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Subtypes of endothelin receptors that mediate venous effects of

endothelin-1 1in anaesthetized rats
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1 The subtypes of endothelin receptors that mediate the effects of endothelin-1 (ET-1) on mean arterial
pressure (MAP), heart rate (HR), mean circulatory filling pressure (MCFP), arterial resistance (R,),
cardiac output (CO) and venous resistance (Ry) were characterized in 9 groups of pentobarbitone-
anaesthetized rats via the injection of ET-1 in the absence and presence of bosentan (Ro 47-0203, ETx-
and ETg-receptor antagonist), PD 142893 (ET- and ETg-receptor antagonist) or FR 139317 (ETa-
receptor antagonist), as well as injection of the ETg-receptor agonist, IRL 1620.

2 Cumulative i.v. bolus injections of ET-1 or IRL 1620 (0.5, 1 and 2 nmol kg—') dose-dependently
increased MAP (ET: by 22, 34 and 44; IRL: §, 17 and 28 mmHg), R, (ET: 62, 108 and 162; IRL: 51, 63
and 86% over baseline), Ry (ET: 70, 132 and 179; IRL: 81, 89 and 98% over baseline) and MCFP (ET:
1.1, 1.8 and 1.9; IRL: 0.9, 1.0 and 1.2 mmHg) and reduced CO (ET: —18, —35 and —44; IRL: —24;
—26; —25% below baseline). Equimolar doses of ET-1 and IRL 1620 caused similar initial transient
depressor responses. Saline did not modify any haemodynamic variables in the time-control group.

3 Bosentan (10 mg kg™, i.v.) inhibited ET-induced increases in MAP, Ry, R, and MCFP and decrease
in CO. PD 142893 (22 mg kg~ ', i.v.) abolished ET-induced changes on MAP, Ry, R, and CO, but did
not alter effects on MCFP. Bosentan alone did not cause haemodynamic changes, but PD 142893 alone
elevated MCFP (0.9+0.3 mmHg at 1 h after injection) and did not alter other variables. Both
antagonists abolished the initial depressor effects of ET-1.

4 FR 139317 (1 mg kg™', i.v.) partially inhibited the increases in MAP, Ry, R, and MCFP and
decreases in CO elicited by ET-1, but did not alter the transient depressor response of ET-1.

5 The results show that both ET,- and ETg-receptors mediate the arterial and venous constrictor
effects of ET-1. Bosentan is more efficacious than PD 142893 in inhibiting the venous effects of ET-1.
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Introduction

Endothelin-1 (ET-1) is well-known to cause a transient de-
pressor followed by a long-lasting pressor response via eleva-
tion of systemic arterial resistance (Clarke et al., 1989; Lerman
et al., 1991). Whereas the initial depressor response to ET-1 is
due to arterial dilatation via the activation of endothelial ETg-
receptors and subsequent release of nitric oxide and/or pros-
tacyclin (Filep et al., 1991; 1994; Fujitani et al., 1993; Hirata et
al., 1993; Karaki et al., 1993), the prolonged arterial con-
striction is probably mediated by the activation of smooth
muscle ET,- as well as ETg-receptors (Clozel et al., 1992;
Sumner et al., 1992; Batra et al., 1993; Shetty et al., 1993;
Warner et al., 1993; Filep et al., 1994; Gardiner et al., 1994;
Beyer et al., 1995; Sharifi & Schiffrin, 1996).

In vitro studies show that ET-1 constricts veins via the ac-
tivation of ET,- and/or ETg-receptors. Both ET,- and ETp-
receptors mediate contractile response to ET-1 in human iso-
lated internal mammary (Seo et al., 1994) and saphenous
(White et al., 1994) veins. Human renal (Maguire et al., 1994),
coronary (Opgaard et al., 1994) and omental (Riezebos et al.,
1994) veins and rat mesenteric veins (D’Orléans-Juste et al.,
1993) contract via the activation of primarily ET,-receptors.
In contrast, endothelins constrict via the activation of pri-
marily ETg-receptors in rabbit jugular (Sumner et al., 1992)
and saphenous (Moreland ef al., 1992; 1994; Gray et al., 1994;
Douglas et al., 1995) veins as well as in canine saphenous
(Moreland et al., 1994) and femoral (Miller & Michener, 1995)
veins. In situ studies in cat perfused, sympathectomized gas-
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trocnemius muscle preparations (Ekelund et al., 1993), human
forearm veins (Haynes et al., 1995b) and dorsal hand veins
(Strachan et al., 1995) show that ET-1 venoconstricts via the
activation of both ET,- and/or ETg-receptors.

We showed that i.v. injection of high doses of ET-1 into
conscious rats caused small increases in mean circulatory filling
pressure (MCFP) (Waite & Pang, 1990; 1992). MCFP is the
systemic pressure obtained after circulatory arrest and im-
mediate equilibration of arterial and venous pressures and is
an index of the driving force of venous return (Rothe, 1993;
Pang, 1994). In pentobarbitone-anaesthetized rats, i.v. injec-
tions of ET-1 slightly increased MCFP, but markedly elevated
venous resistance (Palacios et al., 1997), which is the ratio of
pressure gradient and flow between upstream and downstream
veins and is a significant factor controlling cardiac output due
to low pressure in the venous system (Rothe, 1993; Pang,
1994).

