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1 Contraction of guinea-pig isolated aorta induced by the prostaglandin E analogue sulprostone (1 ±
400 nM) has a lower maximum response (40%) than that of phenylephrine or U-46619 (TP-receptor
agonist). A prostanoid EP3-receptor subtype is involved based on agonist potency ranking: equi-e�ective
molar ratios (EMR) are sulprostone (EC50*23 nM) 1.0, SC-46275 0.11, misoprostol 2.2, gemeprost 3.3,
PGE2 5.4, 17-phenyl PGE2 6.0, GR-63799 8.9. GR-63799, which contains a bulky ester group, is
relatively more potent on neuronal EP3 preparations than on the aorta.

2 ONO-AP-324, a relative of the non-prostanoid prostacyclin mimetic series, behaves as an EP3 partial
agonist on the aorta, inhibiting sulprostone responses but acting synergistically (in a similar manner to
sulprostone) with phenylephrine; it may be a useful pharmacological tool for studying EP3-receptors.

3 Sulprostone contractions are markedly suppressed in zero-Ca2+ bathing ¯uid containing either 2 mM

EDTA or 50 mM EGTA, and by Cd2+ (500 mM), but are usually una�ected by nifedipine (0.3 mM) and
verapamil (4.44 mM). In¯ux of Ca2+, but not through L-type Ca2+-channels, appears to be the major
contractile mechanism.

4 The guinea-pig aorta is a valuable addition to the vascular EP3 preparations available and may
increase our knowledge of the mechanisms whereby Gi-coupled receptors mediate vasoconstriction (c.f.
5-HT1B/D- and a2-receptors). The possibility of certain EP3 agonists distinguishing EP3-receptor isoforms
is discussed.
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Introduction

Prostaglandin E2 (PGE2) is generally found to be an arteriolar
dilator through agonist actions at prostanoid EP2- or EP4-

receptors. However, in a few vessels, for example rabbit renal
artery (Ahluwalia et al., 1988) and human pulmonary artery
(Qian et al., 1994), PGE2 induces smooth muscle contraction at

low concentrations. EP3-receptors are involved and the PGE
analogue sulprostone (Figure 1) serves as a useful EP3
standard agonist due to its low EP2/EP4 potency.

The EP3-receptor has received much attention of late due to
the existence of several isoforms derived by alternative splicing
of messenger RNA (Namba et al., 1993). The structural

di�erences, which lie in the cytoplasmic tails, result in coupling
to di�erent second messenger systems. For example, when
expressed in Chinese hamster ovary (CHO) cells, bovine
adrenal gland EP3A and EP3C receptor isoforms couple to Gi

to inhibit adenylate cyclase, EP3B and EP3C couple to Gs to
activate adenylate cyclase, and EP3D, as well as coupling to Gi

and Gs, couples to Gq to cause pertussis toxin (PTX)-

insensitive activation of phospholipase C (PLC) and Ca2+

mobilization (Namba et al., 1993). However, little is known
about the ion channels/second messenger systems responsible

for EP3-receptor-mediated contraction of vascular smooth
muscle.

We felt it important to ®nd a suitable vascular EP3
preparation for our intended Ca2+ ¯ux and patch-clamp

experiments. The human pulmonary artery was passed by due

to its limited availability and the occurrence of tachyphylaxis
to EP3 agonists (Qian et al., 1994). The rabbit renal artery,

brie¯y described by Ahluwalia et al. (1988), was indeed
sensitive to sulprostone (EC50=10 nM), but the maximum
response was only 5 ± 8% of the phenylephrine maximum

(Jones, unpublished observations); it was reserved for later
investigation. Of a number of other preparations, the guinea-
pig aorta appeared to have the greatest potential. We shall deal

with three aspects of its pharmacology. (a) The contractile
potencies of a range of PGE analogues, indicating the presence
of an EP3-receptor. (b) The activity of ONO-AP-234 (Figure

1), a non-prostanoid found to be an EP3 agonist (K. Kondo,
ONO Pharmaceuticals, personal communication). ONO-AP-
324 is chemically related to a series of non-prostanoid
prostacyclin mimetics (Hamanaka et al., 1995a,b; Kondo &

Hamanaka, 1995), one of which, ONO-1301 (Figure 1), we
have also examined. (c) The e�ect of procedures that modify
Ca2+ ¯uxes in smooth muscle cells on sulprostone contrac-

tions.

