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Abstract

The mechanism of Hypoxic Pulmonary Vasoconstriction is unknown. The role of endothelin-1 in hypoxic pulmonary vasoconstriction
was studied in precontracted small and large pulmonary arteries using the endothelin ET receptor antagonist sodium-2-benzolA
w x Ž . Ž . Ž .1,3 dioxol-5-yl-4- 4-methoxyphenyl -4-oxo-3- 3,4,5-trimethoxy-benzyl -but-2-enoate CI-1020 . Small rat pulmonary arteries exhibit a
mixed endothelin ET receptor and endothelin ET receptor population whereas large rat pulmonary arteries contain only endothelinA B2

Ž .ET receptors. CI-1020 inhibited endothelin-1 in small vessels via endothelin ET receptor blockade 1 and 10 mM and at highA A
Ž . Ž .concentrations via endothelin ET receptor and endothelin ET receptor blockade 100 mM . CI-1020 0.01, 0.1 and 1 mM inhibitedA B2
Ž .endothelin-1 in large vessels via endothelin ET receptor blockade alone. CI-1020 1, 10 and 100 mM significantly reduced hypoxicA

pulmonary vasoconstriction in small vessels, by y9.8"1.4, y9.2"2.3 and y8.0"1.7% 80 mM Kq, respectively, compared to
Ž . Ž .q2.5"4.2% with vehicle P-0.05 . CI-1020 0.01, 0.1 and 1 mM had no significant effect upon hypoxic pulmonary vasoconstriction

in large vessels. In small, but not large, pulmonary arteries hypoxic pulmonary vasoconstriction is due in part to the action of endothelin-1
at the endothelin ET receptor. q 1999 Elsevier Science B.V. All rights reserved.A
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1. Introduction

The response of pulmonary arteries to hypoxia was first
Ž .described by Von Euler and Liljestrand 1946 , who noted

that the pulmonary arterial blood pressure of the cat was
raised when exposed to hypoxia. Vasoconstriction occurs
as an essential regulatory mechanism for the lung, whereby
ventilation is matched with perfusion, resulting in the
optimisation of gas exchange. Under pathophysiological
conditions hypoxic pulmonary vasoconstriction may also
be one of the underlying causes of numerous disease states
including pulmonary hypertension. The precise mechanism
of hypoxic pulmonary vasoconstriction has yet to be fully
characterised, despite intensive research. Hypoxia is known

Žto elicit closure of potassium channels Post et al., 1992;
Robertson et al., 1992; Turner and Kozlowski, 1997;

) Corresponding author. Tel.: q44-1482-624-067; Fax: q44-1482-
624-068

.Walker et al., 1998 with subsequent membrane depolari-
sation and activation of L-type calcium channels, although
how these channel effects are triggered remains obscure.

Initial research into hypoxic pulmonary vasoconstriction
relied heavily on the hypothesis that hypoxia triggered the
release of an endogenous vasoconstrictive agent. Numer-
ous potential mediators were studied but none was shown
to be a prerequisite for hypoxic pulmonary vasoconstric-
tion. A relatively recent discovery is the vasoconstrictor

Ž .endothelin-1 Yanagisawa et al., 1988 . Evidence of en-
Ž .dothelin-1 production in the lung Kitamura et al., 1989 ,

Žand the presence of endothelin receptors in the lung Koseki
.et al., 1989 coupled with the observation that endothelin-1

produces prolonged pulmonary vasoconstriction similar to
that due to hypoxia in vivo, raised the question of the
potential role of this peptide in hypoxic pulmonary vaso-
constriction. Endothelin receptors are classified into two
main families; endothelin ET receptors and endothelinA

ET receptors. Endothelin ET receptors can be subdi-B B

vided as follows; endothelin ET receptors are located onB1
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Ž .PII: S0014-2999 99 00300-3



( )R.D. Jones et al.rEuropean Journal of Pharmacology 374 1999 367–375368

endothelial cells and mediate vasodilatation via endothelial
Ž .derived relaxing factor nitric oxide release, endothelin

ET receptors are located on smooth muscle cells andB2
Ž .mediate constriction MacLean and McCulloch, 1998 .

Involvement of endothelin-1 in hypoxic pulmonary
vasoconstriction is also implied by observations of ele-
vated endothelin-1 plasma levels during hypoxia in the rat
Ž .Shirakami et al., 1991; Helset et al., 1995 and in humans

Ž .at altitude Goerre et al., 1995 or with pulmonary hyper-
Ž .tension Stewart et al., 1991; Giaid et al., 1993 . In

addition endothelin-1 has also been shown to cause mem-
brane depolarisation of rat pulmonary arterial myocytes via

Žinhibition of voltage sensitive potassium channels Salter
.and Kozlowski, 1998; Shimoda et al., 1998a via endothe-

lin ET receptors and also endothelin ET receptorsA B2
Ž .Salter and Kozlowski, 1998 . These observations provide
strong circumstantial evidence for the involvement of en-
dothelin-1 in hypoxic pulmonary vasoconstriction.

Despite evidence of endothelin ET receptor antago-A
Žnism Chen et al., 1993; Bonvallet et al., 1994; DiCarlo et

.al., 1995; Oparil et al., 1995; Chen et al., 1997 and mixed
endothelin ET receptor and endothelin ET receptor an-A B

Ž .tagonism Chen et al., 1995 preventing the development
of pulmonary hypertension in the rat, to date only one
report exists of endothelin-1 mediating hypoxic pulmonary
vasoconstriction in isolated vessels from adult animals:

Ž .Shimoda et al. 1998b showed endothelin ET receptorA

antagonism to abolish hypoxic pulmonary vasoconstriction
in isolated pig pulmonary arterial rings. In contrast neither

Žendothelin ET receptor Douglas et al., 1993; Ishizaki etA
.al., 1995 nor combined endothelin ET receptor andA

Ž .endothelin ET receptor Lazor et al., 1996 blockadeB2

significantly attenuated hypoxic pulmonary vasoconstric-
tion in isolated rat or canine pulmonary arteries.

