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Regional modulation of cyclic nucleotides by endothelin-1 in rat
pulmonary arteries: direct activation of G;2-protein in the main

pulmonary artery
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1 The ability of endothelin-1 (ET-1) to modulate the cyclic nucleotides, guanosine 3" 5" cyclic
monophosphate (cyclic GMP) and adenosine 3’ 5’ cyclic monophosphate (cyclic AMP) was assessed
in the main elastic pulmonary elastic artery (4—5 mm i.d.) and the small muscular pulmonary
arteries (150—200 um i.d.) of the rat.

2 ET-1 caused an increase in cyclic GMP in the larger vessels but had no effect in the smaller
arteries. The increase in cyclic GMP was not dependent on an intact endothelium and was inhibited
by the ET,-receptor antagonist FR139137 (1 um).

3 ET-1 caused a decrease in cyclic AMP in the main pulmonary arteries, an effect that was
partially blocked by FR139317 but not influenced by the ETg-receptor antagonist BQ-788 (1 um) or
removal of the vascular endothelium. In contrast, ET-1 caused an increase in cyclic AMP in the
small vessels, an effect that was blocked by BQ-788 but unaffected by FR139317.

4 In the main pulmonary arteries, ET-1 caused enhanced incorporation of radiolabelled ADP-
ribose by cholera toxin into G;2 in the main pulmonary artery, an indicator of its receptor-mediated
activation.

5 In summary, we have shown that in the small muscular pulmonary artery of the rat, (where ETg
mediated vasoconstriction prevails), there is an ETg-mediated increase in cyclic AMP with no net
effect on cyclic GMP levels. In the large arteries, (where vasoconstriction is mediated via the ET,
receptor), there is an ET-mediated increase in cyclic GMP (endothelium independent) and an ET4-
mediated (endothelium independent) decrease in cyclic AMP.
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Introduction

The endothelins (ETs) are a family of potent vasoactive
peptides of 21 amino acids originally isolated from the culture
supernatant from a primary culture of porcine aortic
endothelial cells (Yanigisawa et al., 1988). These peptides,
which exert their effects via G protein coupled receptors, have
been implicated in the pathophysiology of a variety of human
disease states including myocardial infarction, atherosclerosis
and pulmonary hypertension (Remuzzi & Benigni, 1993;
Stewart et al., 1991; Giaid et al., 1993). Molecular cloning
studies have identified two endothelin receptor subtypes, ET 4,
which shows selectivity for ET-1 over ET-3 and ETg which is
non-isopeptide selective (Miller et al., 1993), although splice
variant forms of ETg-receptors have been reported (Shyamala
et al., 1994; Elshourbagy et al., 1996). We have previously
demonstrated that in the large pulmonary arteries of the rat,
vasoconstriction to ET-1 is mediated via an ET,-receptor
whereas in the pulmonary resistance vessels from rat, rabbit
and man, vasoconstriction is mediated through an ETg-like
receptor (MacLean et al., 1994; 1996; McCulloch & MacLean,
1995; McCulloch et al., 1998; Docherty & MacLean, 1998).
ET receptors belong to the ‘G protein coupled receptor’
superfamily of heptahelical receptors that couple to a variety
of guanine nucleotide binding proteins, directly modulating
various second messenger molecules (Sokolovsky, 1995). The
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intracellular signalling pathways mediating pulmonary vascu-
lar response to ETs have still to be fully defined. Agonist
occupation of the ET, receptor subtype in the vasculature
results in an activation of phosphoinositidase C, stimulating
inositol phosphate formation (Marsden et al., 1989). Sub-
sequent studies have shown the ETs to interact with other
second messenger systems. ET-1-mediated activation of
phospholipase C through both ET and ETjg receptor subtypes
has been observed in a variety of vascular cells and tissues in
vitro (Resink et al., 1988; Eguchi et al., 1992; Ohlstein et al.,
1995). This activation, mediated through a Gq protein, results
in the formation of inositol-1,4,5-trisphosphate which has been
demonstrated to release calcium from intracellular stores
(Berridge, 1993), a process normally refractory to pertussis
toxin (PT). However, there is ample evidence in the literature
to implicate the involvement of PT-sensitive mechanisms in
ET-1-mediated signalling. ET-1 can increase cyclic GMP levels
through the peptide-induced release of nitric oxide and
subsequent activation of soluble guanylyl cyclase in a variety
of cells such as cultured bovine endothelial cells (Hirata et al.,
1993) and rat aorta (Fujitani ez al., 1993). ET receptors can
also couple to adenylyl cyclase and induce cyclic AMP
formation, activation occurring through ET, receptors in
cultured vascular smooth muscle cells and inhibition through
ETg receptors in endothelial cells (Eguchi ef al., 1993a). It is
currently unclear how ET-1 effects net cyclic GMP and cyclic
AMP production in the pulmonary circulation. This circula-
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tion is unusual in that it is normally fully vasodilated, and
therefore pulmonary vascular tone would be greatly increased
by decreased accumulation of cyclic nucleotides. Indeed, we
have shown that in the chronic hypoxic, pulmonary
hypertensive rat, there are decreased cyclic GMP and cyclic
AMP levels in the pulmonary circulation (MacLean et al.,
1996). This is a consequence, in part, of an increase in
phosphodiesterase activity (MacLean et al., 1997) but given
that there is an increased influence of ET-1 in this rat model (Li
et al., 1994; Tjen-A-Looi et al., 1996; McCulloch et al., 1998),
we wished to identify the effect of ET-1 on cyclic nucleotide
levels.