Methods

Isolated tissue preparations

Male Dunkin-Hartley guinea-pigs, weighing 400 ± 450 g, were
killed by cervical dislocation and exsanguination. The
descending thoracic aorta was transferred to Krebs-Henseleit

solution (NaCl 118, KCl 4.7, CaCl2 2.5, MgSO4 1.2, KH2PO4

1.18, NaHCO3 25, glucose 10 mM). Following removal of
adherent fat and connective tissue, 3 mm-wide rings were cut

and suspended under 1.3 g tension in 10 ml organ baths
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containing Krebs-Henseleit solution at 378C and aerated with
95% O2/5% CO2. Isometric tension changes were recorded

with Grass FT03 force transducers linked to a Maclab 4/
Macintosh PowerMac computer system (sampling rate 40 per
min). The bathing solution contained 1 mM indomethacin in all
experiments. In some experiments endothelium was removed

by gentle rubbing with a wooden tooth-pick.
Ring preparations of human intralobular pulmonary

arteries were obtained from lung lobes removed from patients

with lung cancer at the Prince of Wales Hospital, Shatin.
Experimental conditions were similar to those described for the
guinea-pig aorta.

Contractions of the longitudinal smooth muscle of the
guinea-pig isolated vas deferens to maximal electrical ®eld
stimulation (square wave pulses at 60 V, 1 ms, 10 Hz applied
for 1 s) were recorded as described previously by us (Tam et

al., 1997).

Experimental protocols

For vascular preparations, reproducible contractile responses
to 40 mM KCl were ®rst obtained on each preparation. A

response to U-46619 (100 nM) was then obtained, against
which all subsequent responses were normalized. Unless
otherwise stated, all tests were performed in the presence of

the TP antagonist GR-32191 (200 nM). For comparison of EP3
contractile potencies, cumulative concentration-response re-
lationships were obtained to two di�erent PGE analogues on
each preparation. For each analogue, half of the tests

comprised the ®rst cumulative sequence and half the second;
PGE2, misoprostol and gemeprost were not tested on the same
preparation. The time between washout of the ®rst agonist

series and start of the second agonist series was 75 ± 90 min.
Although there appeared to be a slight increase in contractile
sensitivity over time, applying 2-Factor ANOVA to 7logEC8

values for the PGE analogues in Table 1 showed that the
`sequence' factor (i.e. whether the analogue was applied ®rst or
second) was not statistically signi®cant (P=0.18); the PGE

analogue factor had seven levels, excluding two sulprostone
values secondary to gemeprost. For assessment of relaxant
potencies, cumulative concentration-response relationships
were obtained against tone induced by either 1 mM phenyl-

ephrine, 3 nM U-46619 or 300 nM sulprostone. To study the
e�ects of receptor/ion channel blockers, matched preparations
were exposed to either blocker or vehicle for 30 min and then

cumulative dose-response relationships were obtained for the
agonist.

On guinea-pig vas deferens, a single cumulative series of

agonist doses was applied to each preparation.

GraphPad Prism software was used for sigmoidal ®tting of
log concentration-response data, with constraint of the low

response asymptote to 0% (contraction) or 100% (relaxation).

Compounds

The following compounds were gifts: sulprostone and
cicaprost from Schering AG, Germany; misoprostol and

SC-46275 (methyl 7-[2b-[6-(1-cyclopenten-1-yl)-4R-hydroxy-
4 -methyl -1E,5E -hexadienyl] -3a -hydroxy -5-oxo-1R,1a-cyclo-
pentyl]-4Z-heptenoate) from GD Searle, U.S.A.; AH-6809

(6-isopropoxy-9-oxoxanthene-2-carboxylic acid), GR-32191
(9a-(biphenylyl)methoxy -11b -hydroxy-12b-(N-piperidinyl)-o-
octanor-prost-4Z-enoic acid), GR-63799 (13-oxa-13,14-dihy-
dro-16-phenoxy-o-tetranor PGE2 p-(benzoylamino)phenyl

ester) from Glaxo Group Research, U.K.; butaprost from
Bayer, U.K.; gemeprost (ONO-802) from ONO Pharmaceu-
ticals, Japan: primary stocks were prepared in absolute

ethanol at 2.5 ± 10 mM. ONO-AP-324 (5-(2-diphenylmethyla-
minocarboxy)-ethyl)-a-naphthyloxyacetic acid) and ONO-
1301 (7,8-dihydro-5-(2-(1-phenyl-1-pyrid-3-yl-methiminoxy)-

ethyl)-a-naphthyloxyacetic acid) were gifts from ONO
Pharmaceuticals, Japan: primary stocks in dimethylsulph-
oxide at 10 mM. U-46619, PGE2, 17-phenyl-o-trinor PGE2