We have previously shown that hypoxic pulmonary
vasoconstriction of rat pulmonary arteries in vitro occurs

Žas a four phase response Rogers and Morice, 1993;
.Woodmansey et al., 1993; Wanstall and O’Brien, 1996

which is greatly increased in magnitude once the vessels
have been primed with an agonist that elevates the level of

Žintracellular free calcium Hoshino et al., 1988; Teng and
.Barer, 1994 . Following constriction to the agonist, a

hypoxic oxygen tension at 378C results initially in vasodi-
Ž .lation Phase 1 , followed by a large hypoxic contraction

Ž . Ž .Phase 2 , and further vasodilation Phase 3 before the
eventual development of a second sustained hypoxic con-

Ž . Ž .traction Phase 4 Fig. 1 . Using the novel endothelin ETA
w xreceptor selective antagonist, sodium-2-benzol 1,3 dioxol-

Ž . Ž5-yl-4- 4-methoxyphenyl -4-oxo-3- 3,4,5-trimethoxy-benz-
. Ž .yl -but-2-enoate CI-1020 , we have studied the role of

endothelin-1 in all four of the phases of the response of
isolated rat pulmonary arteries to hypoxia, and also studied
the effect of CI-1020 upon the endothelin-1 concentra-
tion–response curve. The effect of endothelin ET receptorA

antagonism via CI-1020 upon hypoxic pulmonary vasocon-
striction has yet to be studied, and inhibition of the en-

Ž .Fig. 1. The four phase response to hypoxia of small top and large
Ž .bottom isolated rat pulmonary arteries following preconstriction with

Ž . Ž .prostaglandin F PGF : 5 mM and phenylephrine PE: 0.1 mM ,2 a 2 a

respectively.

dothelin-1 concentration–response curve with CI-1020 in
isolated pulmonary arteries has only been undertaken in

Ž .rabbit vessels Walker et al., 1995 .

2. Materials and methods

2.1. Vessel preparation

ŽMale Wistar rats ns55, mean body weights290"4
.g were killed by intra-peritoneal injection of sodium

Ž .pentobarbitone 15 mgr100 g body weight and either the
Ž . Žmain large pulmonary artery ns33, mean internal di-

.ameters2.27"0.05 mm or the lungs were removed and
placed in chilled physiological saline solution. The lungs
were pinned on an agarose plate, the main bronchus opened
longitudinally and small side branch pulmonary arteries
Ž .ns59, mean internal diameters478"27 mm were
carefully dissected. Large and small vessels of similar
diameter were used in all sets of experiments.

Small pulmonary arteries were mounted on two 40 mm
Žstainless steel wires in a small vessel myograph Cambus-
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. Ž .tion, UK , as described by Rogers et al. 1992 . The
Žmyograph baths contained physiological saline 120 mM

NaCl, 4.7 mM KCl, 1.17 mM MgSO , 25 mM NaHCO ,4 3

1.18 mM KH PO , 5.5 mM glucose, 2.5 mM CaCl and2 4 2
.26.9 mM EDTA warmed to 378C and bubbled with 95%

O r5% CO . Length–tension curves were plotted for each2 2

vessel before loading to a tension equivalent to a trans-mu-
ral pressure of 17.5 mm Hg, the normal in vivo resting
tension.

Large pulmonary arteries were placed in vertical jack-
eted 25 ml organ baths filled with physiological saline

Ž .Fig. 2. a Concentration–response curves for endothelin-1 in the pres-
Ž . Ž . Ž .ence of 1 mM CI-1020 B , 10 mM CI-1020 ` , 100 mM CI-1020 v

Ž .or distilled water I in small isolated rat pulmonary arteries. Values are
expressed as mean"S.E.M. U Represents significance of P -0.05.
UU Represents significance of P -0.01. UUU Represents significance of

Ž .P -0.001 from vehicle via Mann–Whitney–Wilcoxon rank test. b
Concentration–response curves for endothelin-1 in the presence of 0.01

Ž . Ž . Ž . Ž .mM CI-1020 B , 0.1 mM CI-1020 ` , 1 mM CI-1020 v or PSS I

in large isolated rat pulmonary arteries. Values are expressed as mean"

S.E.M. U Represents significance of P -0.05 from vehicle via Mann–
Whitney–Wilcoxon rank test.

Fig. 3. Concentration–response curves for endothelin-1 in the presence of
Ž . Ž .1 mM CI-1020 B , compared to 1 mM CI-1020q10 mM BQ788 I

Ž . Ž .top panel , and 10 mM CI-1020 v , compared to 10 mM CI-1020q10
Ž . Ž .mM BQ788 ` bottom panel , in small isolated rat pulmonary arteries.