The aim of the present study was assess the net effect of ET-
1 on cyclic nucleotide levels in rat pulmonary arteries and,
subsequently, to examine further the G protein involved in ET-
mediated decreased cyclic AMP which may contribute to the
contractile effect of ET-1. In the light of the evidence that there
is regional receptor heterogeneity, we also wished to
investigate if there were regional differences in ET-1 cyclic
nucleotide handling.

Preliminary data from these studies have been presented
previously (Mullaney et al., 1997)

Methods

In studying the signal transduction pathways of ET-1 in the
pulmonary artery, with an aim of correlating this with
previously observed functional effects, it is preferable to use
intact arteries rather than primary cultures where phenotypic
changes occur, especially with respect to the ET receptor (Owe-
Young et al., 1999). For this reason we employed homogenates
from the main pulmonary arteries and the small muscular
pulmonary arteries used in our previous functional studies
(MacLean et al., 1994). In order to correlate the net effect on
cyclic nucleotides with maximum contraction we chose to
study a concentration of ET-1 (0.1 uM) which we had
previously shown to induce maximum contraction in the
vessels under study (MacLean er al., 1996; MacLean &
McCulloch, 1998; McCulloch et al., 1998).

Six-week-old male Wistar rats were killed by an overdose of
sodium pentobarbitone and the lungs removed and placed in
cold Krebs. The main pulmonary artery (4—5 mm i.d.) and the
intralobar resistance arteries (approximately 150 um i.d.) were
dissected out, cleaned of the surrounding parenchyma and
either used in assays designed to measure the intracellular
levels of second messengers or to prepare plasma membrane
fractions. Some main pulmonary artery preparations were
denuded of the vascular endothelium by gentle rubbing of the
intimal surface.

Preparation of plasma membrane fractions

The tissue from 4— 5 animals was snap frozen in liquid N, and
ground, whilst still frozen, with a mortar and pestle. The
powdered tissue was then resuspended in a small volume of
homogenization buffer (Tris-HCl 10 mmM, EDTA 0.1 mMm,
pH 7.5) and subjected to 50 strokes with a Teflon on glass
homogenizer. Membranes were prepared using differential
centrifugation as described previously (Mullaney et al., 1996),
aliquotted in appropriate volumes and stored at —80°C.

Preparation of samples for cyclic nucleotide assays

Freshly dissected tissue was allowed to equilibrate for 30 min
at 37°C in Krebs-bicarbonate solution (in mm): NaCl 119; KCl1

4.7, MgSQ0,; 0.6; CaCl, 1.2; NaHCO; 25; glucose 11.1, bubbled
with 16% O, / 6% CO, balance N,. Whole pieces of tissue
(typically 3—6 mg wet weight) were incubated for 15 min at
37°C in Krebs-bicarbonate solution containing the general
phosphodiesterase inhibitor isobutylmethylxanthine (1 mm)
and drug where appropriate. The incubation was terminated
by removing the tissue into 4% (w v~") perchloric acid where it
was homogenized with a Teflon on glass hand homogenizer (25
strokes) and left overnight at 4°C to extract the cyclic
nucleotides. Next day the samples were sonicated for 15 min,
centrifuged at 3000 r.p.m. for 10 min and the supernatant
neutralized with KOH/HEPES.

