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Pharmacological evidence for the presence of three distinct
functional endothelin receptor subtypes in the rabbit lateral
saphenous vein

Stephen A. Douglas, George R. Beck, Jr., *John D. Elliott & 'Eliot H. Ohlstein

Departments of Cardiovascular Pharmacology and *Medicinal Chemistry, SmithKline Beecham Pharmaceuticals, 709
Swedeland Road, P.O. Box 1539, King of Prussia, Pennsylvania 19406-0939, U.S.A.

1 Contraction of the rabbit isolated saphenous vein is mediated by a heterogeneous endothelin (ET)
receptor population. This study has characterized these receptor subtypes by use of several phar-
macologically distinct ET receptor agonists and antagonists.
2 ET-1, ET-3, sarafotoxin S6c (STXc) and [Ala3"']ET-1 produced biphasic, concentration-dependent
contractions of the saphenous vein, responses which were best fitted by a two-site model comprised of a
high (pM) and a low (nM) affinity site. In contrast, IRL 1620 only recognized one of these sites. ET(1621)
was devoid of contractile activity. ET-1, ET-3 and STXc were equipotent at the high affinity site (pD2s
of 12.0 ± 0.2, 12.2 ± 0.2 and 12.3 ± 0.3) indicating that this site had the characteristics of an ETB
receptor. In contrast, the low affinity site had the functional characteristics of an ETc receptor since the
pD2s for ET-3 (10.2 ± 0.3) and STXc (10.6 ± 0.3) were significantly greater than that for ET-l
(9.1 ± 0.1). These contractile responses were insensitive to BQ-123, confirming that ETA receptors were
not involved in mediating this effect.
3 SB 209670 differentially antagonized the high affinity phases of the isopeptide concentration-response
curves in a fashion dependent on the competing agonist: relative to the KB obtained against STXc
(O.15 nM). SB 209670 was 10 fold less potent when ET-1 was used as the competing agonist. This
differential effect was not evident at the low affinity site (KB = 38 nM). SB 209670 produced parallel,
concentration-dependent rightward shifts in the concentration-response curve to STXc Ro 47-0203 was
approximately 1 to 2 orders of magnitude less potent than SB 209670 at inhibiting the high affinity
component of the concentration-response curve to STXc, whereas BQ-788 and Ro 46-2005 were
approximately 3 orders of magnitude less potent than SB 209670. In addition to RES-701 and BQ-123,
the high affinity site was insensitive to PD 142893 suggesting that it may represent an ETB2 receptor. Ro
47-0203 and SB 209670 were equipotent at inhibiting the low affinity component of the STXc
concentration-response curve. Although Ro 46-2005, BQ-788, PD 142893 and RES-701 produced
significant antagonism at the low affinity site, they were at least ten fold less potent than SB 209670.
4 ET-1, ET-3 and STXc produced endothelium-dependent vasorelaxation in the precontracted
saphenous vein. Antagonist IC_%s were approximated as being: SB 209670, 3 nM; BQ-788 and RES 701,
300 nM; Ro 46-2005 and PD 142893, 3 gM; BQ-123, > 10 .M, consistent with vasorelaxation being
mediated by an ETB, receptor.
5 In summary, three pharmacologically distinct ET receptor subtypes have been identified in the rabbit
saphenous vein. Two contractile receptors are present on the vascular smooth muscle, a high affinity site
with the characteristics of an ETB2 receptor and a distinct lower affinity site with the characteristics of an
ETc receptor. In addition, an ETBI receptor is present on the endothelium which mediates the
vasodilator actions of this peptide family.
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RES-701

Introduction

Two major subtypes of mammalian endothelin (ET) receptor
have been cloned, the ETA receptor, which exhibits selectivity
for ET-1 over ET-3 and sarafotoxin S6c (STXc), and the ETB
receptor, which is non-isopeptide selective (Arai et al., 1990;
Sakurai et al., 1990; Masaki et al., 1994). Although a

putative ETc receptor (selective for ET-3 over ET-1) has been
cloned from the dermal melanophores of Xenopus laevis
(Karne et al., 1993), a mammalian homologue has not been
identified. Initial structure-activity studies suggested that the
primary role of the ETA receptor was to mediate smooth
muscle contraction and that this response was modulated
indirectly by ETB receptor-mediated nitric oxide release
(Warner et al., 1989; Douglas & Hiley, 1990; 1991a; Emori et
al., 1990). Subsequently, however, ETB receptors have also
been shown to mediate vasoconstriction (Douglas & Hiley,
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1991a,b; Bigaud & Pelton, 1992; Clozel et al., 1992; Harrison
et al., 1992; Panek et al., 1992; Sumner et al., 1992; James et

al., 1993; Gardiner et al., 1994; Godfraind, 1994a,b; Seo et

al., 1994; Teerlink et al., 1994). It has now been proposed
that multiple ETB receptors exist within the mammalian car-

diovascular system (Warner et al., 1993a,b; Douglas et al.,
1994b; Ohlstein et al., 1994a). Warner et al. (1993a,b) have
described the presence of 'ETB1' and 'ETB2' receptors which
are distinguished by their anatomical location (endothelium
versus smooth muscle), function (vasodilatation versus vaso-

constriction) and pharmacological profile (sensitivity to PD
142893).
ETB receptor-mediated vasoconstriction is of particular

importance in the control of vascular tone in low pressure
conduit vessels (Moreland et al., 1994) such as those found in
the venous and pulmonary circulations. One such vessel, the
saphenous vein, is extremely sensitive to the vasoconstrictor
actions of the ET isopeptides, responses mediated by a
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heterogeneous receptor population (Komori & Vanhoutte,
1989; Miller et al., 1989; Berti et al., 1990; Moreland et al.,
1992; Webb et al., 1993; Gray et al., 1994). Until recently it
has only been possible to characterize this heterogeneous
receptor population by use of agonists (Auguet et al., 1993;
Bax et al., 1993; White et al., 1994). However, several novel
ET receptor antagonists have been described recently. In
addition to the well characterized ETA-selective antagonist,
BQ-123 (Ihara et al., 1991; Moreland, 1994) and the ETA/B
antagonist PD 142893 (Doherty et al., 1993), such anta-
gonists include the nonpeptide ETA/B receptor antagonists SB
209670 (Ohlstein et al., 1994b), Ro 47-0203 (bosentan) and
Ro 46-2005 (Clozel et al., 1993; 1994) and several peptidic
ETB-selective antagonists including BQ-788 and RES-701
(Ishikawa et al., 1994; Tanaka et al., 1994). Of these
antagonists, SB 209670 is the most potent, exhibiting KIs at
the human cloned ETA and ETB receptors of 0.4 and 18 nM
(Nambi et al., 1994b). The use of this antagonist in experi-
mental disease models has identified a role for ET-1 in the
aetiology of a variety of pathological processes including
hypertension, renal failure, restenosis and cerebral vasospasm
and neurodegeneration (Brooks et al., 1994; Douglas et al.,
1994a,b, 1995; Ohlstein et al., 1994a,b; Willette et al., 1994).
In the present study these ET receptor antagonists have been
used to characterize the receptors responsible for mediating
the constrictor and dilator actions of the ET isopeptides in
the rabbit saphenous vein.