The present study characterizes the subtypes of endothelin-
receptors that mediate the venoconstrictor effects of ET-1 in
pentobarbitone-anaesthetized rats via the use of mixed ET4-
and ETg-receptor antagonists, namely, bosentan (Ro 47-0203,
4-tert-butyl-N-[6-(2-hydroxy-ethoxy)-5-(2-methoxy-phenoxy)-
2,2"-bipyrimidin-4-yl]-benzenesulfon-amide) (Clozel et al,
1994) and PD 142893 (Ac-[3,3-D-diphenylalanine]-L-Leu-L-
Asp-L-Ile-L-Trp) (Doherty et al., 1993), the ET-selective re-
ceptor antagonist, FR 139317 ((R)2-[(R)-2-[(S)-2-[[1-(hexahy-
dro-1H-azepinyl) ] carbonyl] amino-4-methylpentanoyl] amino-
3-[3- (1-methyl-1H-indoyl) ] propionyl] amino -3- (2 - pyridyl) -
propionic acid) (Sogabe et al., 1993), and the selective ETg-
receptor agonist, IRL 1620 (Suc-[GIu®’, Ala'"'*Jendothelin-1
(18-21)) (Takai et al., 1992).
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Methods
Animal preparation

Male Sprague-Dawley rats weighing 420—-500 g were anaes-
thetized with pentobarbitone (60 mg kg~', i.p.). Body tem-
perature was maintained at 36—37°C via a rectal thermometer
and a heat lamp connected to a Thermistemp Temperature
Controller (Model 71; Yellow Springs Instrument Co. Inc.,
OH, U.S.A.). A polyethylene catheter (PES0) filled with he-
parin-treated saline (0.9% NaCl, 25 iu ml~") was inserted into
the left iliac artery for continuous measurement of mean ar-
terial pressure (MAP) by a pressure transducer (P23DB, Gould
Statham, CA, U.S.A.) and the recording was displayed on a
Grass polygraph recorder (Model RPS, 7C8). The heart rate
(HR) was determined electronically from the systemic blood
pressure trace by a cardiotachograph (Grass, Model 7P4G).
PES50 cannulae were also implanted into the right iliac vein for
the administration of vehicle or drugs, and the inferior vena
cava via the left iliac vein for monitoring of central venous
pressure (CVP) by another pressure transducer (P23DB,
Gould Statham). A saline-filled, balloon-tipped catheter was
inserted into the right atrium through the right external jugular
vein. The proper location of the balloon was tested by transient
inflation of the balloon, which when correctly placed, stopped
the circulation within 5 s of inflation. This led to a simulta-
neous decrease in MAP to 20—25 mmHg and an increase in
CVP to a plateau value. Additional cannulae were inserted into
the left ventricle via the right carotid artery, for the injection of
radioactively-labelled microspheres for the measurement of
cardiac output (CO), and into the right iliac artery for the
withdrawal of a reference blood sample, as described in Wang
et al. (1995) and Waite er al. (1995). The position of the ven-
tricular catheter was verified by the appearance of the ventri-
cular pulse pressure.

The method for determining MCFP has been described in
detail elsewhere (see Tabrizchi & Pang, 1992; Wang et al., 1995).
Briefly, steady-state readings of MAP and CVP were obtained
45 s after inflation of the atrial balloon. To avoid the need to
equilibrate arterial and venous pressures during circulatory ar-
rest, the arterial pressure contributed by the small amount of
trapped arterial blood was corrected by the following formula:
MCFP=VPP+1/60 (FAP — VPP), where FAP and VPP re-
present, respectively, the final arterial pressure and venous
plateau pressure obtained within 5 s of circulatory arrest, and 1/
60 represents the ratio of arterial to venous compliance.

Microsphere technique

A well-stirred suspension (150 ul) containing 20,000—25,000
microspheres (15 um diam.; DuPont Canada, Ontario, Cana-
da) labelled with *’Co were injected and flushed over 10 s into
the left ventricle at the end of a 30 min stabilization period
(baseline measurements) and at 10 min after i.v. injection of
PD 142893, bosentan or FR 139317 as well as at 13 min after
1.v. bolus injections of endothelin, IRL 1620 or the vehicle.
Blood was withdrawn for 1 min at 0.35 ml min~' from the
right iliac arterial cannula into a heparin-treated syringe (0.9%
Na(Cl, 50 iu ml~") starting at 10 s before the injection of each
set of microspheres with a Harvard infusion/withdrawal pump.
The radioactivity contained in the blood samples, syringes
used for injection of microspheres and collection of blood, and
test tubes used for holding the radiolabelled samples was
counted by means of a 1185 Series Dual Channel Automatic
Gamma Counter (Nuclear-Chicago, IL, U.S.A.) with a 3 inch
Nal crystal at energy settings of 80—160 keV. The withdrawn
blood was slowly injected back into the rats immediately after
the counting of radioactivity.