Assay of intracellular cyclic AMP concentration

Cyclic AMP levels were measured essentially by the method
described by Brown et al. (1972). Samples were incubated for
2h at 4°C with a fixed amount of [*H]-cyclic AMP
(approximately 5000 c.p.m. per assay tube) and cyclic AMP
binding protein (regulatory subunit of protein kinase A
partially purified from bovine adrenal cortex) in 50 mM Tris-
HCI (pH 7.4), 4 mM EDTA. A standard curve was constructed
with dilutions of unlabelled cyclic AMP (0—320 pmol ml~").
The incubation was terminated by addition of 2% (w v™')
Norit GSX activated charcoal, 1% (w v~') bovine serum
albumin to precipitate unbound cyclic AMP and the [*H]-cyclic
AMP remaining in the supernatant was assessed by liquid
scintillation counting.

Assay of intracellular cyclic GMP concentration

Cyclic GMP levels were measured by radioimmunoassay as
described by Cailla et al. (1976). Samples were incubated
overnight at 4°C with a fixed amount of ['*I]-cyclic GMP
(approximately 6500 c.p.m. per assay tube) and antiserum 487
(which was raised against 2’-O-succinyl cyclic GMP) in 50 mM
Tris-HCI (pH 7.4). There is no cross-reactivity of this antibody
with cyclic AMP. A standard curve was constructed with
dilutions of unlabelled cyclic GMP (0—200 pmol ml~"). The
incubation was terminated by addition of activated charcoal
solution (Tris-HCI 50 mm (pH 7.4), EDTA 5 mMm, 0.2%
(w v™!) neomycin sulphate, 0.5% (w v~') bovine serum
albumin, 0.062% (w v~') dextran T70, 0.6% (w v~") Norit
GSX activated charcoal), the samples centrifuged at
12,000 r.p.m. for 5 min and the clear supernatant counted on
a gamma counter.

We tested the hypothesis that any differences in cyclic
nucleotide levels, between the large and small pulmonary
arteries, was due to the time taken at dissection by
randomly varying the order in which the vessels were
dissected.

Cholera toxin-catalyzed [*’P]-ADP-ribosylation

[**P]-ADP-ribosylation of membranes prepared from rat
main pulmonary artery was performed as described in
Mullaney et al. (1996). Briefly, plasma membranes (20 mg)
were incubated in a final volume of 50 ml containing
3mM [**P]-NAD (approximately 4x10°c.p.m.) sodium
phosphate buffer, pH 7.5 (250 mM), thymidine (20 mMm),
ATP (1 mMm), arginine hydrochloride (20 mM) in the
presence or absence of appropriate ligands for 60 min at
37°C. The assays were performed with pre-activated
cholera toxin present at 50 mg ml™' and in the absence
of exogenous GTP in order to maximize agonist-induced
ADP-ribosylation. Cholera toxin was pre-activated by
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incubation with an equal volume of 100 mm DTT for 1 h
at room temperature. Samples were solubilized and
immunoprecipitated with antiserum SG1. SG1 was raised
against the C terminal decapeptide of Gj;. This antisera
identifies G;1 and G;2 equally but does not cross-react
with other G proteins (Mitchell et al., 1989). There is no
evidence for the presence of Gl in the vasculature. The
radiolabelled polypeptides were separated by SDS—PAGE
and dried gels were exposed to a phosphor storage plate
for 24 h and then analysed with a FUJIX BAS1000 image
analyser.

Data analysis

For each experimental group processed at one time, the cyclic
nucleotide levels were calculated in the presence and absence of
drug intervention. Each intervention was repeated to ‘n’ and
the values meaned. Statistical comparisons of the means of
groups of data were made by one-way analysis of variance
(ANOVA) with P<0.05 considered significant. In some
figures, the data is displayed as a ‘percentage change’ from
‘control’ although the statistical analysis was carried out as
described above.