Methods

The lateral saphenous vein was excised from New Zealand
White male rabbits (2-3 kg) following sodium pentobar-
bitone overdose (100 mg kg-' via the central ear vein),
cleaned of adherent tissue and cut into 4mm rings. Rings
were suspended under optimal resting tension (5 mN) in
10 ml organ baths (37 ± 1C, aerated wtih 95% 02/5% C02)
containing Krebs-bicarbonate solution (mM): NaCl 112, KCl
4.7, KH2PO4 1.2, MgSO4 1.2, CaCl2 2.5, NaHCO3 25, dex-
trose 11 and indomethacin 0.01. Changes in isometric tension
were recorded with Grass FTO3c force-displacement trans-
ducers linked to Beckman R-611 dynographs. Where appro-
priate, the endothelium was removed by rubbing the intimal
surface of vessel with a stainless steel rod. Endothelium-
intact and -denuded tissues were defined as those which,
when exposed to acetylcholine (1 JAM) in the presence of tone
induced by noradrenaline (1 JM), responded with a relaxant
response of either > 50% or < 10% relaxation, respectively.
Tissues were allowed a 90 min equilibration period prior to
any experimentation.

ET isopeptide-induced vasoconstriction in the rabbit
isolated saphenous vein

Thirty min following the addition of vehicle, concentration-
response curves to either ET-1, ET-3, STXc, [Ala3"']ET-1,
IRL 1620 or ET(16-21) were constructed in the endothelium-
intact tissues. Responses were expressed as a percentage of
the contractile response elicited by 60 mM KCI determined at
the beginning of each experiment. An individual ring
preparation was used once to construct a single concen-
tration-response curve. Concentration-response curves were
analysed by fitting the experimental data to one of the fol-
lowing logistic equations by nonlinear least squares regres-
sion (Douglas et al., 1994c):

Rsaa. Cn
(i) One site fit R = E nEC0"n + C"

where R is the response, C the concentration of agonist, EC5o
the concentration of agonist required to produce a half max-
imal response, n the Hill coefficient and R. the maximal

response or:

(ii) Two site fit R = RcutxH__C"
ECSOHfH + C"H

RmaxL . C"L
+

ECSOH"H + C",H

where R is the response, C the concentration of agonist,
ECSOH and ECSOL the concentration of agonist required to
produce a half maximal response at a high and low affinity
site, nH, and nL the Hill coefficients at a high and low affinity
site and RH and R.L the maximal responses at a high and
low affinity site, respectively.
The contractile actions of ET-1, ET-3 and STXc were also

assessed in endothelium-denuded tissues in the presence
either of vehicle, SB 209670 (1 M) or BQ-123 (10 f1M). In
order to perform a more accurate determination of SB
209670 potency by Schild analysis, cumulative concentration-
response curves were constructed to STXc either in the
presence of vehicle or in the presence of increasing concentra-
tions of SB 209670. So that the potency of a series of
chemically and pharmacologically diverse ET receptor
antagonists could be compared with SB 209670, cumulative
concentration-response curves were also constructed to STXc
in the presence of 10 JM Ro 46-2005, Ro 47-0203, PD
142893, BQ-788 or RES-701.

ET isopeptide-induced vasorelaxation in the rabbit
isolated saphenous vein

Following a 90 min equilibration period, endothelium-intact
saphenous vein rings were precontracted with 1 JAM nor-
adrenaline. Once a sustained contraction had been obtained,
tissues were exposed to a single concentration of either ET-1,
ET-3 or STXc in order to determine the degree of peptide-
induced vasorelaxation (expressed as a percentage reversal of
the induced tone).

In a separate series of experiments, tissues were precon-
tracted with noradrenaline and exposed to 1 nM ET-3. Once
the ensuing 'control' relaxant response had been recorded,
the tissue was washed and subsequently incubated with either
vehicle or SB 209670, BQ-788, Ro 46-2005, RES 701, PD
142893 or BQ-123 for 30 min period. Tissues were then
recontracted with noradrenaline and exposed to a 'secondary'
administration of ET-3. The degree of antagonist-induced
inhibition was determined by comparing the degree of relaxa-
tion obtained to the 'control' and 'secondary' additions of
1 nM ET-3.

Materials

All solutions were made freshly each day and stored on ice in
a light tight container. ET-1, ET-3, STXc, IRL 1620 (Namby
et al., 1994a) (Suc[Glu9;Alal ,1 5]-endothelin-1(8-21))
ET(,6-21), [Ala3"']ET-1 and BQ-123 (cyclo(D-Trp-D-Asp-Pro-
D-Val-Leu); Ihara et al., 1991) were from American Peptide
Co. (Santa Clara, CA, U.S.A.). SB 209670 (+)-(1S,2R,3S)-3-
(2-carboxymethoxy-4-methoxyphenyl)-1-(3, 4-methylenedioxy-
phenyl)-5-(prop-1-yloxy)indane-2-carboxylic acid; Ohlstein et
al., 1994b), PD 142893 (Ac-D-Dip-Leu-Asp-Ile-Ile-Trp;
Doherty et al., 1993), BQ-788 (N-cis-2,6-dimethylpiperidino-
carbonyl-L-'y-MeLeu-D-Trp (l-CO2Me) -D-Nle; Ishikawa et
al., 1994), Ro 46-2005 (4-tert-butyl-N-[6-(2-hydroxy)-eth-
oxy))-5-(3-methoxyphenoxy)pyrimidin-4-yl]-benzene sulphon-
amide) and Ro 47-0203 (4-tert-butyl-N-[6-(2-hydroxy)-eth-
oxy)-5-(2-methoxyphenoxy)-2,2'-bipyrimidin-4-yl]-benzene sul-
phonamide) (Clozel et al., 1993; 1994) were synthesized in the
Department of Medicinal Chemistry, SmithKline Beecham.
RES-701 (Gly-Asn-Trp-His-Gly-Thr-Ala-Pro-Asp-Trp-Phe-Phe-
Asn-Tyr-Tyr-Trp; Tanaka et alt, 1994) was the generous gift
of Kyowa Hakko Kogyo Co., Ltd. (Tokyo, Japan). All
antagonists solution were made using dimethylsulphoxide
(DMSO) as the diluent. DMSO, acetylcholine bromide, nor-
adrenaline bitartrate (stock solution in 1 mg ml- ascorbate)
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and indomethacin were from Sigma Chemical Co. (St Louis,
MO, U.S.A.). All other reagents were analytical grade.

Statistics

Values are expressed as the mean ± s.e.mean and n represents
the number of tissues studied in a particular group. Statistical
comparisons were made by analysis of variance (ANOVA;
Fisher's protected least squares difference) where P<0.05
was accepted as being significant.

Results

ET isopeptide-induced vasoconstriction in the rabbit
isolated saphenous vein

ET-1, ET-3 and STXc produced concentration-dependent
contractions of the endothelium-intact saphenous vein over a
broad concentration-range of approximately 5 log units
(Figure 1). The concentration-response curves generated were
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biphasic and best fitted to a two site model consisting of a
high (pM) and low (nM) affinity site (Table 1). Removal of
the endothelium did not have a significant effect on these
contractile actions (Table 1). The contractile potencies of
ET-3 and STXc at the high affinity site were not significantly
different from that of ET-1. In contrast, however, STXc and
ET-3 were significantly more potent than ET-1 at the low
affinity site. Relative to ET-1, ET-3 and STXc were full
agonists at the high affinity site and partial agonists at the
low affinity site. Furthermore, relative to the low affinity site,
the high affinity site appeared to be a 'lower efficacy site',
contributing approximately 40% towards the overall contrac-
tile response to ET-1. The concentration-response curve for
the contractile actions of [Ala3,"]ET-l was also biphasic and,
similarly, was best fitted to a two site model (Figure 1). This
analogue was 87 and 12 fold less potent than ET-1 at the
high and low affinity sites, respectively (Table 1), but differed
from ET-3 and STXc, in that, relative to ET-1, it was a full
agonist at both sites. In contrast, the concentration-response
curve generated to IRL 1620 was obtained over a much
narrower concentration-range of approximately 3 log units
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Figure 1 Cumulative concentration-response curves obtained in endothelium-intact (@) and endothelium-denuded (0) rabbit
isolated saphenous vein rings in response to the addition of either (a) ET-l (n = 7 and 8, respectively), (b) ET-3 (n = 9 and 8,
respectively), (c) STXc (both n = 5), (d) [Ala3'"]ET-l (n = 3), (e) IRL 1620 (n = 3) or (f) the C-terminal hexapeptide ET()6-21)
(n = 3). Values are the mean ± s.e.mean and n represents the number of tissues studied in a particular group. The corresponding
pD2 and R,... values are shown in Table 1. For abbreviations, see text.
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(Figure 1) and, consequently, was best fitted to a one site
model (Table 1). ET(16-21) was devoid of contractile activity
(Figure 1, Table 1).