(17-phenyl PGE2 in the text) and ¯uprostenol were
purchased from Cayman Chemicals, U.S.A.: primary stocks
in absolute ethanol at 5 ± 10 mM. Nifedipine (10 mM in
ethanol), cyclopiazonic acid (5 mM in dimethylsulphoxide),

L-phenylephrine hydrochloride (10 mM in water), EDTA,
EGTA and cadmium chloride were purchased from Sigma
Chemicals, U.S.A. Verapamil hydrochloride was obtained

from Knoll AG, Germany, as an aqueous injection solution

Figure 1 Chemical structures of PGE2, its analogues sulprostone, SC-46275 and GR-63799, and the non-prostanoids ONO-AP-324
and ONO-1301. The -CONH- moiety in sulprostone is acidic due to the electron-withdrawing e�ect of the SO2 group.

Table 1 Contractile potencies of PGE analogues on guinea-
pig isolated aorta

PGE analogue pEC8 (7logM) Equi-e�ective molar ratio

SC-46275
Sulprostone
Misoprostol*
Gemeprost*
PGE2*
17-Phenyl PGE2
GR-63799

9.41+0.04 (4)
8.46+0.11 (8)
8.12+0.11 (4)
7.94+0.19 (4)
7.73+0.06 (6)
7.68+0.10 (4)
7.51+0.19 (4)

0.11
1.0
2.2
3.3
5.4
6.0
8.9

The TP antagonist GR-32191 (200 nM) was present in all
tests. pEC8 values are means+s.e.mean with n value in
parentheses. *Lower maximum response than sulprostone
due to opposing relaxant activity.
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(2.5 mg ml71) for human use. All secondary stocks were
prepared in 0.9% NaCl solution.

Results

Guinea-pig aorta

Sulprostone as the EP3 standard agonist It was decided to use
sulprostone as the standard EP3-receptor agonist based on the

following experiments, which were all carried out in the
presence of 1 mM indomethacin to inhibit cyclo-oxygenase
function.

The TP agonist U-46619 consistently contracted the aorta,
with an EC50 of 9.6+0.9 nM (n=6) and a maximum increase in
tension of 2 ± 3 g (Figure 2). For each preparation, tension

changes were normalized to the 90 ± 95% maximal response
elicited by 100 nM U-46619. The TP antagonist GR-32191
(Lumley et al., 1989) at concentrations of 5, 20 and 100 nM
blocked the agonist action of U-46619 in a surmountable

manner (Figure 2b). Regression analysis of a conventional

Schild plot of the data yielded a slope of 1.06 (95% con®dence
limits=0.76 ± 1.46) and a pA2 value of 9.15. This a�nity is
comparable with our previous pA2 estimate of 9.43 for block of

the TP-receptor in guinea-pig trachea by GR-32191 (Tymke-
wycz et al., 1991). GR-32191 at 200 nM did not a�ect
responses to sulprostone (1 ± 400 nM, n=4), and was included
in subsequent experiments.

The contractures to sulprostone were stable, showed no
reversal to relaxation at higher concentrations (Figure 2a), and
no tachyphylaxis on repeated application over a 7 h period.

The mean EC50 value for sulprostone was 23 nM and the
maximum response some 40% of the U-46619 maximum
(Figure 2b). Removal of the endothelium, which abolished the

relaxant action of acetylcholine (1 ± 14 mM) against phenyl-
ephrine-induced tone, had no e�ect on sulprostone responses
(n=3); the endothelium was not removed in subsequent

experiments. The EP1 antagonist AH-6809 (Coleman et al.,
1985) at 5 mM did not block sulprostone contractions: dose
ratio=0.56+0.03 (n=3) (data not shown). As a check of the
genuineness of the AH-6809, it was tested at 2 mM against the

contractile action of 17-phenyl PGE2 on the guinea-pig
isolated trachea (EP1 preparation); a dose ratio of 63 (n=1)
was obtained, with no change in responsiveness of a matching

control preparation. The potent and selective FP-receptor
agonist ¯uprostenol showed only weak contractile activity on
the aorta (about 10% of the U-46619 maximum at 21.1 mM,
Figure 2b).

Relative contractile potencies of PGE analogues Three PGE

analogues, SC-46275 (Figures 1 and 2b), 17-phenyl PGE2 and
GR-63799, had log concentration-response curves apparently
parallel to that of sulprostone. Three other analogues, PGE2

(Figures 1 and 2b), misoprostol and gemeprost, had shallower

curves with about 20% maxima, and were also distinguishable
by the highest tested concentration (400 ± 600 nM) inducing
distinct relaxation in 4 of 6, 4 of 4, and 3 of 4 preparations

respectively. Equi-e�ective molar ratios (sulprostone=1.0,
Table 1) were calculated from concentrations inducing 8% of
the 100 nM U-46619 response; this response level is a

compromise between the shallowness of the lower portion of
the log concentration-response curve and the need to reduce
interference from relaxant activity at higher agonist concentra-
tions.

