
MacLean, 1998). In addition, co-administration of both
FR139317 and BQ-788 does not mimic the effects of SB
209670 in adult rabbit pulmonary resistance arteries (Docherty
& MacLean, 1998). The explanation for these phenomena is
not clear but there is growing pharmacological evidence for the
existence of multiple ET-like receptor subyptes in pulmonary
tissues which could explain the differences in antagonist
affinity (Ohlstein et al., 1994; Hay et al., 1996, 1998; Hay &
Luttman, 1997). Ligands may also bind to different binding
domains within a single ET-receptor population (Hiley et al.,
1992; Sakamoto et al., 1993).

ET-1 caused similar maximal responses at all age points
studied (~94% response to KCIl) but the magnitude of the
maximum contractile response to S6¢ was significantly greater
at 0—24 h and 4 days (~92%) compared to 7 days (~40%)
after birth. These functional differences may be related to
alterations in the muscularisation of the arteries with postnatal
age (Haworth, 1995). Responses to KCI were, however,
significantly smaller at 0—24 h and 4 days than at 7 days,
making this unlikely. This is consistent with there being rapid
changes in pulmonary artery smooth muscle phenotypes,
combined with transient depolymerisation of contractile and
cytoskeletal filaments immediately after birth (Haworth, 1995).
We have previously shown, in adult rat and rabbit PRAs, that
contractile responses to S6c are markedly potentiated by
inhibition of nitric oxide synthesis (Docherty & MacLean,
1998; MacLean & McCulloch, 1998). To investigate if the
maximum responses to S6¢c may be affected by protection
afforded by the endothelium, we examined acetylcholine-
induced vasodilation. This was observed in all the perinatal
vessels but was significantly reduced at 0—24 h, recovering by
4 days. This suggests that endothelial protection will be
deficient immediately after birth. Responses to acetylcholine
were fully inhibited with the L-NAME suggesting that
acetylcholine-induced vasodilation was due to the release of
nitric oxide. We have previously shown that adult rabbit PRAs
do not exhibit acetylcholine- or endothelin-induced vasodila-
tion (Docherty & MacLean, 1998). Hence, acetylcholine-
induced vasodilation is present at birth, declines just after
birth, recovers over the first week and subsequent development
leads to a reduction in this response. Similar findings have been
reported in the postnatal pulmonary arteries from the pig (Liu
et al., 1992). The reason for the decline in acetylcholine-
induced relaxation in the immediate postnatal period is not
fully understood. Hislop et al. (1995a) have shown that nitric
oxide synthase is present in the newborn pig pulmonary
arteries at this time, despite a reduction in endothelium-
dependent vasodilation and so is unlikely to be due to an
absence of this enzyme. We also demonstrate that, in the 0—
24 h vessels, simultaneous with the decline in acetylcholine-
mediated relaxations, there was an increase in the response to
noradrenaline. This may, indeed be a consequence of the
decline in endothelial protection as we have previously shown
that responses to noradrenaline are enhanced by inhibition of
nitric oxide or endothelium removal in adult rabbit large
pulmonary arteries (MacLean et al., 1993). In addition, we
have demonstrated restoration of acetylcholine-mediated
relaxations in 0—24 h rabbit neonates with superoxide
dismutase, suggesting that the activity of nitric oxide may be
compromised by superoxide anion in these vessels (Morecroft
& MacLean, 1996). If this situation exists in human PRAs,
these results may explain why human neonates are extremely
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susceptible to pulmonary hypertension after birth, when the
pulmonary circulation is faced with elevated vascular
responses to circulating agents such as noradrenaline and
endothelin-1 in the face of reduced endothelial protection.

In conclusion, the results of this study indicate a rapid
alteration in ET-receptor-mediated contraction in rabbit PRAs
during the first week of life. There is a significant population of
ETjg-like receptors mediating vasoconstriction which coexist
alongside ET, receptors in fetal and neonatal rabbit PRAs.
The contribution of these receptor subtypes to the overall ET-
induced responses varies with developmental age and a marked
hypersensitivity to ETg receptor stimulation is apparent in

References

ARAI H., HORI, S., ARIMORI, I., OHKUBO, H. & NAKANISHI, S.
(1990). Cloning and expression of a cDNA encoding an
endothelin receptor. Nature, 348, 730—732.

BOBIK, A., CAMPBELL, J.H. & LITTLE, P.J. (1984). Desensitization of
the alpha 1 adrenoceptor system in vascular smooth muscle.
Biochem. Pharmacol., 33, 1143 —1145.