Experimental protocol

Rats were randomly divided into 9 groups (n=26 each). After
30 min of equilibration, baseline readings of MAP, HR and

CO followed by MCFP were taken. Afterwards, cumulative
doses of ET-1 (0.5, 1 and 2 nmol kg~") or equal volumes of
saline (0.2, 0.2 and 0.4 ml kg~") were injected as an i.v. bolus,
into two groups at dose-intervals of 15 min. Haemodynamic
measurements were taken at 13 min after injection, at the
plateau phase of the response to ET-1. Two other groups re-
ceived bosentan (10 mg kg=', 0.4 ml kg~', injected i.v. over
2 min) followed 12 min later by injection of cumulative doses
of either ET-1 or saline. Another two groups received PD
142893 (22 mg kg~', 0.4 ml kg~ ', i.v., injected over 1 min)
and two other groups received FR 139317 (1 mg kg™',
0.4 ml kg™ ', i.v., injected over 1 min); dose-response curves to
ET-1 or saline were also constructed as described for bosentan.
A final group received injections of cumulative doses of IRL
1620 (0.5, 1 and 2 nmol kg~', i.v. bolus) at 15 min intervals. In
3 rats, FR 139317 (1 mg kg~ ', i.v.) was given 12 min before
the IRL 1620 curve was constructed to evaluate its selectivity
for ET s-receptors.

Drugs

The following drugs were used: ET-1 (human/porcine, Penin-
sula Lab., Inc., Belmont, CA, U.S.A.), PD 142893 and FR
139317 (Parke-Davis Pharmaceutical Research Div., Ann Ar-
bor, MI, U.S.A.), bosentan (F. Hoffmann-La Roche Ltd,
Preclinical Research Dept., Basel, Switzerland), and IRL 1620
(Peptide Institute Inc., Osaka, Japan). All drugs were dissolved
in saline (0.9% NaCl) except for bosentan that was dissolved
in distilled water. Aliquots of stocks ET-1 and IRL 1620 were
stored at —20°C until use. PD 142893, bosentan and FR
139317 were freshly prepared before use.

Calculations and statistical analysis

CO (ml min~"), arterial resistance (R,, mmHg min ml~") and
venous resistance (Ry, mmHg min ml~") were calculated ac-
cording to the formulae:

o — rate of withdrawal of blood x total injected c.p.m.

c.p.m. in withdrawn blood

MAP

Rp = 0
AT7Co

_ MCFP - CVP
- <o

Due to a technical difficulty in monitoring right atrial pressure
in small animals, CVP rather than right atrial pressure was
used to calculate pressure gradient to venous return (MCFP —
right atrial pressure), as mean CVP is nearly identical to mean
right atrial pressure (Rothe, 1993).

All results are expressed as mean +s.e.mean and analysed
by analysis of variance followed by Duncan’s multiple range
test, with P<0.05 selected as the criterion for statistical sig-
nificance.

Ry

Results

There was no significant difference in the baseline values of
MAP (ranged from 99+2 to 102+ 6 mmHg), HR (340+10 to
3684+10 beats min~'), Ry (0.040+0.003 to 0.046+
0.004 mmHg min ml~"), Ry (1.0440.05 to 1.10+0.04 mmHg
min ml~"), CO (9444 to 98+8 ml min~') and MCFP
(4.8+0.2 to 5.3+0.3 mmHg) between the nine groups of
pentobarbitone-anaesthetized rats.

The vehicle did not significantly alter any variables in the
time-control group (Figure 1). Injection of each dose of ET-1
(0.5, 1 and 2 nmol kg™') evoked an initial transient (45 s
duration) fall in MAP (—28+5, —21+2 and — 18 +4 mmHg,
respectively). Thereafter, there was a prolonged, dose-depen-
dent rise in MAP that reached a plateau within 7— 10 min after
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injection (Figure 1a). At the plateau phase of the pressor re-
sponse to ET-1, HR and CO were decreased, while Ry, Ry and
MCFP were increased (Figure 1b,c.d,e.f).

The transient depressor response elicited by each dose of
ET-1 was abolished by bosentan and PD 142893 but unaffec-
ted by FR 139317. Decreases in MAP by ET-1 (0.5, 1 and
2nmol kg=") in FR 139317-treated rats were —22+3,
—1743 and —13+2 mmHg; respectively, and these readings
were not significantly different from the corresponding read-
ings in rats injected with ET-1.

Lv. injection of each dose of IRL 1620 (0.5 and
1 nmol kg~") also elicited a biphasic MAP response, with a
transient fall (—20+2, —214+3 and —20+2 mmHg, respec-
tively) followed by a dose-dependent sustained increase in
MAP (Figure la). IRL 1620 also reduced HR and CO and
increased Ry, R,y and MCFP (Figure 1b,c,d,e,f).

The IRL 1620-induced increases in MAP (0.5 and
1 nmol kg™"), Ra (1 and 2 nmol kg™') and Ry (2 nmol kg™ "),
and the reduction in CO (2 nmol kg~!) were significantly less
than those of ET-1. In these rats, a higher dose (4 nmol kg~ ")
of IRL 1620 caused either similar effects to those elicited by the
2 nmol kg ' dose or was less effective (results not shown).