Materials

[*P]-NAD* (800 Ci mmol~") and ["*I]-cyclic GMP
(1180 Ci mmol~") were obtained from DuPont / New England
Nuclear. [5,8-*H]-cyclic AMP (30—-60 Ci mmol~') were
purchased from Amersham International plc. Cholera toxin
and isobutylmethylxanthine were obtained from Sigma. ET-1
was from Thistle Peptides Ltd, Scotland, BQ-788 (N-cis-2,6-
dimethylpiperidinocarbonyl L-g-MeLeu-D-Trp (COOCH;)-D-
Nle) was from Peptide International and FR139317 (N-CO-L-
Leu-D-1-Me-Trp-D-3(2-Pyridyl) Ala-OH) was from Neosys-
tem Laboratoire. Antiserum 487 (which was raised against 2'-
O-succinyl cyclic GMP) was a gift from Dr I. Morton, Western
Infirmary, Glasgow and antiserum SG1 (raised against a
synthetic peptide (KENLKDCGLF) which corresponds to the
C-terminal decapeptide of transducin and recognizes G;2) was
a gift from Professor G. Milligan, IBLS, University of
Glasgow.

Results

The effect of ET-1 on intracellular cyclic GMP and
cyclic AMP levels in rat pulmonary arteries

In the main pulmonary arteries ET-1 (0.1 um) caused an 88%
increase in cyclic GMP (Table 1). In an independent series of
experiments studying the concentration-dependency of this
effect, the maximum effect of ET-1 on cyclic GMP levels was
observed at 10 nM (Figure 1). In the small muscular arteries
basal levels of cyclic GMP were 54% lower than in the larger
arteries. This observation was consistent regardless of whether
or not the main pulmonary arteries were dissected out first or
second. Incubation with ET-1 did not appreciably change the
intracellular levels of this cyclic nucleotide in small pulmonary
arteries (Table 1).

Comparison of basal cyclic AMP levels between the
large and small vessels revealed there to be little difference
in the tissue levels of this nucleotide (Table 1). This was
found to be the case regardless of the time taken at
dissection. ET-1 caused a 67% decrease in cyclic AMP in
the large arteries. An independent series of experiments

studying the concentration-dependency (1 pM—0.1 uM) of
this effect showed that this effect was only significant at
0.1 um ET-1.

In the small muscular pulmonary arteries, 0.1 um ET-1
caused a 240% increase in cyclic AMP (Table 1).

The effect of the ET, receptor antagonist, FR139317 on
ET-1 modulation of cyclic nucleotide levels

Table 2 illustrates the effect of FR139317 (1 um) on ET-1-
mediated changes in cyclic nucleotide levels. FR139317
partially reversed ET-1-mediated decrease in cyclic AMP in
the main arteries by ~30% and blocked the ability of ET-1 to
elevate cyclic GMP in the main artery. In contrast, FR139317
had no significant effect on the ability of ET-1 to increase cyclic
AMP in the small muscular pulmonary arteries.

The effect of the ETy receptor antagonist, BQ-788 on
ET-1 modulation of cyclic nucleotide levels

Table 3 illustrates the effects of BQ-788 (1 uM) on ET-1-
mediated changes in cyclic nucleotide levels. BQ-788 had no
significant effect on the ability of ET-1 to decrease cyclic AMP

Table 1 The effects of 0.1 um ET-1 on cyclic GMP and
cyclic AMP levels in rat main pulmonary arteries and small
muscular pulmonary arteries

cyclic GMP cyclic AMP
(fmol mg ™" tissue) (fmol mg ™" tissue)
Main PA SMPA Main PA SMPA
Control 83420 38+7t 5.6+1.1 3.5+0.8
Plus ET-1 1414 52%* 62410 2.140.6% 11.742.5%%%7

The values are expressed as the mean +s.e.mean from 11-14
separate experiments. Significant differences, ET-1 treated vs
‘Control’ values: *P<0.05, **P<0.01 one way ANOVA.
Significant differences in cyclic AMP or cyclic GMP between
the main PA and SMPA groups: 1P <0.05, 1P <0.01, one

way ANOVA. PA: pulmonary artery; SMPA: small
muscular pulmonary artery.
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Figure 1 Effect of inceasing concentrations of ET-1 on cyclic GMP
levels in main extralobar artery. The results are expressed as
percentage of maximum stimulation and the values are the mean+
s.e.mean from six separate experiments. Significant difference from
1 pm ET-1: *P<0.05, one-way ANOVA.
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in the main pulmonary artery whilst it inhibited the ability of
ET-1 to raise intracellular cyclic AMP in the small muscular
pulmonary arteries.