Control endothelin-1 curves are shown for reference with a dotted line.
Values are expressed as mean"S.E.M. U Represents significance of P -

0.05. UU Represents significance of P -0.01 via Mann–Whitney–
Wilcoxon rank test.

Ž118 mM NaCl, 5.9 mM KCl, 0.72 mM MgSO , 25 mM4

NaHCO , 11.7 mM glucose, 1.5 mM CaCl and 24 mM3 2
.NaEDTA at 378C and bubbled with 95% O r5% CO .2 2

Vessels were loaded to a resting tension of 10 mN, repre-
Žsentative of the in vivo trans-mural pressure Wanstall et

.al., 1995 .
All vessels were left to equilibrate at their resting

tension for 1 h prior to double exposure to 80 mM pota-
ssium chloride to confirm that the vessels were reacting
consistently to a set concentration of agonist. Subsequent
responses were standardised via expression as a percentage
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of the mean response to 80 mM potassium chloride. Mean
80 mM potassium chloride contractions in small and large

Ž .pulmonary arteries were 3.41"0.11 mNrmm ns59
Ž .and 4.39"0.11 mNrmm ns33 , respectively. Repro-

ducibility and sensitivity to potassium chloride in all sets
of small and large vessels were comparable throughout.

2.2. The effect of CI-1020 on the endothelin-1
concentration–response curÕe

Ž . Ž .Small ns39 and large ns15 pulmonary arteries
Žwere exposed to either CI-1020 0.01, 0.1, 1, 10 or 100

.mM or distilled water or physiological saline in the dark

Ž .due to the light sensitivity of CI-1020 for 30 min before
exposure to cumulative concentrations of endothelin-1
Ž .0.1–300 nM . Concentration–response curves to endothe-

Ž .lin-1 0.1–300 nM were also produced in small pul-
monary arteries following 30 min incubation in the dark

w wŽ .with the endothelin ET receptor antagonist, N- 2 R,6S -B
x x w2,6-dimethyl-piperidino-carbonyl -4-methyl-D-leucyl - N-

Ž . xomega methoxycarbonyl -D-tryptophanyl -D-Nle-Ona
Ž . Ž . ŽBQ788 10 mM in the presence of CI-1020 1 or 10

.mM .
Based on the results of these experiments, concentra-

tions of CI-1020 of 1, 10 and 100 mM were used in small
pulmonary arteries, and 0.1, 1 and 10 mM in large pul-

Ž . Ž . Ž .Fig. 4. a Bar chart showing the repeatability of responses to prostaglandin F 5 mM and hypoxia four phases in small isolated rat pulmonary arteries2 a

Ž . Ž .pre- white bars and post-vehicle-distilled water grey bars . No significant differences are seen. Differences between pre- and post-vehicle responses are
Ž .used as control values and compared to differences in pre- and post-CI-1020 values. b Bar chart showing the repeatability of responses to phenylephrine

Ž . Ž . Ž . Ž .0.1 mM and hypoxia four phases in large isolated rat pulmonary arteries pre- white bars and post-vehicle-PSS grey bars . No significant differences
are seen. Differences between pre- and post-vehicle responses are used as control values and compared to differences in pre- and post-CI-1020 values.
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monary arteries for the study of hypoxic pulmonary vaso-
constriction.

2.3. The effect of CI-1020 on hypoxic pulmonary
Õasoconstriction

Ž . Ž .Small ns32 and large ns18 pulmonary arteries
Ž .were preconstricted with prostaglandin F 5 mM and2 a

Ž .phenylephrine 0.1 mM , respectively. Phenylephrine was
used in large pulmonary arteries since contractions to
prostaglandin F tended to fluctuate. The ‘control’ re-2 a

sponse was produced by changing the gas from 95%
O r5% CO to 95% N r5% CO until the fourth phase of2 2 2 2

the hypoxic response had reached equilibrium, or for a
total of 60 min if no Phase 4 was seen. Each phase was
recorded as the change in tension from the previous peak
or trough.

Following washout, replacing the original gas and re-
establishment of the initial baseline, the vessels were ex-

Ž .posed to either CI-1020 0.1, 1, 10 or 100 mM or distilled
water or physiological saline in the dark for 30 min.
Vessels were then preconstricted with prostaglandin F or2 a

phenylephrine before the ‘test’ hypoxic response was ob-
tained. Differences between test and control responses
from vessels exposed to CI-1020 were compared with
differences between test and control responses in vessels
exposed to vehicle. The contractions to prostaglandin F2 a

and phenylephrine, and each of the four phases of the
control response to hypoxia were not significantly different

Žin the various series of experiments P)0.05; Kruskal–
.Wallis non-parametric analysis of variance, ANOVA .

Hence, the values cited in Section 3 represent the pooled
data.

2.4. Solutions and drugs

Prostaglandin F was obtained from the Royal Hal-2 a

lamshire Hospital pharmacy, Sheffield. BQ788 was ob-
tained from Sigma, Poole, UK or Sigma, Australia. En-
dothelin-1 was obtained from Sigma, Poole, UK or Aus-

pep, Australia. CI-1020 was a gift from Parke-Davis, Ann
Arbor, MI, USA. Phenylephrine was obtained from Sigma,
Australia and dissolved in 10 mM hydrochloric acid to
give a 10 mM stock solution. All other drugs were dis-
solved in distilled water and diluted in either distilled
water or physiological saline.

2.5. Statistical analysis

Values are expressed as mean"S.E.M. and analysed
via the Mann–Whitney–Wilcoxon rank test, Kruskal–Wal-
lis non-parametric analysis of variance ANOVA, or Stu-
dents paired or unpaired t-test where appropriate. Signifi-
cance was assumed with values of P-0.05.

3. Results

3.1. The effect of CI-1020 on the endothelin-1
concentration–response curÕe

Inhibition of the endothelin-1 concentration–response
curves by CI-1020 in small and large pulmonary arteries
are shown in Fig. 2a and b, respectively. In small pul-
monary arteries a marked rightward shift of the endothelin-
1 curve was produced by 100 mM CI-1020, with a reduc-
tion in E occurring in the presence of 10 mM CI-1020.max

Slight inhibition of the response to 3 nM endothelin-1
curve was also produced by 1 mM CI-1020. In large
pulmonary arteries a parallel rightward shift of the en-
dothelin-1 curve was produced by 0.1 and 1 mM CI-1020.
Slight inhibition of the response to 1 nM endothelin-1
curve was produced by 0.01 mM CI-1020.