In the presence of bosentan (10 mg kg~"'), the vehicle did
not cause any haemodynamic effects. Bosentan abolished the
effects of ET-1 on Ry and MCFP (effects insignificantly dif-
ferent from corresponding readings in the time-controls) and
markedly inhibited the effects of ET-1 on MAP, R,, HR and
CO (Figure 2). Pretreatment with bosentan (20 mg kg~', n=3)
did not cause greater inhibition of the haemodynamic effects of
ET-1 (results not shown).

In PD 142893-pretreated time-control rats, saline did not
alter MAP, HR, Ry R, or CO but increased MCFP at the
last reading (P<0.05 from the pre-PD 142893 baseline as
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Figure 1 Changes induced by cumulative i.v. bolus injections of
endothelin-1 (ET-1), IRL 1620 or equivalent volumes of vehicle
(0.9% NacCl) on mean arterial pressure (MAP, a), heart rate (HR, b),
venous resistance (Ry, c), arterial resistance (Ra, d), cardiac output
(CO, e) and mean circulatory filling pressure (MCFP, f) in three
groups of pentobarbitone-anaesthetized rats (n=6 each). The
measurements were obtained 13 min after the injection of ET-I,
IRL 1620 or vehicle. Points show the mean and vertical lines indicate
s.e.mean. *Significantly different (P <0.05) from the corresponding
values in the vehicle group. #Significantly different (P <0.05) from the
corresponding values in ET-1-treated group.

well as the vehicle time-control values in Figure 1). These
results suggest that PD 142893 has a partial agonistic ac-
tion on MCFP. In the presence of PD 142893, the effects
of ET-1 on MAP, Ry, Ry, and CO were abolished, but the
effects on MCFP and HR were unaffected (Figure 3).

In rats pretreated with FR 139317, injection of saline did
not cause any significant haemodynamic changes (Figure 4).
FR 139317 partially inhibited the effects of ET-1 on MAP,
HR, Ry, R5, CO and MCFP; there was a tendency for a
greater inhibition with lower doses than with higher doses of
ET-1. Higher doses of FR 139317 (5 and 10 mg kg=', n=3
each) did not cause further inhibition of the effects of ET-1 on
MAP, HR, Ry, R, CO and MCFP (results not shown). Pre-
treatment with FR 139317 (1 mg kg~ ', i.v., n=3) did not in-
hibit IRL 1620-induced changes in MAP, HR, Ry, R, CO and
MCFP (results not shown) indicating its selectivity for ET -
receptors.

Discussion

Similar to results from a previous study (Palacios et al., 1997),
an i.v. bolus injection of ET-1 in pentobarbitone-anaesthetized
rats caused an initial transient decrease (<1 min) followed by
a prolonged increase in MAP. At 13 min after injection, ET-1
significantly increased MAP, MCFP, R, and Ry, and reduced
CO as well as HR. The maximum increase in MCFP
(2.0 mmHg) induced by ET-1 was less than those elicited by
noradrenaline (3.3 mmHg), angiotensin II (4.8 mmHg) and
the a,-adrenoceptor agonist BHT 920 (3.0 mmHg) (Pang &
Tabrizchi, 1986). The rise in MAP elicited by ET-1 was due to
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Figure 2 Changes induced by cumulative i.v. bolus injections of
endothelin-1 (ET-1) or equivalent volumes of vehicle (0.9% NaCl) on
mean arterial pressure (MAP, a), heart rate (HR, b), venous
resistance (Ry, c), arterial resistance (Ra, d), cardiac output (CO,
e) and mean circulatory filling pressure (MCFP, f) in two groups of
pentobarbitone-anaesthetized rats (n=6 each) pretreated with
bosentan (10 mg kg~"', i.v.)) 12 min before the start of the dose-
response curves. The control ET-1-treated group is also plotted
(control). The measurements were obtained 13 min after the injection
of ET-1 or vehicle. Points show the mean and vertical lines indicate
s.e.mean. *Significantly different (P <0.05) from the corresponding
values in the vehicle group. #Significantly different (P<0.05) from
the corresponding values in the control ET-1-treated group.
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Figure 3 Changes induced by cumulative i.v. bolus injections of
endothelin-1 (ET-1) or equivalent volumes of vehicle (0.9% NaCl) on
mean arterial pressure (MAP, a), heart rate (HR, b), venous
resistance (Ry, c), arterial resistance (Ra, d), cardiac output (CO,
e) and mean circulatory filling pressure (MCFP, f) in two groups of
pentobarbitone-anaesthetized rats (n=6 each) pretreated with PD
142893 (22 mg kg~ ', iv.) 12 min before the start of the dose-
response curves. The control ET-1-treated group is also plotted. The
measurements were obtained 13 min after the injection of ET-1 or
vehicle. Points show the mean and vertical lines indicate s.e.mean.
*Significantly different (P<0.05) from the corresponding values in
the vehicle group. *Significantly different (P<0.05) from the
corresponding values in the control ET-1-treated group.

increases in systemic arterial resistance, as CO was decreased.
The fall in CO elicited by ET-1 (0.5, 1 and 2 nmol kg™') was
the result of increases in arteriolar (+62, +108 and +162%
over baseline, respectively) and venous (+70, +132 and
+179%) resistances and fall in HR.