The effect of denuding the endothelium on ET-1
signalling in the main pulmonary artery

Endothelium removal had no significant effect on basal
cyclic AMP (3.8+2.6 (controls) c¢.f. 5.6+1.1 (rubbed
endothelium) pmol mg~!' tissue (2=35)). Endothelium re-
moval did not alter basal cyclic GMP levels (80+15 fmol -
cyclic GMP mg~! tissue (controls, n=4) Vs
60.7+15.9 fmol cyclic GMP mg~' tissue (rubbed endothe-
lium, n=23)). Removal of the endothelium had no effect on
the ability of ET-1 to increase cyclic GMP. Incubation of
the rubbed tissue with the peptide resulted in an increase in
cyclic GMP levels from to 60.7+15.9 to 97.0+11.9 fmol -
cyclic GMP mg~! tissue (n=3). Removal of the endothelium
had no effect in the percentage reduction of cyclic AMP
elicited by ET-1. This was 43+15% in intact vessels and
36 +14% in endothelium-denuded vessels (n=75). No attempt

Table 2 The effect of FR139317 on changes induced by
ET-1 on cyclic nucleotide levels in rat main pulmonary
arteries and small muscular pulmonary arteries

Changes in cyclic nucleotide levels
(% of control=100%)

Main PAs SMPAs
cyclic cyclic cyclic
AMP GMP AMP
Plus ET-1 (0.1 um) 24+ 7% 200+35* 3264 152*
Plus ET-1 plus 554+ 6*F 95420t 211447*

FR139317

The values are expressed as the % change from control,
untreated vessels (for the plus ET-1 group) or vessels treated
only with the ET4 receptor antagonist, FR139317 [1 um]
(for the plus ET-1 plus FR139317 group). The values are
expressed as the mean+s.e.mean from seven separate
experiments. Significant differences, ‘plus ET-1" vs ‘control’
values and ‘ET-1 plus FR139317" vs ‘FR139317 only’ values:
*P<0.05, one way ANOVA applied to meaned absolute
data values. Significant differences, between the ‘plus ET-1’
vs the ‘plus ET-1 plus FR139317" groups: TP <0.05 one way
ANOVA. PA: pulmonary artery; SMPA: small muscular
pulmonary artery.

Table 3 The effect of BQ-788 on changes induced by ET-1
on cyclic nucleotide levels in rat main pulmonary arteries
and small muscular pulmonary arteries

Changes in cyclic nucleotide levels
(% of control=100%)

Mean PAs SMPAs

cyclic AMP cyclic AMP
Plus ET-1 (0.1 um) 584 13* 260+ 56*
Plus ET-1 plus 55423* 80+ 167

BQ-788

The values are expressed as the % change from control,
untreated vessels (for the plus ET-1 group) or vessels treated
only with the ETy receptor antagonist BQ-788 [1 uMm] (for
the plus ET-1 plus BQ-788 group). The values are expressed
as the mean+s.e.mean from five separate experiments.
Significant differences, ‘plus ET-1" vs ‘control’ values and
‘ET-1 plus BQ-788" vs ‘BQ-788 only’ values: *P <0.05, one
way ANOVA applied to meaned absolute data values.
Significant differences, between the ‘plus ET-1" vs the ‘plus
ET-1 plus BQ-788’ groups: 1P <0.05 one way ANOVA. PA:
pulmonary artery; SMPA: small muscular pulmonary artery.

was made to remove the endothelium from the small arteries
as experience dictates this damages and significantly reduces
the vascular smooth muscle layer.