Effect ofspecific ET isopeptide agonists on antagonistic
actions of I gM SB 209670 and 10 gM BQ-123 in the
endothelium-denuded rabbit isolated saphenous vein

The contractile actions of ET-1, ET-3 and STXc were not
significantly altered by BQ-123 (Figure 2, Table 2). In con-
trast, SB 209670 (1 jAM) inhibited both components of the
biphasic concentration-response curve to STXc producing
parallel, 6918 and 28 fold rightward displacements of the
high and low affinity components of this curve, respectively
(Figure 2, Table 2). SB 209670 also inhibited the high and

low affinity components of biphasic concentration-response
curve to both ET-1 and ET-3 (Figure 2, Table 2) producing
parallel, 646 and 22 fold rightward displacements in the high
and low affinity components of the ET-l-response curve and
1259 and 74 fold rightward displacements in the high and
low affinity components of the ET-3-response curve, respec-
tively. Thus, SB 209670 differentially antagonized the high
affinity component of the concentration-response curve
dependent on the agonist used (a similar differential effect did
not occur at the low affinity site).

Effect ofSB 209670 on STXc-induced contraction of the
endothelium-denuded rabbit isolated saphenous vein

SB 209670 (100 nM-3 jAM) produced parallel, concentration-
dependent rightward shifts in both components of biphasic

Table 1 Curve fitted parameters obtained for the contractile actions of some endothelin (ET) isopeptides in the rabbit isolated
saphenous vein

Agonist

ET-1
Endothelium intact
Endothelium denuded
STXc
Endothelium intact
Endothelium denuded
ET-3
Endothelium intact
Endothelium denuded
IRL 1620
Endothelium intact
Endothelium denuded

[Ala3"l]ET-1
Endothelium intact
Endothelium denuded

ET(16-21)
Endothelium intact
Endothelium denuded

pD2

11.27± 0.
11.98 ± 0.

12.44 ± 0.21*
12.35 ± 0.26

11.60± 0.22
12.19 ± 0.21

ND

9.33 ± 0.59***
ND

<7
ND

High affinity site
R.. (%KCl)

.32 50± 11

.25 74± 13

64±9
53 ± 9

51 ±9
54 ± 8

ND

76± 37
ND

ND

Low affinity site
pD2 R, (%KCI)

8.87 ± 0.09
9.08 ± 0.14

10.70 ± 0.14***
10.63 ± 0.26**

9.84 ± 0.14***
10.23 ± 0.32**

9.27 ± 0.16
ND

7.79 ± 0.55***
ND

<7
ND

154 ±30
105 ± 1.1

74 ± 15*.
74± 10*

65 ± 7**
56 ± 9**

142± 6
ND

95 ± 31
ND

ND

Values are the mean ± s.e.mean; n represents the number of animals used in a particular group. Parameters are derived by fitting the
concentration-response data (Figure 1) to a logistic equation (see Methods). Statistical comparisons: *P<0.05, **P<0.01 and
***P<0.001 (ANOVA; Fisher's Protected least squares difference) compared to values obtained to ET-I in corresponding
endothelium-intact or -denuded tissue. Endothelial denudation did not alter the concentration-response curves to ET-1, ET-3 or STXc.
Unlike ET-1, ET-3, STXc and [Ala3"']ET-1, IRL 1620 was shown to fit best a one-site model. ND = values not determined in
endothelium-denuded tissues. ET(16-21) (< 0.1 FM) was devoid of contractile activity in endothelium-intact tissues.

Table 2 Relative potencies of SB 209670 and BQ-123 at inhibiting endothelin (ET) isopeptide-induced contraction of the
endothelium-denuded rabbit isolated saphenous vein

Agonist

ET-I
Control
BQ-123 1OgM
SB 209670 1 gM
ET-3
Control
BQ-123 10M

SB 209670 1 g4M
STXc
Control
BQ-123 10 IM
SB 209670 1 AM

pD2

11.98 ± 0.24
12.13 ± 0.23
9.17 ± 0.20***

12.19 ± 0.21
12.05 ± 0.25
9.09 ± 0.10***

12.35 ± 0.26
12.35 ± 0.24
8.51 ±0.11***

High affinity site
KB (nM)

NS
1.55

NS
0.79

NS
0.15

pKB

NS
8.81

pD2

9.08 ± 0.14
8.30 ± 0.50
7.74 ± 0.32**

10.23 ± 0.32
NS 10.14±0.27
9.01 8.36 ± 0.07***

10.63 ± 0.26
NS 11.19±0.42
9.84 9.19±0.17**

Low affinity site
KB (nM) pKh n

8
NS NS 5
48 7.32 5

9
NS NS 7
14 7.87 8

5

NS NS 4
38 7.42 5

Values are the mean ± s.e.mean; n represents the number of animals used in a particular group. Parameters are derived by fitting the
concentration-response data (Figure 2) to a logistic equation (see Methods). Statistical comparisons: **P<0.01 and ***P<0.001
(ANOVA; Fisher's Protected least squares difference) compared to values obtained to a particular agonist in corresponding control
tissues (which are from Table I and are included for ease of comparison). Since 10 IsM BQ-123 failed to produce a significant inhibition
of the agonist-induced contractile responses (NS), no KB (or, therefore, pKB) value could be determined.

n

7
8

5
5

9
8

3

3

3
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concentration-response curve to STXc (Figure 3, Table 3).
SB 209670 did not significantly alter the maximal contractile
effects of STXc at either the high or the low affinity site,
indicative of competitive antagonism. This was confirmed by
Schild analysis where SB 209670 antagonized both the high
and low affinity components of the biphasic concentration-

response curve to STXc with regression slopes of 1.13 and
1.06, respectively (r2 values of 0.97 and 0.99, respectively). SB
209670 was determined as having pA2 values of 7.88 and 7.24
at the high and low affinity sites, respectively.

Effect of 10 gM Ro 46-2005, Ro 47-0203, PD 142893,
BQ-788 and RES-701 on the contractile actions ofSTXc
in the endothelium-denuded rabbit isolated saphenous
vein
Ro 47-0203, Ro 46-2005 and BQ-788, all at 10 gM concentra-
tions, produced significant 832, 36 and 91 fold shifts in the
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Figure 2 Cumulative concentration-response curves obtained in
endothelium-denuded rabbit isolated saphenous vein rings in res-
ponse to the addition of (a) ET-1, (b) ET-3 and (c) STXc in the
presence of either vehicle (0; n = 8, 9 and 5, respectively), 10 1M
BQ-123 (0; n = 5, 7 and 4, respectively) or I1 M SB 209670 (0;
n = 5, 8 and 5, respectively). Values are the mean ± s.e.mean and n
represenits the number of tissues studied in a particular group. Con-
trol values obtained to ET-1, ET-3 and STXc in the presence of
vehicle are from Figure I and are included for ease of comparison.
The corresponding pD2 values determined for each agonist in the
presence or absence of antagonist are shown in Table 2 along with
the corresponding antagonist KB and pKB values. For abbreviations,
see text.