Gemeprost showed a much more persistent contraction
following wash-out than did the other PGE analogues, with
tension only returning to baseline after 3 ± 5.5 h compared to

about 1 h for sulprostone.

Relaxant actions of PGE analogues The ®nal PGE analogue

investigated was the selective EP2 agonist butaprost. It did not
contract the aorta when acting alone (10 ± 1440 nM), but
completely relaxed preparations precontracted (40 ± 50%) with

1 mM phenylephrine (IC50=163+20 nM, n=5), 3 nM U-46619
(IC50=42 and 162 nM) or 300 nM sulprostone (IC50=270 and
660 nM). PGE2, misoprostol and gemeprost (10 ± 500 nM) each
further contracted aorta preparations already contracted with

1 mM phenylephrine. However, somewhat variable relaxation
responses were seen on preparations pre-contracted with
300 nM sulprostone: PGE2 IC50=98, 390 and 4440 nM;

misoprostol IC50=97, 240 and 4550 nM; gemeprost
IC50=190, 380 and 420 nM.

Activity of the non-prostanoids ONO-AP-324 and ONO-
1301 ONO-AP-324 (10 nM± 14.4 mM) contracted the aorta,
but its maximum response was only about 40% of that of
sulprostone (Figure 3a). In the presence of 10 mM ONO-AP-

Figure 2 Contractile activity of prostanoids on the guinea-pig aorta
ring preparation: (a) Typical tracing of responses to the TP agonist
U-46619 (no receptor antagonists) and sulprostone in the presence of
the TP antagonist GR-32191 (200 nM) on the same preparation.
W=wash. (b) Log concentration-response curves for SC-46275,
sulprostone, PGE2 and ¯uprostenol in the presence of 200 nM
GR-32191, and for U-46619 in the absence and presence of 100 nM
GR-32191. Vertical bars show s.e.mean (n=4±8).
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324, sulprostone responses were inhibited, whereas phenyl-
ephrine responses were enhanced (Figure 3b,c). A similar
degree of synergism was also observed between sulprostone

(3 nM) and either phenylephrine (0.1 ± 10 mM) or U-46619 (1 ±
100 nM, GR-32191 absent) (data not shown).

Two other non-prostanoids investigated, BMY-45778
(Seiler et al., 1997) and ONO-1301, did not contract the aorta

but did relax preparations contracted with 1 mM phenylephr-
ine. Log concentration-relaxation curves for BMY-45778,
ONO-1301 and the prostacyclin analogue cicaprost are shown

in Figure 3d.

E�ect of procedures that modify Ca2+ in¯ux Initial experi-

ments showed that reducing the external Ca2+ concentration
with 2 mM EDTA in Ca2+-free Krebs solution converted the
sustained contraction to 10 mM phenylephrine to a large phasic

response; higher EDTA concentrations also suppressed the
phasic response. Responses to sulprostone (3 ± 300 nM) in
2 mM EDTA/Ca2+-free Krebs consisted of small tonic

contractions (maximum response=5 ± 9% of 100 nM U-
46619 response, n=3). A similar pro®le for sulprostone was
also seen in 50 mM EGTA/Ca2+-free Krebs solution (n=2),

and the phenylephrine phasic response was prominent (see
Low et al., 1991). In both bathing ¯uids, subsequent addition
of 2.5 mM Ca2+ rapidly restored both the tonic responses to
phenylephrine and the much larger tonic response to

sulprostone (35 ± 48% of 100 nM U-46619 response). Treat-
ment of the aorta with 500 mM Cd2+ for 30 min markedly
inhibited sulprostone contractions, whereas U-46619 contrac-

tions were a�ected less (Figure 4).
The sarcoplasmic reticulum (SR) Ca2+-pump inhibitor

cyclopiazonic acid (10 mM) abolished the phasic response to

10 mM phenylephrine in 50 mM EGTA/Ca2+-free Krebs
solution. In normal Krebs solution 10 mM cyclopiazonic acid
enhanced contractile responses to both U-46619 and sulpros-

tone (Figure 4).
In preparations from more than 50 animals, sulprostone

invariably showed a single exponential approach to a stable

Figure 3 Vascular activity of the non-prostanoids ONO-AP-324, ONO-1301 and BMY-45778. Log concentration-response curves
for (a) sulprostone and ONO-AP-324 both acting alone on guinea-pig aorta (n=6) and human pulmonary artery (n=4); (b)
sulprostone acting alone and in the presence of 10 mM ONO-AP-324 on guinea-pig aorta (n=6); (c) phenylephrine acting alone and
in the presence of 10 mM ONO-AP-324 on guinea-pig aorta (n=6); (d) inhibition of phenylephrine-induced tone by cicaprost (n=6),
ONO-1301 (n=3) and BMY-45778 (n=3) on guinea-pig aorta. The TP-receptor antagonist GR-32191 (200 nM) was present in all
tests. Vertical bars show s.e.mean.