Inhibition of the endothelin-1 concentration–response
curves by CI-1020 in the absence and presence of BQ788
Ž .10 mM in small pulmonary arteries are shown in Fig. 3.
The shift in the endothelin-1 curve by a combination of 1
or 10 mM CI-1020 together with 10 mM BQ788 was
greater than with CI-1020 alone.

Table 1
Ž .Small pulmonary artery: pre-treatment response to hypoxia four phases and changes in response induced by Cl-1020 or vehicle

a b qŽ .Treatment Pre-treatment response or change in response % of K

Phase 1, relaxation Phase 2, contraction Phase 3, relaxation Phase 4, contraction
a Ž .Pre-treatment response None ns32 5.2"0.7 21.3"1.4 21.7"2.8 4.8"0.9

b Ž .Change in response Vehicle ns8 y3.2"1.9 q2.5"4.2 q1.0"6.7 y3.1"2.0
cŽ .Cl-1020 1 mM ns8 y2.9"0.8 y9.8"1.4 y11.2"5.0 y5.7"2.0
cŽ .Cl-1020 10 mM ns8 y1.5"1.5 y9.2"2.3 y7.9"4.2 y6.2"2.1
cŽ .Cl-1020 100 mM ns8 y2.5"0.9 y8.0"1.7 y9.6"3.2 y2.5"1.3

Mean values"S.E.M. are shown. nsnumber of vessels.
Data are expressed as a percentage of the reference contraction to 80 mM KCl.
a Ž .Pre-treatment responses in the four different series of experiments corresponding to vehicle and three concentrations of CI-1020 were not significantly

Ž .different P)0.05; Kruskal–Wallis non-parametric ANOVA and have therefore been pooled.
bChanges in response are in the same unit as the pre-treatment response: q indicates an increase and y a decrease in the size of the response.
c Ž .Value significantly different from the corresponding post-vehicle value P-0.05; Mann–Whitney–Wilcoxon rank test .



( )R.D. Jones et al.rEuropean Journal of Pharmacology 374 1999 367–375372

Table 2
Ž .Large pulmonary artery: pre-treatment response to hypoxia four phases and changes in response induced by Cl-1020 or vehicle

a b qŽ .Treatment Pre-treatment response or change in response % of K

Phase 1, relaxation Phase 2, contraction Phase 3, relaxation Phase 4, contraction
a Ž .Pre-treatment response None ns18 17.0"0.8 26.9"1.7 44.6"2.1 35.5"1.2

b Ž .Change in response Vehicle ns6 q3.0"1.2 q9.3"2.0 y5.7"4.1 y10.9"3.1
Ž .Cl-1020 0.1 mM ns4 q0.2"0.5 q1.5"2.2 y6.9"3.3 y10.3"2.6

Ž .Cl-1020 1 mM ns4 q3.3"0.8 q7.6"3.4 y6.6"3.4 y10.2"0.8
Ž .Cl-1020 10 mM ns8 q3.1"0.8 q0.1"2.4 y13.9"4.4 y8.3"3.3

Mean values"S.E.M. are shown. nsnumber of vessels.
Data are expressed as a percentage of the reference contraction to 80 mM KCl.
a Ž .Pre-treatment responses in the four different series of experiments corresponding to vehicle and three concentrations of CI-1020 were not significantly

Ž .different P)0.05; Kruskal–Wallis non-parametric ANOVA and have therefore been pooled.
bChanges in response are in the same unit as the pre-treatment response: q indicates an increase and y a decrease in the size of the response. None of the

Ž .post CI-1020 values were significantly different from the corresponding post vehicle value P)0.05; Mann–Whitney–Wilcoxon rank test .

3.2. The effect of CI-1020 on hypoxic pulmonary Õasocon-
striction

The pre-contractions did not alter significantly in mag-
nitude in the two sizes of vessel small pulmonary artery
Ž . Žns32 38.3"3.2% ns32; large pulmonary artery n

. Ž .s18 41.6"2.1% P-0.05 . The four phases of the
response to hypoxia had a markedly different time-course

Ž .in the different size vessels Fig. 1 with Phase 2 being far
more transient in the large pulmonary arteries.

CI-1020 had no significant effect on baseline tension at
any of the concentrations studied. It also had no effect on
the pre-contractions to prostaglandin F or phenylephrine,2 a

except at a concentration of 100 mM in small pulmonary
arteries, where a significant decrease in the prostaglandin

Ž .F contraction occurred of 18.0"4.5% P-0.01 . How-2 a

ever, the initial contraction to prostaglandin F in this2 a

group of vessels was significantly higher than the other
Ž .groups 50.4"6.1% compared to 34.2"5.7% P-0.05

whereas post drug responses are not significantly different
Ž .32.4"5.1% compared to 37.7"4.1% P)0.1 . Conse-

quently this may not represent inhibition of prostaglandin
F by CI-1020, but a different initial prostaglandin F2 a 2 a

responsiveness in this set of vessels.
The four phase response to hypoxia was reproducible

following the initial hypoxic exposure. In both small and
Žlarge pulmonary arteries the vehicle distilled water or

. Ž .PSS had no effect Fig. 4a and b . In small pulmonary
Ž .arteries CI-1020 1, 10 and 100 mM significantly reduced,

but did not abolish Phase 2 of hypoxic pulmonary vaso-
Žconstriction and had no effect upon any other phase Table

.1 . The degree of inhibition was comparable for all three
concentrations studied. In contrast, in large pulmonary

Ž .arteries CI-1020 0.1, 1 or 10 mM had no significant
Ž .effect on any phase of the hypoxic response Table 2 .