DOCHERTY, C.C. & MACLEAN, M.R. (1998). Endotheling receptors
in rabbit pulmonary resistance arteries: effect of left ventricular
dysfunction. J. Pharmacol. Exp. Ther., 284, 895—-903.

DOUGLAS, S.A., BECK, G.R., Jr., ELLIOTT, J.D. & OHLSTEIN, E.H.
(1995). Pharmacologic evidence for the presence of three
functional endothelin receptor subtypes in the rabbit lateral
saphenous vein. Br. J. Pharmacol., 114, 1529 —1540.

DOUGLAS, S.A., VICKERY-CLARK, L.M., OHLSTEIN, E.H. (1993).
Endothelin-1 does not mediate hypoxic vasoconstriction in
canine isolated blood vessels: effect of BQ123. Br. J. Pharmacol.,
108, 418—-421.

ELSHOURBAGY, N.A., ADAMOU, J.E., GAGNON, A.W., WU, H.L.,
PULLEN, M. & NAMBI, P. (1996). Molecular characterisation of a
novel human endothelin receptor splice variant. J. Biol. Chem.,
271, 25300-25307.

ENDO, A., SHIMADA, M., AYUSAWA, M., MINATO, M., TAKADA,
M., TAKAHASHI, S., HARADA, K., MASAOKA, N. & SATO, S.
(1996). Nitric-oxide and Endothelin-1 during postnatal life.
Biology of the neonate, 70, 15-20.

FUKURODA, T., FUJIIKAWA, T., OZAKI, S., ISHIKAWA, K., YANO,
M. & NISHIKIBE, M. (1994a). Clearance of circulating Endothe-
lin-1 by ET(B) receptors in rats. Biochem. Biophys. Res. Comm.,
199, 1461 - 1465.

FUKURODA, T., NISHIKIBE, M., OHTA, Y., MIYAUCHI, T., ONIZU-
KA, M., SUGISHITA, Y., GOTO, K. & NISHIKIBE, M. (1994b).
Endothelin receptor subtypes in human versus rabbit pulmonary
arteries. J. Appl. Physiol., 76, 1976 —1982.

FUKURODA, T., OZAKIL, S., IHARA, M., ISHIKAWA, K., YANO, M.,
MIYAUCHI, T., ISHIKAWA, M., ONIZUKA, M., GOTO, K. &
NISHIKIBE, M. (1996). Necessity of dual blockade of endothelin
ETA and ETB receptor subtypes for antagonism of endothelin-1-
induced contractions in human bronchi. Br. J. Pharmacol., 117,
995-999.

FUKURODA, T., OZAKI, S., IHARA, M., ISHIKAWA, K., YANO, M. &
NISHIKIBE, M. (1994c). Synergistic inhibition by BQ-123 and
BQ-788 of endothelin 1-induced contractions of the rabbit
pulmonary artery. Br. J. Pharmacol., 113, 336—338.

HAGEMAN, J.R., ADAMS, M.A. & GARDNER, T.H. (1984). Persistent
pulmonary hypertension of the newborn: Trends in incidence,
diagnosis, and management. Am. J. Dis. Child, 138, 592—1595.

HAWORTH, S.G. (1995). Development of the neonatal and
hypertensive pulmonary vasculature. Exp. Physiol., 80, 843 —853.

HAY, D.W.P. & LUTTMANN, M.A. (1997). Nonpeptide endothelin
antagonists. IX. Characterisation of endothelin receptors in
guinea pig bronchus with SB 209670 and other endothelin
receptor antagonists. J. Pharmacol. Exp. Ther., 280, 959 —965.

HAY,D.W.P.,, LUTTMANN, M.A., BECK, G. & OHLSTEIN, E.H. (1996).
Comparison of endotheling (ETg) receptors in rabbit isolated
pulmonary artery and bronchus. Br. J. Pharmacol., 118, 1209 —
1217.

HAY, D.W.P., LUTTMANN, M.A., PULLEN, M.A. & NAMBI, P. (1998).
Functional and binding characterization of endothelin receptors
in human bronchus: evidence for a novel endothelin B receptor
subtype? J. Pharmacol. Exp. Ther., 284, 669—677.

new-born rabbit PRAs. Synergy between ET, and ETj
receptors is not present at birth but develops by 7 days. There
is also a reduction in endothelium-dependent vasodilation
immediately after birth and an increase in responsiveness to
noradrenaline. Hence increased potency of ET-1 mediated by
ETg-like receptors, combined with changes in endothelial
function, may contribute to the enhanced pulmonary reactivity
often observed at birth.