ET-1 enhances cholera toxin-catalyzed
[?2P]-ADP-ribosylation through activation of
ET s-receptors in main extrapulmonary arteries

Thiol-activated cholera toxin was able to catalyze [**P]-ADP-
ribosylation of both long (45 kDa) and short (42 kDa) forms
of Gsa in membranes prepared from rat extrapulmonary
arteries (data not shown). When the assay was performed in
the absence of exogenous guanine nucleotides, labelling of a
40 kDa polypeptide was also observed. Upon subsequent
immunoprecipitation with the specific antiserum SGI1, this
protein was identified as G;2 (Figure 2). Incorporation of [*?P]-
ADP-ribose into G;2 was markedly enhanced by addition of
0.1 uM ET-1 to the assay. FR139317 (1 um) blocked the ET-1-
mediated increase in radiolabel incorporation whilst BQ-788
(1 uM) had no effect (Figure 2).

Discussion

Clear differences in ET receptor distribution exist between
species. For example, in large pulmonary arteries, the ET -
subtype is dominant in the human whist the ETg-subtype is
more prevalent in rabbits (Fukuroda et al., 1994). In the main
pulmonary artery of the rat, the ETs-receptor is responsible
for ET-1-mediated vasoconstriction (MacLean er al., 1994;
Higashi er al, 1997). ET receptor heterogeneity is also
observed between different areas of the pulmonary circulation.
In the rat, we have previously shown that progression through
the pulmonary arterial system is accompanied by an apparent
switch from ET4-receptor-mediated contraction in the main
pulmonary arteries to the ETp-like receptor-mediated contrac-
tion in the resistance vessels (MacLean et al., 1994; McCulloch
& MacLean, 1995; McCulloch et al., 1998).

The object of the study described here was to establish the
net effect of ET-1 on cyclic nucleotides in the rat pulmonary
arterial circulation using a whole vessel preparation, and to

Plus Plus
ET-1 ET-1
Plus Plus Plus
Control ET-1 FR139317 BQ-788

— Gi2a

Figure 2 A phosphorimage showing the regulation of cholera toxin-
catalyzed [**P]-ADP-ribosylation of G;2 in membranes from main
extrapulmonary artery. Membranes (100 mg) from rat extrapulmon-
ary artery were incubated with [*>P]-NAD and thiol-activated cholera
toxin (50 mg ml~") in the absence of ligand, with 0.1 um ET-1, 1 um
FR139317 or 1 um BQ-788. Samples were solubilized, immunopre-
cipitated with antiserum SGI, resolved by SDS—PAGE (10% w v~
acrylamide) and subjected to autoradiography. This is a representa-
tive image of a series of three. In all, densitometrically, there was no
difference between the ‘plus ET-1 plus FR139317" band and the
‘control band’, neither was there any difference between the ‘plus ET-
1 plus BQ-788" band and the ‘plus ET-1" band.

British Journal of Pharmacology, vol 129 (5)



1046 . Mullaney et al

ET-1 and cylic nucleotides in rat pulmonary artery

correlate our previous findings with respect to the functional
effects of ET-1 in the same vessels. In summary, we have shown
that in the small muscular pulmonary artery of the rat, where
ETg-mediated vasoconstriction prevails there is an ETg-
mediated increase in cyclic AMP with no net effect on cyclic
GMP levels. In the large arteries, where vasoconstriction is
mediated via the ET, receptor, there is an ET,-mediated
increase in cyclic GMP (endothelium independent) and an ET,
(endothelium independent) decrease in cyclic AMP.

The ETg-mediated increase in cyclic AMP in the small
pulmonary arteries was somewhat unexpected as previous
studies on cultured endothelial cells have shown that ETy
receptors are negatively coupled to adenylate cyclase (Eguchi
et al., 1993a,b; Sokolovsky, 1994). ET-1 has been shown, via
the ET4 receptor, to stimulate cyclic AMP formation in rat
vascular smooth muscle cells, Chinese hamster ovary cells and
cultured embryonic bovine tracheal cells (Eguchi et al., 1993a;
Aramori & Nakanishi, 1992; Oda et al., 1992). Hence this is the
first report of an ETg-mediated increase in cyclic AMP in
vasculature. This occurred in the small muscular pulmonary
arteries where ETg-mediated vasoconstriction prevails. Ele-
vated cyclic AMP would cause a vasodilator effect and may
serve as a physiological brake upon the ET-1-induced
vasoconstriction. This would be functionally important as this
study also shows that there is no ET-1 mediated elevation of
cyclic GMP in these vessels, consistent with our inability to
demonstrate ET-1-induced, nitric oxide dependent vasodila-
tion in these vessels from either rat or rabbit (Docherty &
MacLean, 1998).