The ETg-receptor agonist IRL 1620, similar to ET-1, caused
a biphasic MAP response. The initial depressor responses were
similar in magnitude to those of ET-1 and were not blocked by
FR139317 (results not shown). The activation of ETg-recep-
tors has been shown to mediate the release of nitric oxide and/
or prostacyclin (see Introduction). At 13 min after injection,
IRL 1620 (0.5, 1 and 2 nmol kg~") decreased CO and HR and
increased MAP, MCFP, R, (+ 51, +63, +86% over baseline,
respectively) and Ry (+81, +89, +98% over baseline). FR
139317 did not inhibit haemodynamic responses to IRL 1620
(results not shown). The pressor response to IRL 1620 was due
to the constriction of arterioles since R, was increased and CO
was decreased. Reduced CO elicited by IRL 1620 was due to a
reduction in HR and constrictions of both arterial and venous
resistance vessels. IRL 1620, like ET-1, has similar efficacy in
constricting resistance arteries and veins. The exact site
whereby IRL 1620 raised venous resistance is unknown. An
important location of venous resistance is the hepatic bed
where a pressure gradient of 4 to 15 mmHg exists between the
portal vein and the inferior vena cava at the exit junction of the
hepatic vein (Tabrizchi et al., 1993; Pang, 1994). An increase in
venous resistance would be expected to reduce venous return
and therefore cardiac output due to the accumulation of blood
in the venules of the splanchnic bed.

Maximum MAP, R4, Ry and CO responses to IRL 1620
were significant less than those to ET-1, suggesting the over-
lapping roles of ETA- and ETg-receptors in the mediation of
these responses. Maximum responses to IRL 1620 were
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Figure 4 Changes induced by cumulative i.v. bolus injections of
endothelin-1 (ET-1) or equivalent volumes of vehicle (0.9% NaCl) on
mean arterial pressure (MAP, a), heart rate (HR, b), venous
resistance (Ry, c), arterial resistance (Ra, d), cardiac output (CO,
e) and mean circulatory filling pressure (MCFP, f) in two groups of
pentobarbitone-anaesthetized rats (n=6 each) pretreated with FR
139317 (1 mg kg~ ', i.v.) 12 min before the start of the dose-response
curves. The control ET-1-treated group is also plotted. The
measurements were obtained 13 min after the injection of ET-1 or
vehicle. Points show the mean and vertical lines indicate s.e.mean.
*Significantly different (P<0.05) from the corresponding values in
the vehicle group. *Significantly different (P<0.05) from the
corresponding values in the control ET-1-treated group.

achieved since haemodynamic responses to a higher dose
(4 nmol kg=") were either similar or less than those to
2 nmol kg’l. In accordance with our findings, IRL 1620
caused less systemic vasoconstriction in anaesthetized rats
(Beyer et al., 1995) and a smaller increase in MAP in conscious
rats (Filep et al., 1994) than ET-1 did. Sarafotoxin Séc also
caused a smaller pressor response in pithed rats (Flynn et al.,
1995) and less constriction in situ in human forearm resistance
arteries (Haynes et al., 1995a) and dorsal hand veins (Haynes
et al., 1995b; Strachan et al., 1995) than did ET-1. To our
knowledge, this is the first study to quantify the constrictor
roles of both ET,- and ETg-receptors in the venous system in
vivo.

Pretreatment with bosentan (10 mg kg~') inhibited com-
pletely the effects of all doses of ET-1 on Ry and MCFP but
incompletely (though markedly) inhibited the effects of ET-1
on MAP, HR, R, and CO. We are convinced that maximum
inhibition of ET-1 effects was obtained since bosentan
(20 mg kg~'; n=13) caused similar inhibition of ET-1 responses
in preliminary studies as did 10 mg kg~'. Furthermore, Filep
et al. (1994) showed that bosentan, at 10 and 20 mg kg~ ',
caused similar (87%) inhibition of the pressor effect of ET-1
(1 nmol kg~") in conscious rats. In the present study, bosentan
alone (10 mg kg™") did not cause any haemodynamic changes
suggesting that it has negligible partial agonistic activity.

Doherty et al. (1993) showed that PD 142893 at 11 mg kg~!
inhibited the depressor but not the pressor response to ET-1 in
anaesthetized, ganglionic-blocked rats. In our preliminary
studies (n=35), PD 142893 11 mg kg~' also inhibited the
transient depressor but not the pressor effects of ET-1. This
dose of PD 142893 also did not attenuate the effects of ET-1 on
Ry, Ry and CO. However, PD 142893 at 22 mg kg~ (i.v.,
bolus) abolished the transient depressor effects of ET-1 (results
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not shown) as well as the sustained effects of ET-1 on MAP,
Ry, R4 and CO, but did not inhibit the effects of ET-1 on HR
and MCFP. PD 142893 alone did not alter MAP, Ry, Rx, CO
or HR, but slightly increased MCFP with time suggesting that
it has a slight partial agonistic action on MCFP; the receptors
involved in the rise of MCFP remain unclear.