This work was funded by The Wellcome Trust, U.K. The authors
wish to thank E. Ohlstein, SmithKline Beecham Pharmaceuticals,
for the kind donation of SB 209670.

HEYMANN, M.A. & SOIFER, S.J. (1998). Control of fetal and
neonatal pulmonary circulation. In Pulmonary Vasc. Physiol.
Pathophysiol., eds. Weir, E.K. & Reeves, J.T. pp. 33-50. New
York: Marcel Dekker, Inc.

HILEY, C.R., MCSTAY, M.K., BOTTRILL, F.E. & DOUGLAS, S.A.
(1992). Cross-desensitization studies with endothelin isopeptides
in the rat isolated superior mesenteric arterial bed. J. Vasc. Res.,
29, 135.

HISLOP, A.A., SPRINGALL, D.R., BUTTERY, L.D.K., POLAK, J.S. &
HAWORTH, S.G. (1995a). Abundance of endothelial nitric-oxide
synthase in newborn intrapulmonary arteries. Arch. Dis. Child-
hood, 73, F17—-F21.

HISLOP, A.A., ZHAO, Y.D., SPRINGALL, D.R., POLAK, JM. &
HAWORTH, S.G. (1995b). Postnatal changes in endothelin-1
binding in porcine pulmonary vessels and airways. Am. J. Resp.
Cell Mol. Biol., 12, 557 —566.

INOUE, A., YANAGISAWA, M., KIMURA, S., KASUYA, Y., MIYAU-
CHI, T., GOTO, K. & MASAKI, T. (1989). The human endothelin
family: three structurally and pharmacologically distinct isopep-
tides predicted by three separate genes. Proc. Natl. Acad. Sci.
U.S.A., 86, 2863 —2867.

ISHIKAWA, K., IHARA, M., NOGUCHI, K., MASE, T., MINO, N.,
SAEKI, T., FUKURODA, T., FUKAMI, T., OZAKI, S., NAGASE, T.,
NISHIKIBE, M. & YANO, M. (1994). Biochemical and pharmaco-
logical profile of a selective ETB receptor antagonist, BQ-788.
Proc. Natl. Acad. Sci. U.S.A., 91, 4892 —4896.

IVY, D.D., KINSELLA, J.P. & ABMAN, S.H. (1994). Physiologic
characterization of endothelin A and B receptor activity in the
ovine fetal pulmonary circulation. J. Clin. Invest., 93, 2141.

KLOOG, Y. & SOKOLOVSKY, M. (1989). Similarities in the mode and
sites of action of sarafotoxin and endothelins. Trends. Pharmacol.
Sci., 10, 212-214.

KUMAR, P., KAZZI, NJ. & SHANKARAN, S. (1996). Plasma-
immunoreactive endothelin-1 concentrations in infants with
persistent pulmonary hypertension of the newborn. Am. J.
Perinatology, 13, 335—-341.

LADOUCEUR, D.M., FLYNN, M.A., KEISER, J.A., REYNOLDS, E. &
HALEEN, S.J. (1993). ETA and ETjy receptors coexist on rabbit
pulmonary artery vascular smooth muscle mediating contrac-
tion. Biochem. Biophys. Res. Comm., 196, 209—-215.

LEVY, M., TULLOCH, R.M.R., KOMAI, H., STUARTSMITH, K.,
HAWORTH, S.G. (1995). Maturation of the contractile response
and its endothelial modulation in newborn porcine intrapulmon-
ary arteries. Ped. Res., 38, 25-29.

LIU, S.F., HISLOP, A.A., HAWORTH, S.G. & BARNES, P.J. (1992).
Developmental changes in endothelium-dependent pulmonary
vasodilation in pigs. Br. J. Pharmacol., 106, 324 —330.

LOESCH, A. & BURNSTOCK, G. (1995). Ultrastructural localization
of nitric oxide synthase and endothelin in coronary and
pulmonary arteries of newborn rat. Cell Tissue Res., 279, 475—
483.

LOPES, A.A.A., LIBERATO, M.H., BRENTANI, M.M., AIELLO, V.D.,
RISO, A.A. & EBAID, M. (1991). Lung beta-adrenoceptors in
pulmonary hypertension—a study of biopsy specimens in
children with congenital heart disease. Chest, 99, 637 —641.