4. Discussion

The results of this study highlight the involvement of
endothelin-1 in the response of small isolated rat pul-

monary arteries to hypoxia. We have shown consistent
Ž .inhibition of the first contractile phase Phase 2 of hy-

poxic pulmonary vasoconstriction in these vessels, by the
novel endothelin ET receptor antagonist CI-1020. In con-A

trast, in large isolated rat pulmonary arteries CI-1020 had
no significant effect.

Ž .CI-1020 previously known as PD156707 is one of a
newly developed series of non-peptide, g-hydroxy buteno-

Ž .lide endothelin ET receptor antagonists Patt et al., 1997 .A

Three studies previously report antagonism of endothelin-1
by CI-1020 in isolated vessels: the endothelin-1 concentra-
tion–response curve was shifted to a higher concentration

Ž .range by CI-1020 0.03 and 0.1 mM—30 min exposure in
human, isolated coronary arteries, a preparation which has

Žno identifiable endothelin ET receptors Maguire et al.,B2
.1996 . Further work with CI-1020 in the human saphenous

vein and left internal mammary artery demonstrated simi-
Ž . Ž .lar antagonism Maguire et al., 1997 . Walker et al. 1995

showed similar concentrations of CI-1020 to be effective
in the rabbit femoral artery and rat aorta, both preparations
having a receptor population consisting predominantly of
endothelin ET receptors. In preparations with a mixedA

endothelin ET receptor and endothelin ET receptorA B2

population such as the rabbit pulmonary artery and rat
Žtrachea, higher concentrations of CI-1020 10 and 100

. ŽmM are required for endothelin-1 antagonism Walker et
.al., 1995 .

Our isolated vessel results agree with these observa-
Ž .tions. CI-1020 0.1 and 1 mM was sufficient to produce a

rightwards shift in the endothelin-1 concentration–re-
sponse curve in large rat pulmonary arteries, previously

Žshown to contain only endothelin ET receptors O’Don-A
.nell and Kay, 1995 . In the small vessels, a preparation

exhibiting both endothelin ET receptors and endothelinA
ŽET receptors MacLean et al., 1994; Bialecki et al.,B2

.1997; Higashi et al., 1997 , slight inhibition was observed
in the presence of 1 and 10 mM CI-1020, whereas a
marked rightwards shift in the endothelin-1 concentra-
tion–response curve was produced only by the high con-

Ž .centration of CI-1020 100 mM . The inhibition of the
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endothelin-1 curve at this concentration of CI-1020 results
Žin a pA2 value of approximately 5 4.72 assuming the last

.contraction is maximal which corresponds to endothelin
Ž .ET receptor inhibition Walker et al., 1995 . Conse-B2

quently it would appear that in small rat pulmonary arter-
Žies inhibition at the lower concentrations of CI-1020 1

. Žand 10 mM corresponds to ET antagonism; similar doseA
.ratios are seen at these concentrations , whereas at the

Ž .highest concentration 100 mM both endothelin ET re-A

ceptor and endothelin ET receptors are blocked. ThisB2

data would also suggest that in this preparation endothelin
ET receptors predominate, which agrees with the reportB2

Ž .of MacLean et al. 1994 .
In the small pulmonary arteries additional experiments

Ž .were undertaken with CI-1020 1 and 10 mM in the
presence of the endothelin ET receptor antagonist BQ788B2
Ž .10 mM . One and 10 mM CI-1020 together with BQ788
Ž .10 mM caused a marked rightward shift in the endothe-

Ž .lin-1 curve Fig. 3 which approached that produced with
Ž .100 mM CI-1020 alone Fig. 5 . These results strongly

support the previous conclusion; that in small pulmonary
arteries marked inhibition of endothelin-1 only occurs
when both endothelin ET receptor and endothelin ETA B2

receptors are blocked, and that the effect of 100 mM
CI-1020 represents antagonism of both these receptors. At
concentrations of 1 and 10 mM CI-1020 is acting only on
endothelin ET receptors.A

The effect of CI-1020 on hypoxic pulmonary vasocon-
striction was subsequently studied. Hypoxic pulmonary
vasoconstriction of rat pulmonary arteries in vitro is con-
sistently represented by four phases in both small and large

Fig. 5. Concentration–response curves for endothelin-1 in the presence of
Ž .1 mM CI-1020q10 mM BQ788 I , and 10 mM CI-1020q10 mM

Ž . Ž .BQ788 ` compared to 100 mM CI-1020 B , in small isolated rat
pulmonary arteries. The control endothelin-1 curve is shown for reference
with a dotted line. Values are expressed as mean"S.E.M. U Represents
significance of P -0.05. UU Represents significance of P -0.01 from

Ž .CI-1020 100 mM via Mann–Whitney–Wilcoxon rank test

Ž .vessels Fig. 1 . Phase 2 is considered to be the physio-
logically relevant phase since it occurs over the range of
oxygen tensions known to stimulate hypoxic pulmonary

Žvasoconstriction in vivo and in isolated lungs Teng and
.Barer, 1995 .