The selective ET,-receptor antagonist, FR 139317
(1 mg kg~"') partially inhibited the effects of ET-1 on MAP,
HR, Ry, Rs, CO and MCFP. Incomplete inhibition of all
haemodynamic effects of ET-1 by FR 139317 was not due to a
short duration of action of the compound or an insufficient
dose, since higher doses of FR 139317 (5 and 10 mg kg~ ") did
not further suppress the effects of ET-1 in preliminary studies.
Moreover, after the completion of the dose-response curve to
saline in time-control rats pretreated with FR 139317
(1 mg kg—"), the effects of ET-1 (0.5 and 1 nmol kg~') were
still similarly (results not shown) inhibited as in FR 139317-
pretreated rats given only ET-1. FR 139317 (1 mg kg™") nei-
ther inhibited the depressor response to ET-1 nor haemody-
namic changes elicited by IRL 1620 (0.5, 1 and 2 nmol kg~ ',
1.v. bolus) indicating its selectivity for ET-receptors. Our re-
sults show that the haemodynamic effects elicited by ET-1 are
partially mediated via the activation of ETj4-receptors. In-
complete inhibition of the pressor effects of ET-1 by FR
139317 (Bird & Waldron, 1993; Filep et al., 1994; Gardiner et
al., 1994) or the ET 4-receptor antagonist BQ 123 (McMurdo et
al., 1993) has been described previously.

To summarize, our results on the efficacy of IRL 1620 at
elevating R,, Ry and MCFP show that ETg-receptors mediate
both arterial and venous tone. The ability of FR139317 to

References

BATRA, V.K., MCNEILL, J.R., XU, Y., WILSON, T.W. & GOPALAK-
RISHNAN, V. (1993). ETg receptors on aortic smooth muscle cells
of spontaneously hypertensive rats. Am. J. Physiol., 264, C479 —
C484.

BEYER, M.E., SLESAK, G. & HOFFMEISTER, H.M. (1995). In vivo
hemodynamic and iontropic effects of the endothelin B agonist
IRL 1620. J. Cardiovasc. Pharmacol., 26, (Suppl. 3), S190—-S192.

BIRD, J.E. & WALDRON, T.L. (1993). Incomplete inhibition of
endothelin-1 pressor effects by an endothelin ET, receptor
antagonist. Eur. J. Pharmacol., 240, 295—298.

CLARKE, J.G., BENJAMIN, N., LARKIN, S.W., WEBB, D.J., DAVIES,
G.J. & MASERI, A. (1989). Endothelin is a potent long-lasting
vasoconstrictor in men. Am. J. Physiol., 257, H2033 -H2035.

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

CLOZEL, M., GRAY, G.A., BREU, V., LOFFLER, B.-M. & OSTER-
WALDER, R. (1992). The endothelin ETp 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.

D’ORLEANS-JUSTE, P., CLAING, A., WARNER, T.D., YANO, M. &
TELEMAQUE, S. (1993). Characterization of receptors for
endothelins in the perfused arterial and venous mesenteric
vasculatures of the rat. Br. J. Pharmacol., 110, 687 —692.

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

EKELUND, U., ALBERT, U., EDVINSSON, L. & MELLANDER, S.
(1993). In vivo effects of endothelin-1 and ET4 receptor blockade
on arterial, venous and capillary functions in skeletal muscle.
Acta Physiol. Scand., 148, 273 —283.

suppress partially the effects of ET-1 (but not those of IRL
1620) on RA, Ry and MCFP suggest that ET-receptors are
also involved. While bosentan and PD 142893 almost com-
pletely inhibited the effects of ET-1 on R, and Ry, bosentan
but not PD 142893 inhibited the effects of ET-1 on MCFP. It
has been suggested that contractile responses to ET-1 may
involve the activation of a third subtype of receptor that is
neither ET4 nor ETy (Harrison ez al., 1992; Filep et al., 1994).
Whether or not additional receptors are involved is unclear
and has to await the development of selective antagonists for
the yet unknown receptors.

Our results suggest that ET-1 increases Rs, Ry and MCFP
via the activation of both ET4- and ETg-receptors. ET-1 is
unlikely to play a significant role in the regulation of vascular
tone during normal conditions since plasma levels of endo-
thelins are low. Circulating levels of ET-1 are markedly in-
creased in pathophysiological conditions such as renal failure,
heart failure and various states of shock (cardiogenic, hae-
morrhage, septic) (see reviews by Tamirisa et al., 1995; Gray &
Webb, 1996; Noll et al., 1996). Under such conditions, ET-1
may play a significant constrictor role in both the arterial as
well as the venous system in vivo.