Figure 3 Panel (a) demonstrates the concentration-dependent inhibi-
tion by SB 209670 of the contractile responses observed in
endothelium-denuded rabbit isolated saphenous vein rings in res-

ponse to the addition of STXc; (0; n = 6) represents control res-

ponses, obtained in the presence of vehicle. Responses obtained in
the presence of SB 209670 are as follows: 100 nm (0; n = 6); 300 nM
(0; n=6); 1 gM (M; n=6); 3 gM (*; n=6). The corresponding
pD2 and R.. values obtained in the presence or absence of SB
209670 are shown in Table 3. Panel (b) represents the Schild analysis
of these data which demonstrates that SB 209670 is a potent, com-

petitive functional antagonist of both the high (0; pA2 = 7.88;
regression slope = 1.13; r2 = 0.97) and low (0; pA2 = 7.24; regression
slope = 1.06; r2 = 0.99) affinity components of the biphasic contrac-
tile response to STXc. Values are the mean ± s.e.mean and n

represents the number of tissues studied in a particular group. For
abbreviations, see text.

Table 3 Effect of SB 209670 on the STXc-induced contraction of the endothelium-denuded rabbit isolated saphenous vein

11.04 ± 0.33
10.09 ± 0.11**
9.30 ± 0.12***
8.78 ± 0.23***
8.50 ± 0.17***

High affinity site
R.. (%KCI)

76 ± 17
73 ± 13
96 ± 16
71 ± 9
97±6

LoW
pD2

9.60 ± 0.24
9.13 ± 0.25
8.75 ± 0.19**
8.38 ± 0.09***
7.71 ± 0.22***

v affinity site
R. (%KCI)

50± 17
92 ± 15
61 ± 15
80 ± 13
49 ± 10

Values are the mean ± s.e.mean; n represents the number of animals used in a particular group. Parameters are derived by fitting the
concentration-response data (Figure 3) to a logistic equation (see Methods). Statistical comparisons: **P<0.01 and ***P<0.001
(ANOVA; Fisher's Protected least squares difference) compared to values obtained to STXc in the absence of antagonist ('Control').
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Figure 4 Cumulative concentration-response curves obtained to STXc in endothelium-denuded rabbit isolated saphenous vein
rings in the presence of either (0) vehicle or (0) 10 JAM concentrations of (a) Ro 47-0203 (both n = 3), (b) Ro 46-2005 (n = 6 and
3, respectively), (c) BQ-788 (both n = 8), (d) PD 142893 (both n = 6) and (e) RES-701 (both n = 4). Values are the mean ± s.e.mean
and n represents the number of tissues studied in a particular group. The corresponding pD2 values determined for STXc in the
presence or absence of each individual antagonist are shown in Table 4 along with the corresponding antagonist KB and pKB
values. For abbreviations, see text.

Table 4 Effect of various endothelin (ET) receptor antagonists at inhibiting the STXc-induced contraction of the
endothelium-denuded rabbit isolated saphenous vein

High affinity site
KB (nM) pKB Rank order

Low affinity site
pD2 K, (nM) pKB

Control
Ro 47-0203 10 JAM

Control
BQ-788 10JAM

Control
Ro 46-2005 1OAM

Control
PD 142893 lOJAM

Control
RES-701 10LAM

Control
BQ-123 lOAM

12.70 ± 0.20
9.78 ± 0.09***

11.28 ± 0.26
9.32 ± 0.44**

12.82 ± 0.08

11.26 ± 0.48**

12.66 ± 0.38

11.28 ± 0.71

12.64 ± 0.38

11.71 ± 0.68

12.35 ± 0.26
12.35 ± 0.24

14 7.85

110 6.96

10.61 ± 0.19
97 8.38 ± 0.17***

9.74 ± 0.25
758 8.54 ± 0.33*

10.42 ± 0.09

283 6.55 1,950 9.40 ± 0.43*

10.15 ± 0.29
NS NS 69,183 9.08 ± 0.20*

10.11 ± 0.14
NS NS 69,183 9.24 ± 0.1 I**

10.63 ± 0.26
NS NS 69,183 11.19 ± 0.42

62 7.21
3

2 3

8
673 6.17 18 8

6

585 6.23 15 3

6
1,710 5.77 45 6

4
2,023 5.69 54 4

5

NS NS 263 4

Values are the mean ± s.e.mean; n represents the number of animals used in a particular group. Parameters are derived by fitting the
concentration-response data (Figure 4) to a logistic equation (see Methods). Statistical comparisons: *P<0.05, **P<0.01 and
***P<0.001 (ANOVA; Fisher's Protected least squares difference) compared to corresponding control values obtained to STXc in the
absence of antagonist ('Control'). Where a 10JM concentration of antagonist failed to produce a significant inhibition of the
contractile actions of STXc (NS), no KB (and, therefore, pKB) value could be determined. The rank order of antagonist potency was

approximated based on the pKB values determined in this Table (using a 10 JAM concentration of antagonist) and those determined for
SB 209670 against STXc (using a I JAM concentration, Table 2).

Antagonist pD2 Rank order n
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high affinity portion of the STXc concentration-response
curve (Figure 4). Thus, based on the KB values determined
for SB 209670, Ro 47-0203 was 1 to 2 orders of magnitude
less potent than SB 209670 at this site, whereas Ro 46-2005
and BQ-788 were 3 orders of magnitude less potent (Table
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Figure 5 Concentration-dependent relaxant responses obtained in
precontracted (1 gM noradrenaline) rabbit isolated saphenous vein
rings with endothelium-intact following the addition of single con-
centration of either (a) ET-1 (n = 3), (b) ET-3 (n = 7) or (c) STXc
(n = 3). Values are the mean ± s.e.mean and n represents the number
of tissues studied in a particular group.

4). However, 10 JM concentrations of PD 142893 and RES-
701 failed to inhibit this portion of the concentration-
response curve to STXc. In contrast, 10 pM concentrations of
Ro 47-0203, Ro 46-2005, BQ-788, PD 142893 and RES-701
caused significant rightward shifts in the low affinity portion
of the biphasic STXc concentration-response curve (170, 10,
16, 12 and 7 fold shifts, respectively). Therefore, Ro 47-0203
was equipotent with SB 209670 at this low affinity site,
whereas Ro 46-2005, BQ-788, PD 142893 and RES-701 were
1 to 2 orders of magnitude less potent. SB 209670, BQ-788,
Ro 47-0203 and Ro 46-2005 appeared to be 1 to 2 orders of
magnitude less potent at the low affinity site relative to the
high affinity site.

Vasodilator actions of the ET isopeptides
ET-3 produced concentration-dependent vasorelaxation in
saphenous vein preparations precontracted with noradren-
aline (Figure 5), an action dependent on the presence of a
functional endothelium (Figure 6). At concentrations greater
than 1 nM, the relaxant response to ET-3 was overwhelmed
by a concomitant contractile response. The relaxant res-
ponses to ET-1 and STXc were qualitatively smaller than
those obtained with ET-3 (Figures 5 and 7). As with ET-3,
such responses were also superceded by vasoconstriction at
agonist concentrations of greater than 1 nM (such that sig-
moidal concentration-response curves, and, therefore, a rank
order of relaxant potency, could not be determined).