ET-1 can induce prostacyclin production in rat lungs
(Barnard et al., 1991) and therefore the rise in cyclic AMP
could be secondary to prostacyclin production. ET-1- and
ETg-mediated vasodilation is not, however, inhibited by
indomethacin in this vascular bed (Hasunuma et al., 1990;
Eddahibi er al., 1993; Lal et al., 1996). Thus, it is unlikely
that the rise in cyclic AMP is entirely due to prostacyclin
production.

The current results may explain some previously
reported unexpected observations in these vessels (McCul-
loch et al., 1998). We demonstrated that, despite there
being an ETg-mediated vasoconstriction in these vessels,
the ETgp receptor antagonist BQ-788 failed to block the
vasoconstrictor response to ET-1, while the mixed ETxsp
antagonist bosentan actually potentiated the responses to

ET-1. These phenomena may, partially, be due to
blockade of ETg-receptor mediated increases in cyclic
AMP.

An ET, (endothelium independent) decrease in cyclic
AMP was observed in the main pulmonary arteries. This
effect was only observed at 0.1 uM ET-1 and not observed
to lower concentrations. This may be a consequence of the
ability of ET-1 to also stimulate cyclic GMP and inositol-
1,4,5-trisphosphate in these vessels and it is widely
accepted that there is ‘crosstalk’ between these second
messengers which may depress effects of ET-1 on cyclic
AMP metabolism at lower concentrations. For example,
we have shown that elevated cyclic GMP levels can inhibit
5-HT,-stimulated contractions in bovine pulmonary arteries
which are mediated by G; protein-mediated decreased
cyclic AMP levels (Sweeney et al., 19995).

The ET, antagonist FR139317 only partially reversed
the decrease in cyclic AMP levels. Synergism between ET,-
and ETg-receptor mediated vasoconstriction can occur in
rabbit pulmonary arteries such that combined blockade of
both receptors is required to inhibit the vasoconstrictor
responses to ET-1 (Fukuroda et al., 1994). However, in

the rat elastic pulmonary arteries there is no evidence for
such synergism and ET-1-mediated vasoconstriction is
soley mediated by the ET, receptor (MacLean et al.,
1994; 1995). Hence, the inability of FR139317 to fully
inhibit the decrease in cyclic AMP levels induced by ET-1
is more likely to be due to the chosen concentration of
FR139317. Indeed this concentration of FR139317 (1 um)
does not fully block the vasoconstrictor response to 0.1
uM  ET-1 in the main pulmonary artery of the rat
(MacLean et al., 1995).

ET-1-induced reduction of cyclic AMP has been previously
reported in endothelial cells and cardiac myocytes (Ladoux &
Frelin, 1991; Hilal-Dandan er al., 1992), but has not been
previously reported in the pulmonary artery smooth muscle. The
previous studies indicated that this effect of ET-1 may be via
coupling to a Gj protein. As ET, receptors mediate
vasoconstriction in this area of the rat pulmonary vascular bed,
the reduction in cyclic AMP could contribute to ET-1 mediated
vasoconstriction. We wished, therefore to elucidate the
mechanism behind such an effect by examining coupling to the
G;2 protein. We investigated the possibility that the ET-1
mediated decrease in cyclic AMP occurs as a consequence of
direct inhibition of adenylyl cyclase through G;2. Recent
advances in methodology have allowed definition of the
molecular interaction between a receptor and the G protein
with which it interacts. We have developed an assay in which
pertussis toxin-sensitive G proteins become substrates for
cholera toxin-catalyzed [**P]-ADP-ribosylation when they
interact with an agonist-activated receptor (Mullaney et al.,
1996). When used together with a specific immunoprecipitating
G protein antiserum, the assay provides the best means to
elucidate the specificity of receptor-G protein coupling. Using
specific antisera, we have recently characterized the G protein
complement in rat pulmonary arteries and shown that they
contain G;2 (Mullaney & MacLean, unpublished observations).
Incubation with ET-1 caused an increase in incorporation of
radiolabel specifically into G;2 in the main extralobar artery.
This increase, which is indicative of receptor activation of G;2,
was blocked by FR139317 but unaffected by BQ-788. These
results provide definitive evidence of direct activation of G;2 by
interaction with ET, receptors in the rat pulmonary artery, a
phenomenon not previously described in the pulmonary artery.