This work was supported by Heart & Stroke Foundation of B.C. &
Yukon. B.P. is the recipient of a postdoctoral fellowship from the
Ramoén Areces Foundation in Spain. We thank Dr A.M. Doherty
(Parke-Davis, U.S.A.) for the generous supply of PD 142893 and
FR 139317, Dr M. Clozel (Hoffmann-La Roche Ltd, Switzerland)
for bosentan and Dr Y. Kishida (Peptide Institute Inc., Japan) for
IRL 1620.

FILEP, J.G., BATISTINI, B., COTE, Y.P.,, BEAUDOIN, A.R. & SIROIS, P.
(1991). Endothelin-1-induced prostacyclin release from bovine
aortic endothelial cells. Biochem. Biophys. Res. Commun., 177,
171-176.

FILEP, J.G., CLOZEL, M., FOURNIER, A. & FOLDES-FILEP, E. (1994).
Characterization of receptors mediating vascular responses to
endothelin-1 in the conscious rat. Br. J. Pharmacol., 113, 845—
852.

FLYNN, D.A., SARGENT, C.A., BRAZDIL, R., BROWN, T.J. & ROACH,
A.G. (1995). Sarafotoxin S6c elicits a non-ET, or non-ETg-
mediated pressor response in the pithed rat. J. Cardiovasc.
Pharmacol., 26 (Suppl. 3), S219-S221.

FUJITA, K., MATSUMURA, Y., KITA, S., MIYAZAKI, Y., HISAKI, K.,
TAKAOKA, M. & MORIMOTO, S. (1995). Role of endothelin-1 and
the ETA receptor in the maintenance of deoxycorticosterone
acetate-salt-induced hypertension. Br. J. Pharmacol., 114, 925 —
930.

FUJITANI, Y., UEDA, H., OKADA, T., URADE, Y. & KARAKI, H.
(1993). A selective agonist of endothelin type B receptor, IRL
1620, stimulates cyclic GMP increase via nitric oxide formation
in rat aorta. J. Pharmacol. Exp. Ther., 267, 683 —689.

GARDINER, S.M., KEMP, P.A., MARCH, J.E., BENNETT, T., DAVEN-
PORT, A.P. & EDVINSSON, L. (1994). Effects of an ET-receptor
antagonist, FR 139317, on regional haemodynamic responses to
endothelin-1 and [Ala'""'*JAc-endothelin-1 (6-21) in conscious
rats. Br. J. Pharmacol., 112, 477 —486.

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

GRAY, G.A. & WEBB, D.J. (1996). The endothelin system and its
potential as a therapeutic target in cardiovascular disease.
Pharmacol. Ther., 72, 109 —148.

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

HAYNES, W.G., STRACHAN, F.E., GRAY, G.A. & WEBB, D.J. (1995a).
Forearm vasoconstriction to endothelin-1 is mediated by ETx
and ETg receptors in vivo in humans. J. Cardiovasc. Pharmacol.,
26 (Suppl. 3), S40—S43.



998 B. Palacios et al

Venous receptors of endothelin-1

HAYNES, W.G., STRACHAN, F.E. & WEBB, D.J. (1995b). Endothelin
ETA and ETp receptors cause vasoconstriction of human
resistance and capacitance vessels in vivo. Circulation, 92, 357 —
363.

HIRATA, Y., EMORL, T., EGUCHL S., KANNO, K., IMAL T., OHATA,
K. & MARUMO, F. (1993). Endothelin receptor subtype B
mediates synthesis of nitric oxide by cultured bovine endothelial
cells. J. Clin. Invest., 91, 1367 —1373.

KARAKI, H., SUDJARWO, S.A., HORI, M., TAKAI, M., URADE, Y. &
OKADA, T. (1993). Induction of endothelium-dependent relaxa-
tion in the aorta by IRL 1620, a novel and selective agonist at the
endothelin ETg receptor. Br. J. Pharmacol., 109, 486 —490.

LERMAN, A., HILDEBRAND, F.L., AARHUS, L.L. & BURNETT, J.C.
(1991). Endothelin has biological actions at pathophysiological
concentrations. Circulation, 83, 1808 —1814.

MAGUIRE, J.J., KUC, R.E. O'REILLY, G. & DAVENPORT, A.P. (1994).
Vasoconstrictor endothelin receptors characterized in human
renal artery and vein in vitro. Br. J. Pharmacol., 113, 49— 54.

MCMURDO, L., CORDER, R., THIEMERMANN, C. & VANE, J.R.
(1993). Incomplete inhibition of the pressor effects of endothelin-
1 and related peptides in the anaesthetized rat with BQ-123
provides evidence for more than one vasoconstrictor receptor.
Br. J. Pharmacol., 108, 557—561.

MILLER, V.M. & MICHENER, S.R. (1995). Modulation of contrac-
tions to and receptors for endothelins in canine veins. Am. J.
Physiol., 268, H345—-H350.

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 vasocon-
strictor ETg-like receptors. Biochem. Biophys. Res. Commun.,
184, 100-106.

NOLL, G., WENZEL, R.R. & LUSCHER, T.F. (1996). Endothelin and
endothelin antagonists: potential role in cardiovascular and renal
disease. Mol. Cell. Biochem., 157, 259—-267.