Our results show consistent inhibition of Phase 2 of
hypoxic pulmonary vasoconstriction in small rat pul-
monary arteries, at all three concentrations of CI-1020

Ž .studied Table 1 , irrespective of the degree of endothelin
ET receptor antagonism. This suggests that in theseB2

vessels CI-1020 inhibits hypoxic pulmonary vasoconstric-
tion via its action at the endothelin ET receptor since theA

co-inhibition of endothelin ET receptor at the highestB2
Ž .concentration of CI-1020 100 mM has no greater in-

hibitory effect. These findings support the involvement of
endothelin-1 in Phase 2 of hypoxic pulmonary vasocon-
striction in small rat pulmonary arteries via the endothelin
ET receptor. Absence of complete inhibition, even at theA

relatively high concentration of 100 mM would suggest
that endothelin-1 either has a modulatory role, or is only
one of the factors contributing to the contraction. The
difference between hypoxia and endothelin-1 mediated
contractions is also highlighted by these results. In small
rat pulmonary arteries hypoxia-mediated contractions in-
volve endothelin ET receptors alone, whereas endothelin-1A

mediated contraction is via both endothelin ET receptorsA

and endothelin ET receptors.B2

The findings in small pulmonary arteries are in contrast
to the observations in larger vessels where CI-1020 had no
significant effect upon any phase of hypoxic pulmonary

Ž .vasoconstriction Table 2 . In large rat pulmonary arteries,
which have an endothelin-1 receptor population consisting

Žentirely of endothelin ET receptors O’Donnell and Kay,A
.1995 , it would appear that there is no involvement of

endothelin-1 in the response to hypoxia. Hence, there at
least two differences between Phase 2 of hypoxic pul-
monary vasoconstriction in large and small pulmonary
arteries, namely the involvement of endothelin-1, and the

Ž .time course of the response Fig. 2 . Whether or not these
two differences are linked is purely speculative.

It would appear that the involvement of endothelin-1 in
the pressor response to hypoxia is dependent upon the
species involved and the preparation used. The reports of

Ž . Ž .Holm 1997 and Shimoda et al. 1998b show that in the
pig, both in vivo and in vitro, the action of endothelin-1 at
the endothelin ET receptor appears to play a key role inA

hypoxic pulmonary vasoconstriction. However, in the dog
endothelin-1 would appear to have no role in hypoxic

Ž .pulmonary vasoconstriction Douglas et al., 1993 . In the
rat the situation is more complex: in the anaesthetised
animal, endothelin ET receptor antagonism has beenA

shown to significantly reduce hypoxic pulmonary vasocon-
Ž .striction Chen et al., 1997 , as is seen in isolated small

pulmonary arteries in the present study. In contrast, in the
isolated perfused lung endothelin-1 appears not to be

Ž .involved Ishizaki et al., 1995; Takeoka et al., 1995 .
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Ž .Similarly, this study and the work of Ishizaki et al. 1995
have shown three separate endothelin ET receptor antago-A

nists to have no effect upon hypoxic pulmonary vasocon-
striction in large isolated rat pulmonary arteries. The rea-
son for the difference between these different preparations
in the rat remain to be elucidated. Another as yet unex-
plained discrepancy is that in small isolated pulmonary
arteries the endothelin ET receptor and endothelin ETA B

receptor antagonist bosentan had no effect on hypoxic
Ž .pulmonary vasoconstriction Lazor et al., 1996 .

In the rat the size of artery is clearly an important
Ž .factor. A recent report of Sasaki et al. 1995 characterised

rat pulmonary arteries in detail using perfusion fixation
and electroscopic microscopy. The small and large pul-
monary arteries used in this study were predominantly
from the ‘thick muscular segment’ and ‘classical elastic
segment,’ respectively, the thick muscular segment being
shown to contain a greater proportion of smooth muscle
cells than the classical elastic segment. Since endothelin
ET receptors are well recognised as being located uponA

smooth muscle, this may explain the different levels of
involvement of this receptor in hypoxic pulmonary vaso-
constriction in these vessels.

In summary, Phase 2 of hypoxic pulmonary vasocon-
striction would seem to be due, in part, to the action of
endothelin-1 at the endothelin ET receptor in small iso-A

lated rat pulmonary arteries, implying a significant role for
endothelin-1 in hypoxic pulmonary vasoconstriction in rat
resistance vessels. In larger pulmonary arteries CI-1020
had no effect upon any phase of the hypoxic response.
Hence, although responses to hypoxia consist of four
phases in both sets of vessel, the underlying mechanism, at
least for Phase 2, is not identical. The literature does not
consistently support the endothelin ET receptor as anA

obligatory common pathway for hypoxic pulmonary vaso-
constriction. We suggest that endothelin ET receptorA

blockade may have a variety of effects on the pulmonary
vascular response, pulmonary hypertension and pulmonary
vascular remodelling, dependent on species and model
chosen.

Acknowledgements

R.D. Jones was supported by an M.L. Laboratories PhD
studentship. J.C. Wanstall and A. Gambino were supported
by the National Health and Medical Research Council of
Australia.

References

Bialecki, R.A., Fisher, C.S., Murdoch, W.W., Barthlow, H.G., Bertelsen,
D.L., 1997. Functional comparison of endothelin receptors in human
and rat pulmonary artery smooth muscle. Am. J. Physiol. 272,
L211–L218.

Bonvallet, S.T., Zamora, M.R., Hasunuma, K., Sato, K., Hanasato, N.,
Anderson, D., Stelzner, T.J., 1994. BQ123 an ET receptor antagonistA

attenuates hypoxic pulmonary hypertension in rats. Am. J. Physiol.
266, H1327–H1331.

Chen, S.J., Meng, Q.C., Yano, M., Oparil, S., Chen, Y.F., 1993. Endothe-
lin A receptor antagonism prevents acute hypoxia induced pulmonary
hypertension in rats. FASEB J. 7, A649.

Chen, S.J., Chen, Y.F., Meng, Q.C., 1995. Endothelin-receptor antagonist
bosentan prevents and reverses hypoxic pulmonary hypertension in
rats. J. Appl. Physiol. 79, 2122–2131.