A previous study demonstrated that chronic hypoxia
abolished the ET-1-mediated reduction in cyclic AMP levels
in rat main pulmonary artery (Mullaney et al., 1998). This
would serve to counteract any increase in the vasoconstrictor
effect of ET-1 and indeed, there is no enhancement of
contraction of ET-1 in these vessels (MacLean et al., 1995)
whereas there is an enhanced vasoconstriction to ET-1 in the
smaller arteries mediated via the ET, receptor (McCulloch et
al., 1998). We also previously showed that the potency of
FR139317 increases in hypoxic conditions in the large
pulmonary artery (MacLean et al., 1994). A loss of ET4-
mediated vasoconstriction via reduced cyclic AMP may
explain this phenomenon.

Basal levels of cyclic GMP were lower in the small muscular
pulmonary arteries than in the large ET-1. This is consistent
with there being abundant expression of endothelial nitric
oxide synthase (eNOS) in the rat main pulmonary artery
whereas eNOS is virtually absent from the small pulmonary
arteries (Xue et al., 1994). ET-1 had no effect on cyclic GMP in
the pulmonary resistance arteries. This is consistent with a
previous study where we demonstrated that treatment with the
nitric oxide synthase inhibitor, L-NW nitroarginine methyl ester
(L-NAME) has no effect on the ability of ET-1 to constrict
pulmonary resistance arteries (MacLean & McCulloch, 1998).
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In addition, we have never been able to demonstrate nitric-
oxide dependent, ET-1-induced, vasodilation in these vessels
(Docherty & MacLean, 1998). In contrast, incubation of main
pulmonary arteries with ET-1 did result in a significant
increase in cyclic GMP levels. This increased was preserved
in vessels denuded of endothelium and inhibited by FR139317.
Previous studies have confirmed that our procedures for
endothelium removal are successful, inhibiting ACh-induced
vasodilation (MacLean et al., 1994). Removal of the
endothelium had no significant effect on either cyclic GMP
or cyclic AMP basal levels, consistent with the major site of
basal cyclic nucleotide generation being in the vascular smooth
muscle.

Collectively, these observations suggest that ET-1 can
activate, via the ET4 receptor, guanylyl cyclase directly at the
level of the smooth muscle. The lack of effect of endothelium
removal and BQ-788 was surprising as, in the vascular
endothelium, activation of the nitric oxide/cyclic GMP
signalling pathway as a result of ETg-receptor stimulation
plays a key role in the vasodilator actions of the peptide
(Masaki et al.,, 1991). Non-endothelial, non nitric oxide-
dependent, ET, receptor-mediated cyclic GMP production
has, however, previously been intimated in rat cerebellar slices
where it may be mediated via carbon monoxide production
(Shraga-Levine et al., 1994).

In these large pulmonary vessels, ET-1 induces vasocon-
striction via the ET, receptor and hence ET,-mediated
increases in cyclic GMP would oppose this effect and may
serve as a physiological brake on ET-mediated vasoconstric-
tion. The results of the current study may explain some
previously unexplained phenomena that we have reported
(MacLean et al., 1995). We described how 1 uM FR139317 and
0.1 um FR139317 were equipotent against the vasoconstrictor
effects of ET-1 in the rat main pulmonary artery. This may be
due to 1 uM FR139317 blocking the ET,-mediated rise in
cyclic GMP in addition to its inhibitory effect against ET
activation of Gg- and Gj-protein linked receptors.

Hence, it is evident from this and other studies that ET-1
couples with multiple G protein subtypes in the pulmonary
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