MACLEAN, M.R., MACKENZIE, J.F. & DOCHERTY, C.C. (1998).
Heterogeneity of endothelin-B receptors in rabbit pulmonary
resistance arteries. J. Cardiovasc. Pharmacol., 31 (suppl 1),
S115-S118.



1174 C. Docherty & M.R. MacLean

Perinatal pulmonary artery ET receptors

MACLEAN, M.R. & MCCULLOCH, K.M. (1998). Influence of applied
tension and nitric oxide on responses to endothelins in rat
pulmonary resistance arteries: effect of chronic hypoxia. Br. J.
Pharmacol., 123 991 —-999.

MACLEAN, M.R., MCCULLOCH, K.M. & BAIRD, M. (1994).
Endothelin ETA and ETB receptor-mediated vasoconstriction
in rat pulmonary arteries and arterioles. J. Cardiovasc.
Pharmacol., 23, 838 —845.

MACLEAN, M.R., MCCULLOCH, K.M. & MCGRATH, J.C. (1993).
Influences of the endothelium and hypoxia on o;- and a;-
adrenoceptor-mediated responses in the rabbit isolated pulmon-
ary artery. Br. J. Pharmacol., 108, 155—161.

MAJEWSKI, H. (1984). Prejunctional beta-adrenoceptors in rabbit
pulmonary artery. Blood Vessels, 21, 194.

MALAMITSIPUCHNER, A., ECONOUMOU, E., SEVASTIADOU, S.,
EFSTATHOPOULOS, T. & NICOLOPOULOS, D. (1993). Endothelin
1-21 plasma levels on the first and fourth postpartum day in
normal full-term neonates. Devel. Pharmacol. Ther., 20, 195—
198.

MASAKI, T., KIMURA, S., YANAGISAWA, M. & GOTO, K. (1991).
Molecular and cellular mechanisms of endothelin regulation.
Implication for vascular function. Circulation, 84, 1457 —1468.

MASAKI, T., VANE, J.R. & VANHOUTTE, P.M. (1994). International
Union of Pharmacology nomenclature of endothelin receptors.
Pharmacol. Rev., 46, 137—142.

MCCULLOCH, K.M., DOCHERTY, C.C. & MACLEAN, M.R. (1998).
Endothelin receptors mediating contraction of rat and human
pulmonary resistance arteries: effects of chronic hypoxia in the
rat. Br. J. Pharmacol., 123, 1621 -1630.

MCCULLOCH, K.M., DOCHERTY, C.C., MORECROFT, I. & MA-
CLEAN, M.R. (1996). Endotheling receptors mediate contraction
of human pulmonary resistance arteries. Br. J. Pharmacol., 119,
1125-1130.

MORECROFT, I. & MACLEAN, M.R. (1996). Protection of endothe-
lium-dependent relaxation in newborn rabbit pulmonary arteries
by superoxide dismutase. Br. J. Pharmacol., 119, 327P.

MORELAND, S., MCMULLEN, D., ABBOA-OFFEI, B. &« SEYMOUR, A.
(1994). Evidence for a differential location of vasoconstrictor
endothelin receptors in the vasculature. Br. J. Pharmacol., 112,
704—-708.

NAKAMICHI, K., IHARA, M., KOBAYASHI, M., SAEKI, T., ISHIKA-
WA, K. & YANO, M. (1992). Different distribution of endothelin
subtypes in pulmonary tissue revealed by the selective ligands
BQ-123 and [Ala, 3,11,1]ET-1. Biochem. Biophys. Res. Comm.,
182, 144-150.

OHLSTEIN, E.H., BECK, G.R., Jr., DOUGLAS, S.A., NAMBI, P., LAGO,
A., GLEASON, J.G., RUFFOLO, R.R., Jr., FEUERSTEIN, G. &
ELLIOTT, J.D. (1994). Nonpeptide Endothelin Receptor antago-
nists. II. Pharmacological characterization of SB 209670. J.
Pharmacol. Exper. Ther., 271, 762—768.

OZAKI, S., OHWAKI, K., IHARA, M., ISHIKAWA, K. & YANO, M.
(1997). Coexpression studies with endothelin receptor subtypes
indicate the existence of intracellular cross-talk between ET(A)
and ET(B) receptors. J. Biochem., 121, 440—447.

PERREAULT, T. & BARIBEAU, J. (1995). Characterization of
endothelin receptors in newborn piglet lung. Am. J. Physiol.,
268 (Lung Cell Mol Physiol, 12), L607—L614.