Prostanoid EP3-receptor in vascular smooth muscle 1291R.L. Jones et al



contractile response; the L-type Ca2+-channel blockers
nifedipine (10 ± 300 nM) and verapamil (40 ± 4440 nM) did not
inhibit these established responses in ®ve and three prepara-

tions respectively (Figure 5a). Furthermore, in four of these
typical experiments, pre-treatment of the preparation with
300 nM nifedipine for 30 min did not in¯uence the sulprostone
concentration-response curve (Figure 5b). However, in four

other experiments performed early in the study sulprostone
showed atypical contractions consisting of two tonic compo-
nents of roughly equal size, with one commencing about

10 min after start of the ®rst; in these cases addition of
nifedipine (10 ± 300 nM, n=3) and verapamil (40 ± 4440 nM,
n=1) produced a partial relaxation (Figure 5a). Nifedipine

abolished and verapamil markedly inhibited contractile
responses to 40 mM KCl (IC50=14 and 450 nM respectively)
(Figure 5a); nifedipine at 300 nM inhibited 1 mM phenylephrine

contractions by 43 ± 51% (n=3, data not shown).

Human pulmonary artery

In the presence of 200 nM GR-32191, ONO-AP-324 contracted
the human pulmonary artery, with a threshold e�ect at 100 nM
(Figure 3a). On preparations from two patients, log

concentration-response curves to sulprostone and ONO-AP-
324 were apparently parallel, whereas on preparations from
two other patients the ONO-AP-324 curve was much shallower

than that of sulprostone. The PGE analogue SC-46275, which
was not examined in our previous study (Qian et al., 1994) was
found to be 4.3+0.4 (n=4) times more potent than

sulprostone as an EP3 agonist on the pulmonary artery
preparation.

Guinea-pig vas deferens

On the guinea-pig isolated vas deferens, sulprostone, PGE2 and
ONO-AP-324 completely inhibited maximal twitch responses

elicited by electrical ®eld stimulation. ONO-1301 showed only
weak inhibitory activity, being about 140 fold less potent than
ONO-AP-324 (Figure 6).

Figure 4 Guinea-pig aorta: e�ects of 10 mM cyclopiazonic acid
(CPA) and 500 mM Cd2+ on log concentration-response curves to (a)
U-46619 and (b) sulprostone. Vertical bars show s.e.mean (n=6 and
3 for control and treated preparations respectively).

Figure 5 L-type Ca2+-channel blockers on guinea-pig aorta: (a)
E�ect of nifedipine and verapamil on established contractions to
40 mM K+ (both n=6), single stage contractions to 10 nM
sulprostone (n=5 and 3 respectively), and double stage contractions
to 10 nM sulprostone (n=3 and 1 respectively). (b) E�ect of 300 nM
nifedipine on the log concentration-response curve for sulprostone
(both n=4). The TP-receptor antagonist GR-32191 (200 nM) was
present in all tests. Vertical bars show s.e.mean.

Figure 6 Inhibition of maximal twitch contractions of guinea-pig vas
deferens elicited by electrical ®eld stimulation: log concentration-
responses curves for sulprostone, PGE2 and the non-prostanoids
ONO-AP-324 and ONO-1301. Vertical bars show s.e.mean (n=4 or
5).
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Discussion

Characterizing the EP-receptor mediating vascular
contraction

Several observations indicate that the contractile actions of
PGE analogues on circular smooth muscle of the guinea-pig
aorta are due to activation of EP3-receptors. First, the most

potent contractile agent SC-46275 has been shown to be a
speci®c agonist for the EP3-receptor (Savage et al., 1993).
Secondly, the potency ranking `sulprostone4PGE2417-

phenyl PGE2' is characteristic of the EP3-receptor, being
reversed for the EP1-receptor (Lawrence et al., 1992). Thirdly,
contractions elicited by sulprostone, which is a moderately

potent EP1 agonist (Coleman et al., 1987a,b; Lawrence et al.,
1992), were not blocked by the EP1 antagonist AH-6809. A
contribution to PGE action from activation of TP-receptors is
also unlikely, since PGE responses were observed in the

presence of a concentration of GR-32191 giving a dose-ratio of
about 300 for U-46619. Although none of the PGE analogues
is noted for potent TP agonist activity, it was important to

have a high degree of TP-receptor block in order to eliminate
synergism between the EP3 and TP contractile actions of a
PGE analogue (as seen between sulprostone and U-46619).