Effect ofET receptor antagonists on the vasodilator
actions of ET-3
SB 209670 was the most potent antagonist studied at
inhibiting the relaxant actions of ET-3 (Figures 8 and 9) with
significant inhibition being observed at antagonist concentra-
tions as low as 1 nM. BQ-788 and RES-701 were also
effective at inhibiting this response at concentrations of 1 JLM,
whereas Ro 46-2005 and PD 142893 only produced a
significant (albeit virtually complete) inhibition at 10 fM con-
centrations. Although BQ-123 (10 JtM) also produced sig-
nificant antagonism of ET-3-induced relaxation, inhibition
was incomplete. Since tissues were used to study the effects of
a single concentration of antagonist against a single concen-
tration of agonist, concentration-response curves could not
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2g_

]*

104 M 106 M
NA ACh

b

2] * o

10eM 104M
NA ACh

U

* 0

Wash 104M
NA

* *
Wash 104M
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Figure 6 Representative experimental trace illustrating that, in rabbit isolated saphenous vein rings preconstricted with I gM
noradrenaline (@; 10-6 M NA), the vasorelaxant actions of either I ItM acetylcholine (0; 10-6 M ACh) or I nM ET-3 (0; 10-' M)
are obtained only in the presence of an intact functional endothelium (a). Panel (b) shows that when the endothelium is physically
destroyed by gently rubbing the intimal surface of the saphenous vein with a stainless steel rod, the vasorelaxant activity of both
acetylcholine and ET-3 are abolished. (-; Wash) represents where the tissue was washed in between exposure to acetylcholine and
ET-3.
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Figure 7 Representative experimental trace comparing the vasorelaxant activities of I nM concentrations of (a) endothelin-I (ET-1;
*; 10- M), (b) endothelin-3 (ET-3, l; 10- M) and (c) sarafotoxin S6c (S6c, A; 10-'M) in rabbit isolated, endothelium-intact
saphenous vein rings preconstricted with I pM noradrenaline (-; NA).
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Figure 8 Representative experimental trace comparing the vasorelaxant activities of I nm concentrations of endothelin-3 (ET-3,
0; 10- M) in rabbit isolated, endothelium-intact saphenous vein rings preconstricted with 1 jiM noradrenaline (0; NA) in (a)
control tissues (pretreated with vehicle) or those pretreated with either (b) 0.1 JM SB 209670 or (c) 10 JAM BQ-123. The figure
demonstrates that SB 209670 completely abolishes the vasorelaxant actions of ET-3, a response that is relatively insensitive to the
ETA-selective ET receptor antagonist, BQ-123 (see Figure 9).

be fitted to a logistic equation. Nevertheless, IC5;s were

approximated as being: SB 209670, 3 nM; BQ-788 and RES
701, 300 nM; Ro 46-2005 and PD 142893, 3 AM; BQ-123,

IlOjM.

Discussion

Contraction of the rabbit saphenous vein is mediated by a

heterogeneous population of ET receptors (Auguet et al.,
1993; Bax et al., 1993; Webb et al., 1993; White et al., 1994).
In accord with Gray et al. (1994), the present study demon-
strated that ET-1, ET-3, STXc produced biphasic con-

tractions of the rabbit saphenous vein over a broad
concentration-range, suggestive of negative cooperativity.
Curve-fitting identified two distinct sites of high (pM) and
low (nM) affinity. Significant contractile responses could be

detected with agonist concentrations as low as 0.2 pm, a
value similar to that required for ET-l to elicit a positive
inotropic response in rabbit papillary muscle (Kasai et al.,
1994). The rank order of contractile potency at the high
affinity site was consistent with this being an ETB receptor-
mediated response (ET-l = ET-3). In contrast, however, bas-
ed on the definitions adopted by the IUPHAR Committee on
Receptor Nomenclature (Masaki et al., 1994), the low affinity
site had the characteristics of an ETc receptor since ET-3 and
STXc were 14 and 35 fold more potent than ET-1 at this site.
This is in accord with previous reports where STXc was a
more potent vasoconstrictor than ET-1 in rabbit and human
saphenous veins and pulmonary arteries (Moreland et al.,
1992; LaDoucer et al., 1993; White et al., 1994).

Further support for the hypothesis that contraction of the
rabbit saphenous vein is mediated by two non-ETA receptors
comes from the observation that neither component of the
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Figure 9 Inhibitory action of ET receptor antagonists on the vasodilator responses obtained to 1 nM ET-3 in endothelium-intact
isolated saphenous vein rings of rabbit preconstricted with I gM noradrenaline. Responses were obtained in the presence of (a) SB
209670 (I 0 pM-O00 nM; n = 5), (b) BQ-788 (I nM-10 pM; n = 3), (c) Ro 46-2005 (0.1-10 pM; n = 4), (d) RES-701 (0.1-10MM;
n = 6), (e) PD 142893 (0.1-I 0iM; n = 5) or (f) BQ-123 (1-I 0 M; n = 4). Values are the mean ± s.e.mean and n represents the
number of tissues studied in a particular-group-and statistical significance: *P<0.05, **P<0.01 and ***P<0.001 for values
obtained in the presence of antagonist compared to control values obtained in the presence of vehicle alone (ANOVA; Fisher's
protected least squares difference). For abbreviations, see text.

biphasic contractile response to ET-1, ET-3 or STXc is
inhibited by BQ-123. Similar findings have been reported by
Moreland et al. (1992, 1994) and Sudjarwo et al. (1993)
where ET-induced contractions of rabbit, monkey and por-
cine isolated saphenous veins were insensitive to the ETA-
selective antagonists, BQ-123 and FR 139317. Indeed, whilst
several investigators have demonstrated weak inhibition of
peptide-induced contraction of isolated saphenous veins by
BQ-123, the pA2 determined for this antagonist (approx-
imately 6) is not consistent with this being the result of ETA
receptor occupation (Auguet et al., 1992; Bax et al., 1993;
White et al., 1994). The present findings are, in part, consis-
tent with radioligand binding studies where ['25I]-ET-3 recog-

nizes a high and low affinity form of an ETB receptor in the
rabbit saphenous vein (Webb et al., 1993; Gray et al., 1994).
However, radioligand binding studies clearly demonstrate the
presence- of BQ-123-sensitive ['25I]-ET-1 binding sites and
ETA receptor mRNA in this tissue (Webb et al., 1993; Gray
et al., 1994). Indeed, Gray et al. (1994) have demonstrated
that 20% of the contractile response to the ET isopeptides
was mediated by a BQ-123-sensitive, low affinity receptor.
The reason for the disparity between the current data and the
findings of Gray et al. (1994) is unclear but may reflect
differences in the strains of rabbit used (Burgandy versus

New Zealand White) or, alternatively, may be a function of
the segment of saphenous vein studied (lateral versus medial
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saphenous vein). Subtle differences in the precise anatomical
origin of the vein may be of pharmacological significance
since the relative contribution of specific ET receptor sub-
types to peptide-induced vasoconstriction varies as one pro-
gresses along a vascular tree (Godfraind, 1994a,b; MacLean
et al., 1994). Unfortunately, the precise anatomical origin of
the saphenous veins used by Gray et al. (1994) and Webb et
al. (1994) was not stated.

Multiple functional ETB receptors are present within the
mammalian cardiovascular system: Warner et al. (1993a,b)
have identified an ETBI receptor (linked to endothelium-
dependent vasodilatation in the rat mesentery) and an ETB2
receptor (which mediates contraction of the rat stomach strip
and rabbit pulmonary artery). In addition to their anatomical
and functional distinctions, the ETB1 and ETB2 receptors
differ pharmacologically since only the ETB, receptor is sen-
sitive to PD 142893 (Warner et al., 1993a,b). Since the high
affinity site described in this study is insensitive PD 142893, it
may correspond to an ETB2 subtype. This hypothesis is sup-
ported by the observation that [Ala3l"]-ET-1, a peptide which
is inactive at the ETBI (Douglas & Hiley, 1990; 1991a;
Topouzis et al., 1991), recognizes the high affinity site in the
saphenous vein. The contractile ETB2 and ETc receptors were
further distinguished by use of a variety of ET receptor
antagonists. SB 209670 was a potent, competitive antagonist
at both the high and low affinity sites and was one to two
orders of magnitude and equipotent with Ro 47-0203 at these
two sites, respectively. In addition, both Ro 46-2005 and
BQ-788 inhibited the high and low affinity sites. In contrast,
however, not only was the ETB2 receptor insensitive to BQ-
123 and PD 142893, but it was also insensitive to RES-701.
This contrasts the low affinity ETc site which, although
insensitive to BQ-123, was inhibited by both PD 142893 and
RES-701.