Chen, S.J., Chen, Y.F., Openorth, T.J., Wessale, J.T., Meng, Q.C.,
Durand, J., DiCarlo, V.S., Oparil, S., 1997. The orally active non-
peptide endothelin A receptor antagonist A-127722 prevents and
reverses hypoxia-induced pulmonary hypertension and pulmonary
vascular remodelling in Sprague–Dawley rats. J. Cardiovasc. Pharma-
col. 29, 713–725.

DiCarlo, V.S., Chen, S.Y., Meng, Q.C., Durand, J., Yano, M., Chen,
Y.F., Oparil, S., 1995. ET receptor antagonist prevents and reversesA

chronic hypoxia-induced pulmonary hypertension in the rat. Am. J.
Physiol. 269, L690–L697.

Douglas, S.A., Vickery-Clark, L.M., Ohlstein, E.H., 1993. Endothelin-1
does not mediate hypoxic vasoconstriction in canine isolated blood
vessels: effect of BQ123. Br. J. Pharmacol. 108, 418–421.

Giaid, A., Yanagisawa, M., Langleben, D., Michel, R.P., Levy, R.,
Shennib, H., Kimura, S., Masaki, T., Duguid, W.P., Path, T.C.,
Stewart, D.J., 1993. Expression of endothelin-1 in the lungs of
patients with pulmonary hypertension. N. Engl. J. Med. 328, 1732–
1739.

Goerre, S., Wenk, M., Bartch, P., Luscher, T.F., Niroomand, F., Hohen-
haus, E., Oelz, O., Reinhart, W.H., 1995. Endothelin-1 in pulmonary
hypertension associated with high exposure. Circulation 91, 359–364.

Helset, E., Kjaeve, J., Bjertnaes, L., Lundberg, J.M., 1995. Acute alveolar
hypoxia increases endothelin-1 release but decreases release of calci-
tonin gene-related peptide in isolated perfused rat lungs. Scand. J.
Clin. Invest. 55, 369–376.

Higashi, T., Ishizaki, T., Shigemori, K., Nakai, T., Miyabo, S., Inui, T.,
Yamamura, T., 1997. Pharmacological heterogeneity of constrictions
mediated by endothelin receptors in rat pulmonary arteries. Am. J.
Physiol. 272, L287–L293.

Holm, P., 1997. Endothelin in the pulmonary circulation with special
reference to hypoxic pulmonary vasoconstriction. Scand. Cardiovasc.
J. 31, S46.

Hoshino, Y., Obara, H., Kusunoki, M., Fujii, Y., Iwai, S., 1988. Hypoxic
contractile responses in isolated human pulmonary artery; role of the
Ca2q ion. J. Appl. Physiol. 65, 2468–2478.

Ishizaki, T., Higashi, T., Shigemori, K., Takeoka, M., Sakai, A., Nakai,
T., Miyabo, S., Voelkel, N.F., 1995. Endogenous ET receptors doA

not modulate acute hypoxic pulmonary vasoconstriction. Appl. Car-
diopulm. Pathophysiol. 5, 153–159.

Kitamura, K., Tanaka, T., Kato, J., Eto, T., Tanaka, K., 1989. Regional
distribution of immunoreactive endothelin in porcine tissue: abun-
dance in inner medulla of kidney. Biochem. Biophys. Res. Commun.
161, 348–352.

Koseki, C., Imai, M., Hirata, Y., Yanagisawa, M., Masaki, T., 1989.
Bindings sites for endothelin-1 in rat tissues: an autoradiographic
study. J. Cardiovasc. Pharmacol. 13, S153–S154.

Lazor, R., Feihl, F., Waeber, B., Kucera, P., Perret, C., 1996. Endothelin-1
does not mediate the endothelium dependent hypoxic contractions of
small pulmonary arteries in rats. Chest 110, 189–197.

MacLean, M.R., McCulloch, K.M., 1998. Influence of applied tension
and nitric oxide on responses to endothelins in rat pulmonary resis-
tance arteries: effect of chronic hypoxia. Br. J. Pharmacol. 123,
991–999.

MacLean, M.R., McCulloch, K.M., Baird, M., 1994. Endothelin ET andA

ET mediated vasoconstriction in rat pulmonary arteries and arteri-B

oles. J. Cardiovasc. Pharmacol. 23, 838–854.



( )R.D. Jones et al.rEuropean Journal of Pharmacology 374 1999 367–375 375

Maguire, J.J., Kuc, R.E., Doherty, A.M., Davenport, A.P., 1996. Affinity
of the ET selective non-peptide antagonist PD156707 for endothelinA

receptors in human renal and cardiovascular tissues. Br. J. Pharmacol.
117, 35 p.

Maguire, J.J., Kuc, R.E., Davenport, A.P., 1997. Affinity and selectivity
of PD156707, a novel non-peptide endothelin antagonist, for human
ET and ET receptors. J. Pharmacol. Exp. Ther. 280, 1102–1108.A B

O’Donnell, S.R., Kay, K.S., 1995. Effects of endothelin receptor selective
antagonists, BQ123 and BQ788 on IRL 1620 and endothelin-1 re-
sponses of airway and vascular preparations from rats. Pulm. Pharma-
col. 8, 11–19.

Oparil, S., Chen, S.J., Meng, Q.C., Elton, T.S., Yano, M., Chen, Y.F.,
1995. Endothelin-A receptor antagonism prevents acute hypoxia-in-
duced pulmonary hypertension in the rat. Am. J. Physiol. 268,
L95–L100.