This situation is analogous to that in the rat aorta, where
PGF2a induces full contraction at micromolar concentrations.
However, the presence of the TP antagonist SQ-29548 reveals
a more sensitive but low-maximum (*10%) contractile

component, which synergizes with noradrenaline and K+

(Rapoport, 1993). Thus there is almost certainly synergism
between the low potency TP agonism of PGF2a and its more

potent action through a second prostanoid receptor, probably
an FP-receptor. On the guinea-pig aorta, the selective FP
agonist ¯uprostenol (Welburn & Jones, 1978) was a very weak

contractile agent, probably due to an agonist action at EP3-
rather than FP-receptors.

The relaxation seen with butaprost on the guinea-pig aorta

over the 300 ± 1000 nM concentration range has been reported
previously for both EP2 and EP4 vascular preparations
(Lawrence & Jones, 1992; Coleman et al., 1994a; Lydford et
al., 1996), and its modest selectivity for EP2-receptors is

associated with EP4 preparations having much higher
sensitivity to PGE2 than EP2 preparations. Since it was not
possible to measure the true relaxant potency of PGE2 on the

aorta, we shall not infer the subtype of EP-receptor involved. It
is of interest that PGE2 misoprostol and gemeprost each
showed relaxant activity against sulprostone but additional

contractile activity when phenylephrine was the tone-inducing
agent. The explanation may be as follows. The tone induced by
sulprostone (40% of the tissue maximum) should be ideal for
PGE2's relaxant action to show, whilst the EP3 agonist action

of PGE2 should add little to that already present due to the
near maximal concentration of sulprostone. With phenylephr-
ine-induced tone, further contraction by PGE2 should be

favoured through synergism between the EP3 and a1 contractile
systems and this could override relaxation.

Figure 7a shows that EP3 contractile potencies on the

guinea-pig aorta and the human pulmonary artery are well
correlated. Indeed, the prostanoid receptor complements of the
two preparations are similar, with each containing contractile

EP3- and TP-receptors and relaxant EP- and IP-receptors.
Turning to within-species comparisons and the possible
relevance of EP3-receptor isoforms to our study, EP3 agonist
potencies on the guinea-pig aorta and the guinea-pig vas

deferens (Lawrence et al., 1992) are not so well correlated,
particularly for 17-phenyl PGE2 and GR-63799 (Figure 7b).

Data on the guinea-pig trachea obtained by another research
group (Spicuzza et al., 1998) also shows a higher EP3 potency
for GR-63799 compared to PGE2 and 17-phenyl PGE2 (Figure

7b). The EP3-receptors in the vas deferens and the trachea are
both located presynaptically and suppress transmitter release
from sympathetic and parasympathetic nerve terminals
respectively. GR-63799 (Bunce et al., 1990) is di�erent to the

other PGE analogues examined in containing a relatively
bulky p-(benzoylamino)phenyl ester (Figure 1). It is possible
that GR-63799 could activate EP3-receptors as either the

native ester or the (de-esteri®ed) carboxylic acid. Two
scenarios may be envisaged. Based on the results of
conventional metabolism studies in vivo, it is generally

Figure 7 Comparison of EP3 agonist potencies: (a) guinea-pig aorta
versus human pulmonary artery and (b) guinea-pig aorta versus
guinea-pig vas deferens (*) and guinea-pig trachea (*). Data taken
from this study, Lawrence et al. (1992), Qian et al. (1994) and
Spicuzza et al. (1998). PGE2 is the standard agonist in each case
(equi-potent molar ratio, EMR=1.0). Compound codes: SC=SC-
46275, Sul=sulprostone, Miso=misoprostol, Geme=gemeprost,
E2=PGE2, GR=GR-63799, 17-E2=17-phenyl PGE2. Each diagonal
line represents absolute equivalence between EMRs, not a linear
regression for the data points.
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supposed that simple alkyl ester prostanoids (e.g. SC-46275
and misoprostol) are rapidly hydrolyzed in isolated tissues to
a�ord the more biologically-active free acids. However, it is

not clear that the more bulky p-(benzoylamino)phenyl ester in
GR-63799 would be rapidly hydrolyzed; if the rates were to
di�er in di�erent tissues, then relative potencies would be
a�ected. More interestingly, if native GR-63799 is the active