In accord with Poli et al. (1991), ET(1621) was ineffective as
a vasoconstrictor in this tissue. Thus, in contrast to the
original reports by Maggi et al. (1989), and in support of
subsequent radioligand binding studies (Tschirhart et al.,
1991; Buchan et al., 1994), ET(16-21) does not act as an
agonist at the ET receptors responsible for mediating con-
traction of the rabbit saphenous vein.
SB 209670 differentially antagonized the high (but not the

low) affinity phase of the concentration-response curve to
ET-1, ET-3 and STXc in a fashion dependent on the com-
peting agonist. Whilst this phenomenon contradicts conven-
tional drug-receptor theory, a similar finding has been
reported for SB 209670 in the rat pulmonary artery (ETB2
receptor-mediated contraction; Ohlstein et al., 1994a) and has
also been observed with BQ-123 and PD 142893 in numerous
vascular preparations (Bax et al., 1993; 1994; Warner et al.,
1993a; Kasai et al., 1994; Smith et al., 1994). The mechanism
underlying this type of phenomenon is unknown, although it
has been suggested that ET-3 and STXc interact with an
additional site present on ET receptors which is inaccessible
to ET-1 (Hiley et al., 1992; Smith et al., 1994).
The endothelium attenuates the contractile actions of the

ET isopeptides by stimulating the release of nitric oxide
(Warner et al., 1989; Douglas & Hiley, 1990; 1991a). In the
present study, both components of the biphasic concen-
tration-response curves to ET-1, ET-3 and STXc were shifted
by approximately 3 fold following endothelial destruction,

consistent with previous observations made in human, canine
and rabbit saphenous veins (Berti et al., 1990; Poli et al.,
1991; Simonet et al., 1992; Auguet et al., 1993; Akar et al.,
1994). Indeed, in the presence of active tone, ET-3 produced
endothelium-dependent vasorelaxation in this tissue. Vaso-
relaxation was also observed with ET-1 and STXc, although,
in accord with Auguet et al. (1993), such responses were
quantitatively less pronounced than those to ET-3. Based on
the threshold concentration of peptide required to elicit a
dilator response, vasorelaxation appeared to be mediated by
a non-ETA receptor subtype. Indeed, relaxation was insen-
sitive to 1 gLM BQ-123. Antagonist ICms were approximated
as being: SB 209670, 3 nM; BQ-788 and RES 701, 300 nM;
Ro 46-2005 and PD 142893, 3 AM; BQ-123, > 10 LM. Since
ET-3-induced vasorelaxation was antagonized by PD 142893,
this response appeared to be mediated by an ETBi receptor.

In summary, three pharmacologically distinct, functional
ET receptor subtypes have been identified in the rabbit
saphenous vein. Two contractile receptors are present on the
vascular smooth muscle: a high affinity, low efficacy ETB2
receptor (i.e. STXc = ET-3 = ET-1; SB 209670> Ro 47-
0203> BQ-788> Ro 46-2005; insensitive to PD 142893, RES-
701 and BQ-123) and a distinct lower affinity, high efficacy
ETc receptor (i.e. STXc> ET-3> ET-1; SB 209670 > Ro 47-
0203>Ro 46-2005 and BQ-788>RES 701 and PD 142893;
insensitive to BQ-123). In addition, an ETBi receptor is pres-
ent on the endothelium which mediates the relaxant actions
of the ET isopeptides (i.e. ET-3 > ET-l > STXc; SB
209670 , BQ-788 = RES 701 > Ro 46-2005 and PD 142893;
insensitive to BQ-123). However, although the available
pharmacological data suggest the presence heterogeneous,
functional receptor subtypes in this tissue, confirmation by
conventional protein purification/molecular cloning is neces-
sary before their existence can be firmly established. It is
appropriate to note, however, that low stringency homology
screening has only been able to identify mRNA transcripts in
the rabbit saphenous vein which appear to correspond to the
known cloned ETA and ETB receptors (Webb et al., 1993). If
novel mRNA species are present in this tissue, they are likely
to either (i) differ markedly from those encoding for the
known ETA and ETB receptors or (ii) be so similar to the
known cloned receptors that it is readily mistaken for a
known subtype during homology screening. To this end, it is
interesting that a single nucleotide point mutation of the
codon for residue Tyr"29 present in the wild type human
cloned ETA receptor (e.g. from TAT [Tyr'21 to TTT [Phe'21)
can dramatically alter the pharmacological characteristics of
the mutant receptor such that, essentially, it resembles an
ETB subtype (Lee et al., 1994). Alternatively, it is conceivable
that the high and low affinity sites linked to saphenous vein
contraction are derived from a single gene product, differing
only by the extent to which they are subject to post tran-
slational modification (e.g. proteolytic maturation or glycosy-
lation).

The authors would like to thank A. Lago, J. Lee, J. Leber, A. Gao,
R. Cousins and J. Sutiphong for the synthesis of some of the ET
receptor antagonists used in this study and for their helpful discus-
sions during the preparation of this manuscript.

References

AKAR, F., UYDES, B.S., AYRANCIOGLU, K., YENER, A., ASLAMACI,
A., ARSAN, M., TOURNER, A. & KANZIK, I. (1994). Endothelial
function on human gastropiploic artery in comparison with
saphenous vein. Cardiovasc. Res., 28, 500-504.

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

AUGUET, M., DELAFLOTTE, S., CHABRIER, P.E. & BRAQUET, P.C.
(1993). Characterization of endothelin receptors mediating con-
traction and relaxation in rabbit saphenous artery and vein. Can.
J. Physiol. Pharmacol., 71, 818-823.



S.A. Douglas et al ET receptor heterogeneity in the saphenous vein 1539

BAX, W.A., BOS, E. & SAXENA, P.R. (1993). Heterogeneity of
endothelin/sarafotoxin receptors mediating contractions of the
human isolated saphenous vein. Eur. J. Pharmacol., 239,
267-268.

BAX, W.A., PETTERSON, R.W.G., INAN, T., BOS, E. & SAXENA, P.R.
(1994). Heterogeneity of endothelin/sarafotoxin receptors mediat-
ing contractions of the human isolated coronary artery. Br. J.
Pharmacol., 111, 15P.

BERTI, F., ROSSONI, G., BIASI, G., BUSCHI, A., MANDELLI, V. &
TONDO, C. (1990). Defibrotide, by enhancing prostacyclin genera-
tion, prevents endothelin-1 induced contraction in human
saphenous veins. Prostaglandins, 40, 337-350.

BIGAUD, M. & PELTON, J.T. (1992). Discrimination between
ETA- and ETB-receptor-mediated effects of endothelin-l and
[Ala' 3"15]endothelin-I by BQ-123 in the anaesthetized rat. Br. J.
Pharmacol., 107, 912-918.

BROOKS, D.P., DEPALMA, P.D., GELLAI, M., NAMBI, P., OHLSTEIN,
E.H., ELLIOTT, J.D., GLEASON, J. & RUFFOLO, R.R. (1994).
Nonpeptide endothelin receptor antagonists. III: Effect of SB
209670 and BQ-123 on acute renal failure in anesthetized dogs. J.
Pharmacol. Exp. Ther., 271, 769-775.

BUCHAN, K.W., ALLDUS, C., CHRISTODOULOU, C., CLARK, K.L.,
DYKES, C.W., SUMNER, M.J., WALLACE, D.M., WHITE, D.G. &
WATTS, I.S. (1994). Characterization of three non-peptide
endothelin receptor ligands using human cloned ETA and ETB
receptors. Br. J. Pharmacol., 112, 1251-1257.