Patt, C.W., Edmunds, J.J., Repine, J.T., Berryman, K.A., Reisdorph,
B.R., Lee, C., Plummer, M.S., Shahripour, A., Haleen, S.J., Keiser,
J.A., Flynn, M.A., Welch, K.M., Reynolds, E.E., Rubin, R., Tobias,
B., Hallack, H., Doherty, A.M., 1997. Structure-activity relationships
in a series of orally active g-hydroxy butenolide endothelin antago-
nists. J. Med. Chem. 40, 1063–1074.

Post, J.M., Hume, J.R., Archer, S.L., Weir, E.K., 1992. Direct role of
potassium channel inhibition in hypoxic pulmonary vasoconstriction.
Am. J. Physiol. 262, C882–C890.

Robertson, B.E., Corry, P.R., Nye, P.C.G., Kozlowski, R.Z., 1992.
Calcium and magnesium-ATP activated potassium channels from rat
pulmonary artery. Pfluegers Arch. 421, 94–96.

Rogers, T.K., Morice, A.H., 1993. Inhibition of hypoxic pulmonary
vasoconstriction in isolated small pulmonary arteries by ANP. Am.
Rev. Respir. Dis. 147, A724.

Rogers, T.K., Stewart, G., Morice, A.H., 1992. Effect of chronic hypoxia
on rat pulmonary resistance vessels; vasodilation by atrial natriuretic
peptide. Clin. Sci. 83, 723–729.

Salter, K.J., Kozlowski, R.Z., 1998. Differential electrophysical actions of
endothelin-1 on Cly and Kq currents in myocytes isolated from
aorta, basilar and pulmonary artery. J. Pharmacol. Exp. Ther. 284,
1122–1131.

Sasaki, S.-I., Kobayashi, N., Dambara, T., Kira, S., Sakai, T., 1995.
Structural organisation of pulmonary arteries in the rat lung. Anat.
Embryol. 191, 477–489.

Shimoda, L.A., Sylvester, J.T., Sham, J., 1998a. Inhibition of voltage
gated potassium current in rat intrapulmonary arterial myocytes by
endothelin-1. Am. J. Physiol. 274, L842–L853.

Shimoda, T., Booth, G., Liu, Q., Shimoda, L., Sham, J., Sylvester, J.T.,
1998b. Endothelium-dependent hypoxic contraction of pig proximal

intrapulmonary arteries: role of endothelin. Am. J. Respir. Crit. Care
Med. 157, A724.

Shirakami, G., Nakao, K., Saito, Y., Magaribuchi, T., Jougasaki, M.,
Mukoyama, M., Arai, H., Hoseoda, K., Suda, S., Ogawa, Y., Ya-
mada, T., Mori, K., Imura, H., 1991. Acute pulmonary alveolar
hypoxia increases lung and plasma endothelin-1 in conscious rats.
Life Sci. 48, 969–976.

Stewart, J.D., Levy, R.D., Cernacek, P., Langeleben, D., 1991. Increased
plasma endothelin-1 in pulmonary hypertension: marker or mediator
of disease?. Ann. Intern. Med. 114, 464–469.

Takeoka, M., Ishizaki, T., Sakai, A., Chang, S.W., Shigemori, K.,
Higashi, T., Ueda, G., 1995. Effect of BQ123 on vasoconstriction as a
result of either hypoxia or endothelin-1 in perfused rat lungs. Acta
Physiol. Scand. 155, 53–60.

Teng, G.Q., Barer, G.R., 1994. Vasoconstrictor and vasodilator effects of
hypoxia in rat lung resistance vessels in vitro. J. Physiol. 475P, 121.

Teng, G.Q., Barer, G.R., 1995. Hypoxic pulmonary vasoconstriction
Ž .HPV —Stimulus–response relation to PO in small isolated rat lung2

vessels. J. Physiol. 487P, 110.
Turner, J.L., Kozlowski, R.Z., 1997. Relationship between membrane

potential, delayed rectifier potassium currents and hypoxia in rat
pulmonary arterial myocytes. Exp. Physiol. 82, 629–645.

Von Euler, U.S., Liljestrand, G., 1946. Observations on the pulmonary
arterial blood pressure in the cat. Acta Physiol. Scand. 12, 301–320.

Walker, D.M., Haleen, S.J., Patt, W.C., Doherty, A.M., Keiser, J.A.,
1995. Functional activity of PD156707, a novel non-peptide endothe-
lin receptor antagonist, on ET and ET smooth muscle receptorsA B

from rat and rabbit. FASEB J. 9, A936.
Walker, S.D., Edwards, G., Weston, A.H., 1998. The function effects of

potassium channel modulation in rat pulmonary artery by hypoxia and
4-aminopyridine. N-S. Arch. Pharmacol. 358, R705.

Wanstall, J.C., O’Brien, E., 1996. In vitro hypoxia on rat pulmonary
artery: effects on contractions to spasmogens and role of KATP

channels. Eur. J. Pharmacol. 303, 71–78.
Wanstall, J.C., Hughes, I.E., O’Donnell, S.R., 1995. Evidence that nitric

oxide from the endothelium attenuates inherent tone in isolated
pulmonary arteries from rats with hypoxic pulmonary hypertension.
Br. J. Pharmacol. 114, 109–114.

Woodmansey, P.A., Zhang, F., Channer, K.S., Morice, A.H., 1993.
Variation in the sensitivity of hypoxic pulmonary vasoconstriction to
amlodipine according to phase and vessel. Thorax 48, 465–466.

Yanagisawa, M., Kiruhara, H., Kimura, S., Tomobe, Y., Kobyashi, M.,
Mitsui, Y., Yazaki, Y., Goto, K., Masaki, T., 1988. A novel potent
vasoconstrictor peptide produced by vascular endothelial cells. Nature
332, 411–415.