species and the vascular and neuronal EP3-receptors are
di�erent isoforms operating through di�erent G-proteins, then
the binding of the extended a-chain of GR-63799 within the

transmembrane region may produce a selective disturbance of
G-protein coupling. Although cytoplasmic tail splicing in EP3
isoforms a�ects both the type of G-protein coupling, the rate

of agonist desensitization and the degree of constitutive
activity (Negishi et al., 1989; An et al., 1994; Jin et al., 1997),
major e�ects on relative agonist a�nities have not been

apparent. For example, PGE2, PGE1, PGF2a and M&B-28767
have similar binding a�nities for the isoforms of the human
EP3-receptor expressed in CHO and COS-7 cells (An et al.,
1994; Regan et al., 1994). However, a large group of EP3
agonists of widely di�ering structure has not been investigated,
and it would be of interest to pursue this line of enquiry by
examining PGE analogues with radically di�erent substituents

on the ester (or sulphonamide) unit to see if larger di�erences
in EP3 agonist potency are to be found.

EP3 agonist activity of the non-prostanoid ONO-AP-324

ONO-1301 (Kondo & Hamanaka, 1995) is a member of a

group of non-prostanoids that show IP agonist activity on both
platelets and arterial smooth muscle (Hamanaka et al.,
1995a,b). Activity is optimal when the 1-carboxylate is situated
at a critical distance from the diaryl moiety, the latter being

crucial to the IP agonism (see also Jones et al., 1993; Meanwell
et al., 1994). ONO-1301 also inhibits thromboxane synthetase
(Kondo &Hamanaka, 1995), but this will be of no consequence

in our experiments since endogenous synthesis of PGH2 was
inhibited by the cyclo-oxygenase inhibitor indomethacin. The
closely related analogue ONO-AP-324 is unique in that it

behaves as a selective EP3 agonist, competing with [3H]PGE2

for the mouse cloned EP3a-receptor expressed in CHO cells with
a Ki of 11 nM. Its speci®city is high, with Ki values for mouse
EP2-, EP4- and FP-receptors and human IP- and TP-receptors

being greater than 10 mM, and for mouse EP1-receptors being
4.6 mM (K. Kondo, personal communication). In our func-
tional study, ONO-AP-324 also appeared to show EP3 agonist

activity on the guinea-pig aorta, but its maximum response was
less than that of sulprostone and it opposed the contractile
action of sulprostone. Two ready explanations for this pro®le

must be considered: either ONO-AP-324 has IP agonist activity
that opposes it (full) agonist activity at the contractile EP3-
receptor or it is a partial agonist at the EP3-receptor. Although

ONO-AP-324 does not bind to the human cloned IP-receptor,
we must be cautious in arguing from this information, since
there are species di�erences in the sensitivity of IP-receptor
systems to the diaryl non-prostanoids, with human, pig and

horse being more sensitive than rat and rabbit (Armstrong et
al., 1989). The guinea-pig IP-receptor falls into the insensitive
group, with octimibate having much weaker inhibitory activity

(relative to iloprost, EMR=1.0) on guinea-pig washed platelets
(IC50=204 nM, EMR=296) compared to human washed
platelets (IC50=10.5 nM, EMR=12) (Merritt et al., 1991).

Also, BMY-45778, one of the most potent non-prostanoid
prostacyclin mimetics on human platelets (Meanwell et al.,
1994; Seiler et al., 1997), has an IC50 of about 3 nM for
relaxation of human pulmonary artery (Jones et al., 1997)

compared to 240 nM on the guinea-pig aorta (this study). And
in addition, ONO-1301 competes for [3H]iloprost binding on
human platelets with a Ki of 190 nM (Kondo & Hamanaka,

1995), whereas it showed only weak relaxant activity on guinea-
pig aorta (IC5045 mM). Thus there is no reason to suppose that
ONO-AP-324 is acting as an IP agonist on the guinea-pig aorta.
Supporting this, and favouring the partial agonist proposal, is

our observation that the synergism between ONO-AP-324 and
phenylephrine is of a similar magnitude to that between
sulprostone and phenylephrine.

On the ®eld-stimulated guinea-pig vas deferens, ONO-AP-
324 behaved as a full EP3 agonist. There is not necessarily a
con¯ict with the guinea-pig aorta ®ndings, since the vas

deferens is much more sensitive to EP3 agonists (sulprostone
IC50=0.36 nM) compared to the aorta (sulprostone
EC50=23 nM) and it is often the case that partial agonists

behave as full agonists on more sensitive preparations
(Kenakin et al., 1992).