CLOZEL, M., BREU, V., BURRI, K., CASSAL, J.-M., FISCHLI, W.,
GRAY, G.A., HIRTH, G., LOFFLER, B.-M., MULLER, M., NIED-
HART, W. & RAMUZ, H. (1993). Pathophysiological role of
endothelin revealed by the first orally active endothelin receptor
antagonist. Nature, 365, 759-761.

CLOZEL, M., BREU, V., GRAY, G.A., KALINA, B., LOFFLER, B.-M.,
BURRI, K., CASSAL, J.-M., HIRTH, G., MULLER, M., NIEDHART,
W. & RAMUZ, H. (1994). Pharmacological characterization of
bosentan, a new potent orally active nonpeptide endothelin recep-
tor antagonist. J. Pharmacol. Exp. Ther., 270, 228-235.

CLOZEL, M., GRAY, G.A., BREU, V., LOFFLER, B.-M. & OSTER-
WALDER, R. (1992). The endothelin ETB receptor mediates both
vasodilation and vasoconstriction in vivo. Biochem. Biophys. Res.
Commun., 186, 867-873.

DOHERTY, A.M., CODY, W.L., HE, J.X., DEPUE, P.L., CHENG, X.-M.,
WELCH, K.M., FLYNN, M.A., REYNOLDS, E.E., LADOUCEUR,
D.M., DAVIS, L.S., KEISER, J.A. & HALEEN, S.J. (1993). In vitro
and in vivo studies with a series of hexapeptide endothelin
antagonists. J. Cardiovasc. Pharmacol., 22 (Suppl. 8), S98-S102.

DOUGLAS, S.A., EDWARDS, R.M., ELLIOTT, J.D. & OHLSTEIN, E.H.
(1995). In vivo pharmacological characterization of the non-
peptide endothelin receptor antagonist SB 209670. Br. J. Phar-
macol., 114, 405-413.

DOUGLAS, S.A. & HILEY, C.R. (1990). Endothelium-dependent vas-
cular activities of endothelin-like peptides in the isolated superior
mesenteric arterial bed of the rat. Br. J. Pharmacol., 101, 81-88.

DOUGLAS, S.A. & HILEY, C.R. (1991a). Endothelium-dependent
mesenteric vasorelaxant effects and systemic actions of endothelin
(16-21) and other endothelin-related peptides in the rat. Br. J.
Pharmacol., 104, 311-320.

DOUGLAS, S.A. & HILEY, C.R. (1991b). Responses to endothelin-1,
human proendothelin (1-38) and porcine proendothelin (1-39)
in the rat on intravenous administration and in the blood per-
fused mesentery. Neurochem. Int., 18, 445-454.

DOUGLAS, S.A., LOUDEN, C., VICKERY-CLARK, L.M., STORER, B.L.,
HART, T., FEUERSTEIN, G.Z., ELLIOTT, J.D. & OHLSTEIN, E.H.
(1994a). A role for endogenous endothelin-1 in neointimal forma-
tion following rat carotid artery balloon angioplasty: protective
effects of the novel nonpeptide endothelin receptor antagonist SB
209670. Circ. Res., 75, 190-197.

DOUGLAS, S.A., MEEK, T.D. & OHLSTEIN, E.H. (1994b). Novel
receptor antagonists welcome a new era in endothelin biology.
Trends Pharmacol. Sci., 15, 313-316.

DOUGLAS, S.A., VICKERY-CLARK, L.M. & OHLSTEIN, E.H. (1994c).
Functional evidence that balloon angioplasty results in transient
nitric oxide synthase induction. Eur. J. Pharmacol., 255, 81-89.

EMORI, T., HIRATA, Y. & MARUMO, F. (1990). Specific receptors for
endothelin-3 in cultured bovine endothelial cells and its cellular
mechanism of action. FEBS Lett., 263, 261-264.

GARDINER, S.M., KEMP, P.A., MARCH, J.E., BENNETT, T., DAVEN-
PORT, A.P. & EDVINSSON, L. (1994). Effects of an ETA-receptor
antagonist, FR 139317, on regional haemodynamic responses to
endothelin-1 and [Ala""5JAc-endothelin-1 (6-21) in conscious
rats. Br. J. Pharmacol., 112, 477-486.

GODFRAIND, T. (1994a). Endothelin receptors in human coronary
arteries. Trends Pharmacol. Sci., 15, 136.

GODFRAIND, T. (1994b). Evidence for heterogeneity of endothelin
receptor distribution in human coronary artery. Br. J. Phar-
macol., 110, 1201-1205.

GRAY, G.A., LOFFLER, B.M. & CLOZEL, M. (1994). Characterization
of the endothelin receptors mediating contraction of the rabbit
saphenous vein. Am. J. Physiol., 266, H959-H966.

HARRISON, V.J., RANDRIANTSOA, A. & SCHOEFFER, P. (1992).
Heterogeneity of endothelin-sarafotoxin receptors mediating con-
traction of pig coronary artery. Br. J. Pharmacol., 105, 511-513.

HILEY, C.R., McSTAY, M.K.G., 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.

IHARA, M., NOGUCHI, K., SAEKI, T., FUKURODA, S., TSUCHIDA, S.,
KIMURA, T., FUKAMI, K. & YANO, M. (1991). Biological profiles
of highly potent novel endothelin antagonists selective for the
ETA receptor. Life Sci., 50, 247-255.

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 phar-
macological proffle of a potent and selective endothelin B-
receptor antagonist, BQ-788. Proc. NatL. Acad. Sci. U.S.A., 91,
4892-4896.

JAMES, A.F., URADE, Y., WEBB, R.L., KARAKI, H., UMEMURA, I.,
FUJITANI, Y., ODA, K., OKADA, T., LAPPE, R.W. & TAKAI, M.
(1993). IRL 1620, succinyl-[Glu9,Ala""5]-endothelin (8-21), a
highly specific agonist of the ETB receptor. Cardiovasc. Drug
Rev., 11, 253-270.

KARNE, S., JAYAWICKREME, C.K. & LERNER, M.R. (1993). Cloning
and characterization of an endothelin-3 specific receptor (ETc
receptor) from Xenopus laevi dermal melanophores. J. Biol.
Chem., 268, 19126-19133.

KASAI, H., TAKANASHI, M., TAKASAKI, C. & ENDOH, M. (1994).
Pharmacologic properties of endothelin receptor subtypes mediat-
ing positive inotropic effects in rabbit heart. Am. J. Physiol., 266,
H2220-H2228.

KOMORI, K. & VANHOUTTE, P.M. (1989). Effects of SIN-1 on elec-
trical responses of smooth muscle of the canine saphenous vein.
J. Cardiovasc. Pharmacol., 14 (Suppl. 11), S62-S66.

LADOUCER, D.M., FLYNN, M.A., KEISER, J.A., REYNOLDS, E. &
HALEEN, S.J. (1993). ETA and ETB receptors coexist on rabbit
pulmonary artery vascular smooth muscle mediating contraction.
Biochem. Biophys. Res. Commun., 196, 209-215.

LEE, J.A., ELLIOTT, J.D., SUTIPHONG, J.A., FRIESEN, W.J., OHL-
STEIN, E.H., STADEL, J.M., GLEASON, J.G. & PEISHOFF, C.E.
(1994). Tyr-129 is important to the peptide ligand affinity and
selectivity of human endothelin type A receptor. Proc. Natl.
Acad. Sci. U.S.A., 91, 7164-7168.

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

MAGGI, C.A., GIULIANI, S., PATACCHINI, R., SANTICIOLI, P.,
ROVERO, P., GIACHETTI, A. & MELI, A. (1989). The C-terminal
hexapeptide, endothelin (16-21) discriminates between different
endothelin receptors. Eur. J. Pharmacol., 166, 121-122.