OPGAARD, O.S., ADNER, M., GULBENKIAN, S. & EDVINSSON, L.
(1994). Localization of endothelin immunoreactivity and demon-
stration of constrictory endothelin-A receptors in human
coronary arteries and veins. J. Cardiovasc. Pharmacol., 23,
576—583.

PALACIOS, B., LIM, S.L. & PANG, C.C.Y. (1997). Effects of
endothelin-1 on arterial and venous resistances in anaesthetized
rats. Eur. J. Pharmacol., 327, 183 —188.

PANG, C.C.Y. (1994). The Effects of Drugs on the Venous System.
pp-1-139 Austin, Texas, U.S.A.: Medical Intelligence Unit,
R.G. Landes Co.

PANG, C.C.Y. & TABRIZCHI, R. (1986). The effects of noradrenaline,
B-HT 920, methoxamine, angiotensin II and vasopressin on
mean circulatory filling pressure in conscious rats. Br. J.
Pharmacol., 89, 389 —394.

RIEZEBOS, J., WATTS, L.S. & VALLANCE, P.J.T. (1994). Endothelin
receptors mediating functional responses in human small arteries
and veins. Br. J. Pharmacol., 111, 609 —-615.

ROTHE, C.F. (1993). Mean circulatory filling pressure: its meaning
and measurements. J. Appl. Physiol., 74, 499 —509.

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

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

SHETTY, S.S., OKADA, T., WEBB, R.L., DELGRANDE, D. & LAPPE,
R.W. (1993). Functionally distinct endothelin B receptors in
vascular endothelium and smooth muscle. Biochem. Biophys.
Res. Commun., 191, 459 —464.

SOGABE, K., NIREI, H., SHOUBO, M., NOMOTO, A., AO, S., NOTSU,
Y. & ONO, T. (1993). Pharmacological profile of FR139317, a
novel, potent endothelin ET4 receptor antagonist. J. Pharmacol.
Exp. Ther., 264, 1040—1046.

STRACHAN, F.E., HAYNES, W.G. & WEBB, D.J. (1995). Endothelium-
dependent modulation of venoconstriction to sarafotoxin S6¢ in
human veins in vivo. J. Cardiovasc. Pharmacol., 26 (Suppl. 3),
S180—-S182.

SUMNER, M.J., CANNON, T.R., MUNDIN, J.W., WHITE, D.G. &
WATTS, 1.S. (1992). Endothelin ET4 and ETg receptors mediate
vascular smooth muscle contraction. Br. J. Pharmacol., 107,
858 -860.

TABRIZCHI, R., LIM, S.L. & PANG, C.C.Y. (1993). Possible
equilibration of portal venous and central venous pressures
during circulatory arrest. Am. J. Physiol., 264, H259—-H261.

TABRIZCHI, R. & PANG, C.C.Y. (1992). Effects of drugs on body
venous tone, as reflected by mean circulatory filling pressure.
Cardiovasc. Res., 26, 443 —448.

TAKAI, M., UMEMURA, I, YAMASAKI, K., WATAKABE, T.
FUJITANI Y., ODA, K., URADE, Y., INUIL, T., YAMAMURA, T. &
OKADA, T. (1992). A potent and specific agonist, Suc-[Glu’,
Ala'""3J-endothelin-1(18-21), IRL 1620, for the ETy receptor.
Biochem. Biophys. Res. Commun., 184, 953 —959.

TAMIRISA, P., FRISHMAN, W.H. & KUMAR, A. (1995). Endothelin
and endothelin antagonism: roles in cardiovascular health and
disease. Am. Heart J., 130, 601 —-610.

WAITE, R.P., LIM, S.L. & PANG, C.C.Y. (1995). Effects of pinacidil on
arterial and venous resistances and mean circulatory filling
pressure in rats. Br. J. Pharmacol., 116, 2322 —2326.

WAITE, R.P. & PANG, C.C.Y. (1990). Effects of endothelin on arterial
pressure and venous tone in intact and hexamethonium-treated
conscious rats. J. Cardiovasc. Pharmacol., 16, 940 —944.

WAITE, R.P. & PANG, C.C.Y. (1992). The sympathetic nervous system
facilitates endothelin-1 effects on venous tone. J. Pharmacol.
Exp. Ther., 260, 45—-50.

WANG, Y.X., LIM, S.L. & PANG, C.C.Y. (1995). Increase by NS-nitro-
L-arginine methyl ester (L-NAME) of resistance to venous return
in rats. Br. J. Pharmacol., 114, 1454 —1458.

WARNER, T.D., ALLCOCK, G.H., CORDER, R. & VANE, J.R. (1993).
Use of the endothelin antagonists BQ-123 and PD 142893 to
reveal three endothelin receptors mediating smooth muscle
contraction and the release of EDRF. Br. J. Pharmacol., 110,
777-1782.

WHITE, D.G., GARRATT, H., MUNDIN, J.W., SUMNER, M.J.,
VALLANCE, P.J. & WATTS, LS. (1994). Human saphenous vein
contains both endothelin ET5 and ETg contractile receptors.
Eur. J. Pharmacol., 257, 307-310.

(Received July 18, 1997
Accepted August 6, 1997)