REECE, E.A., MOYA, F., YAZIGI, R., HOLFORD, T., DUNCAN, C. &
EHRENKRANZ, R.A. (1987). Persistent pulmonary hypertension:
Assessment of perinatal risk factors. Obstrt. Gynecol., 70, 696 —
700.

ROSENBERG, A.A., KENNAUGH, J., KOPPENHAFER, S.L., LOOMIS,
M., CHATFIELD, B.A. & ABMAN, S.H. (1993). Elevated immunor-
eactive endothelin-1 levels in infants with persistent pulmonary
hypertension of the newborn. J. Pediatr., 123, 109.

SABHARWAL, A.J., MORTON, I., DAVIS, C.F. & MACLEAN, M.R.
(1997). Plasma levels of big ET-1 and ET-1 in neonates with
pulmonary hypertension referred for potential extra corporeal
membrane oxygenation support. Thorax, 52, (suppl 6), A63,
129P.

SAKAMOTO, A., YANAGISAWA, M., SAKURAI, T., NAKAO, K.,
TOKO-OKA, T., YANO, M. & MASAKI, T. (1993). The ligand-
receptor interactions of the endothelin systems are mediated by
distinct ‘message’ and ‘address’ domains. J. Cardiovasc.
Pharmacol., 22, (suppl. 8), S113-S116.

SAKURAI, T., YANAGISAWA, M., TAKUWA, Y., MIYAZAKI, H.,
KIMURA, S., GOTO, K. & MASAKI, T. (1990). Cloning of a cDNA
encoding a non-isopeptide selective subtype of the endothelin
receptor. Nature, 348, 732—735.

SEASHOLTZ, T.M., GURDAL, H., WANG, H.Y., JOHNSON, M.D. &
FRIEDMAN, E. (1997). Desensitization of norepinephrine
receptor function is associated with G protein uncoupling in
the rat aorta. Am. J. Physiol., 273, H279 - H285.

SHARIFI, A.M. & SCHIFFRIN, E.L. (1996). Endothelin receptors
mediating vasoconstriction in rat pressurized small arteries. Can.
J. Physiol. Pharmacol., 74, 934—939.

SHYAMALA, V., MOULTHROP, T.H.M., STRATTONTHOMAS, J. &
TEKAMPOLSON, P. (1994). 2 distinct human endothelin-B
receptors generated by alternative splicing from a single gene.
Cell. Mol. Biol. Res., 40, 285—296.

SOGABE, K., NIREL, H., SHOUBA, M., NOMOTO, A., AO, S., NOTSU,
Y. & ONO, T. (1993). Pharmacological profile of FR 139317, a
novel, potent, endothelin ETA receptor antagonist. J. Pharma-
col. Exp. Ther., 264, 1040—1046.

STAUB, N.C. (1985). Site of hypoxic pulmonary vasoconstriction.
Chest, 88, (suppl), pp. 240—245.

STEWART, D.J., LEVY, R.D., CERNACEK, P. & LANGLEBEN, D.
(1991). Increased plasma endothelin-1 in pulmonary hyperten-
sion: marker or mediator of disease? Ann. Intern. Med., 114,
464 —469.

SUMNER, M.J., CANNON, T.R., MUNDIN, J.W., WHITE, D.G. &
WATTS, 1.S. (1992). Endothelin ET5 and ETy receptors mediate
vascular smooth muscle contraction. Br. J. Pharmacol., 107,
858 —-860.

WHITE, D.G., GARRATT, H., MUNDIN, J.W., SUMNER, M.J,,
VALLANCE, P.J. & WATTS, LS. (1994). Human saphenous vein
contains both endothelin ETA and ETB contractile receptors.
Eur. J. Pharmacol., 257, 307-310.

WILLIAMS, D.L., JONES, K.L., PETTIBONE, D.., LIS, E.V. &
CLINESCHMIDT, B.V. (1991). Sarafotoxin S6c: an agonist which
distinguishes between endothelin receptor subtypes. Biochem.
Biophys. Res. Commun., 175, 556 —561.

WONG, J., FINEMAN, J.R., HEYMANN, M.A. (1994a). The role of
endothelin and endothelin receptor subtypes in regulation of fetal
pulmonary vascular tone. Ped. Res., 35, 664—670.

ZIELGER, J.W., IVY, D., KINSELLA, J.P., ABMAN, S.H. (1995). The
role of nitric-oxide, endothelin, and prostaglandins in the
transition of the pulmonary circulation. Clin. Perinatol., 22,
387-403.

( Received January 12, 1998
Revised March 3, 1998
Accepted April 16, 1998)