MASAKI, T., VANE, J.R. & VANHOUTTE, P.M. (1994). V. Interna-
tional Union of Pharmacology nomenclature of endothelin recep-
tors. Pharmacol. Rev., 46, 137-142.

MILLER, V.M., KOMORI, K., BURNETT, J.C., Jr. & VANHOUITE, P.M.
(1989). Differential sensitivity to endothelin-l in canine arteries
and veins. Am. J. Physiol., 257, H1127-H1131.

MORELAND, S. (1994). BQ-123, a selective endothelin ETA receptor
antagonist. Cardiovasc. Drug Rev., 12, 48-69.

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.

MORELAND, S., MCMULLEN, D.M., DELANEY, C.L., LEE, V.G. &
HUNT, J.T. (1992). Venous smooth muscle contains vasoconstric-
tor ETB-like receptors. Biochem. Biophys. Res. Commun., 184,
100-106.

NAMBI, P., PULLEN, M. & SPIELMAN, W. (1994a). Species differences
in the binding characteristics of ['25I]-IRL 1620, a potent agonist
for endothelin-B receptors. J. Pharmacol. Exp. Ther., 268,
202-207.



1540 S.A. Douglas et al ET receptor heterogeneity in the saphenous vein

NAMBI, P., WU, H.L., PULLEN, M., ELSHOURBAGY, N., OHLSTEIN,
E.H., BROOKS, D.P., ELLIOTT, J.D., GLEASON, J. & RUFFOLO,
R.R., Jr. (1994b). Non-peptide endothelin receptor antagonists. I:
Effects on binding and signal transduction in human ETA and
ETB receptors. J. Pharmacol. Exp. Ther., 271, 755-761.

OHLSTEIN, E.H., BECK, G., DOUGLAS, S.A., NAMBI, P., GLEASON,
J.G., RUFFOLO, R.R., Jr., FEUERSTEIN, G.Z. & ELLIOTT, J.D.
(1994a). Non-peptide endothelin receptor antagonists. II: Phar-
macological characterization of SB 209670. J. Pharmacol. Exp.
Ther., 271, 762-768.

OHLSTEIN, E.H., NAMBI, P., DOUGLAS, S.A., EDWARDS, R.M., GEL-
LAI, M., LAGO, A., LEBER, J.D., COUSINS, R.D., GAO, A.,
FRAZEE, J.S., PEISHOFF, C.E., BEAN, J.W., EGGLESTON, D.S.,
ELSHOURBAGY, N.A., KUMAR, C., LEE, J.A., BROOKS, D.P.,
RUFFOLO, R.R., Jr., FEUERSTEIN, G.Z., WEINSTOCK, J., GLEA-
SON, J.G. & ELLIOTT, J.D. (1994b). SB 209670, a rationally
designed potent nonpeptide endothelin receptor antagonist. Proc.
Natl. Acad. Sci. U.S.A., 91, 8052-8056.

PANEK, R.L., MAJOR, T.C., HINGORANI, G.P., DOHERTY, A.M.,
TAYLOR, D.G. & RAPUNDALO, S.T. (1992). Endothelin and struc-
turally related analogs distinguish between endothelin receptor
subtypes. Biochem. Biophys. Res. Commun., 184, 566-571.

POLI, E., CASOLI, C., SPAGGIARI, I., STARCICH, R. & BERTACCINI,
G. (1991). Contractile effect of endothelin-2 on the isolated
human saphenous vein. Arch. Int. Pharmacodyn. Ther., 313,
108-119.

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.

SEO, B., OEMAR, B.S., SIEBENMANN, R., VON SEGESSER, L. &
LOSCHER, T.F. (1994). Both ETA and ETB receptors mediate
contraction to endothelin-1 in human blood vessels. Circulation,
89, 1203-1208.

SIMONET, S., BONHOMME, E., LAUBIE, M., THURIEAU, C.,
FAUCHERE, J.L. & VERBEUREN, T.J. (1992). Venous and arterial
endothelial cells respond differently to thrombin and its
endogenous receptor agonist. Eur. J. Pharmacol., 216, 135-137.

SMITH, C.F.C., BAKER, C., REDMOND, L., STOGGALL, S., WRIGHT,
N. & WILSON, C. (1994). Are different antagonist pA2 values
against endothelin-1 and endothelin-3 due to different ETA recep-
tor subtypes in guinea-pig, rat and rabbit vascular tissue? Br. J.
Pharmacol., 112, 550P.

SUDJARWO, S.A., HORI, M., TANAKA, T., MATSUDA, Y., OKADA, T.
& KARAKI, H. (1994). Subtypes of endothelin ETA and ETB
receptors mediating venous smooth muscle contraction. Biochem.
Biophys. Res. Commun., 200, 627-633.

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

TANAKA, T., TSUKUDA, E., NOZAWA, M., NONAKA, H., OHNO, T.,
KASE, H., YAMADA, K. & MATSUDA, Y. (1994). RES-701-1, a
novel, potent, endothelin type B receptor-selective antagonist of
microbial origin. Mol. Pharmacol., 45, 724-730.

TEERLINK, J.R., BREU, V., SPRECHER, U., CLOZEL, M. & CLOZEL,
J.-P. (1994). Potent vasoconstriction mediated by ETB receptors in
canine coronary arteries. Circ. Res., 74, 105-114.

TOPOUZIS, S., HUGGINS, J.P., PELTON, J.T. & MILLER, R.C. (1991).
Modulation by endothelium of the responses induced by
endothelin-I and some of its analogues in the rat isolated aorta.
Br. J. Pharmacol., 102, 545-549.

TSCHIRHART, E.J., DRIJFHOUT, J.W., PELTON, J.T., MILLER, R.C. &
JONES, C.R. (1991). Endothelins: functional and autoradiographic
studies in the guinea-pig trachea. J. Pharmacol. Exp. Ther., 258,
381-387.

WARNER, T.D., ALLCOCK, G.H., CORDER, R. & VANE, J.R. (1993a).
Use of the endothelin antagonists BQ-123 and PD 142893 to
reveal three endothelin receptors mediating smooth muscle con-
traction and the release of EDRF. Br. J. Pharmacol., 110,
777-782.

WARNER, T.D., ALLCOCK, G.H., MICKLEY, E.J., CORDER, R. &
VANE, J.R. (1993b). Comparative studies with endothelin receptor
antagonists BQ-123 and PD 142893 indicate at least three
endothelin receptors. J. Cardiovasc. Pharmacol., 22 (Suppl. 8),
S117-S120.

WARNER, T.D., DE NUCCI, G. & VANE, J.R. (1989). Rat endothelin is
a vasodilator in the isolated perfused mesentery of the rat. Eur. J.
Pharmacol., 159, 325-326.

WEBB, M.L., LIU, E.C., MOSHIZADEGAN, H., CHAO, C.C., LYNCH, J.,
FISHER, S.M. & ROSE, P.M. (1993). Expression of endothelin
receptor subtypes in rabbit saphenous vein. Mol. Pharmacol., 44,
959-965.

WHITE, D.G., GARRATT, H., MUNDIN, J.W., SUMNER, M.J., VAL-
LANCE, P.J. & WATTS, I.S. (1994). Human saphenous vein con-
tains both ETA and ETB contractile receptors. Eur. J. Physiol.,
257, 307-310.

WILLETTE, R.N., ZHANG, H., MITCHELL, M.P., SAUERMELCH, C.F.,
OHLSTEIN, E.H. & SULPIZIO, A.C. (1994). Nonpeptide endothelin
antagonist: cerebrovascular characterization and effects on
delayed cerebral vasospasm. Stroke, 2450-2455.

(Received November 3, 1994
Revised December 5, 1994

Accepted December 15, 1994)