Partial agonist activity at EP-receptors among the many
PGE analogues synthesized seems to be rare, making this

avenue to EP-receptor antagonists unattractive. The apparent
partial agonist action of ONO-AP-324 on the guinea-pig aorta
EP3 system is therefore of great interest. The relatively simple

structure of ONO-AP-324, coupled with the absence of
chirality, might encourage approaches to an EP3 antagonist
based on combinatorial chemistry and large-scale ligand-

binding screens.

Mechanism of the vascular contraction induced by EP3

agonists

The activation of receptors (TP, a1, AT1) that interact with
PLCb via Gq usually leads to full contraction of isolated

arterial and venous smooth muscle preparations. This is not
surprising since several contractile systems are set in motion
(see Kuriyama et al., 1995). Inositol 1,4,5-trisphosphate (InsP3)

releases Ca2+ from the SR and diacylglycerol activates protein
kinase C to enhance sensitivity of the contractile elements to
Ca2+; Ca2+ in¯ux through opening of L-type and other Ca2+-

channels in the plasma membrane is also involved (see
Coleman et al., 1994b for information on TP-receptors).
Recently, a Rho-associated protein kinase has been implicated
in Ca2+-sensitization in pig coronary artery and guinea-pig

trachea (Uehata et al., 1997). In the case of EP3 agonist action
on the guinea-pig aorta, the marked suppressant e�ects of both
extracellular Ca2+ depletion and Cd2+ (a non-speci®c Ca2+-

channel blocker), the insensitivity to L-type Ca2+-channel
blockers, and the lower maximum response suggest a di�erent
contractile mechanism. One possibility, by analogy with

studies of ATP, noradrenaline and acetylcholine action on
isolated vascular smooth muscle cells (review by Kuriyama et
al., 1995), would involve in¯ux of Ca2+ through receptor-

operated channels, which may be selective for Ca2+ (Murray &
Kotliko�, 1991) or non-selective for cations (Benham & Tsien,
1987). Patch clamp experiments on isolated smooth muscle
cells are in progress to investigate this situation.

In Ca2+-free bathing ¯uid, the SR Ca2+-pump inhibitor
cyclopiazonic acid (see Darby et al., 1996 for selectivity data)
inhibited tonic contractions of the guinea-pig aorta to

phenylephrine, as found in other vascular preparations (Deng
& Kwan, 1991). The potentiation of sulprostone and U-46619
contractions by cyclopiazonic acid in the presence of a normal

level of external Ca2+ is similar to that seen on 5-HT and K+

contractions of rat small mesenteric artery (Shima & Blaustein,
1992) and can be explained by suppression of the bu�ering
e�ect of Ca2+ uptake into the SR, thus allowing Ca2+ in¯ux to
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more e�ectively activate the contractile machinery (Shima &
Blaustein, 1992). In a few guinea-pig aorta preparations
studied early in the project, sulprostone elicited a secondary

nifedipine-sensitive tonic contraction, presumably due to
membrane depolarization reaching a level su�cient to open
L-type Ca2+-channels. We have not observed this phenomen-
on in later experiments and the reason for this is not clear.

The actions of EP3 agonists on platelet, renal, and gastric
function have been associated with receptor coupling to Gi and
subsequent inhibition of adenylate cyclase by the a subunit (see
Coleman et al., 1994b). A similar mechanism may underlie EP3
vascular contraction and also synergy with phenylephrine.
Sumatriptan, a selective 5-HT1B/D agonist, contracts dog

saphenous vein and reduces both basal and PGE2-stimulated
cyclic AMP levels over similar concentration ranges (Sumner
& Humphrey, 1990). However, obtaining good evidence for

contraction through adenylate cyclase inhibition can be
di�cult, since the requisite ongoing production of cyclic AMP
must suppress a contractile in¯uence, the nature and strength
of which may be di�cult to determine.

In many vessels, activation of 5-HT1- (MacLennan et al.,
1993; Sweeney et al., 1995), muscarinic- (Asano & Hidako,
1980) and NPY1-receptors (Edvinsson et al., 1984), all of which

potentially couple to Gi, typically results in minimal
vasoconstriction and marked enhancement of the contractile
activity of a second agonist acting through a conventional

receptor/Gq/PLCb system. A mechanism which readily accom-
modates this pro®le involves the bg-subunit of Gi augmenting
Gqa-activated PLCb activity (Katz et al., 1992; Camps et al.,

1992; Smrcka & Sternweis, 1993; Wu et al., 1993; Selbie et al.,
1997; see review by Selbie & Hill, 1998). Due to the existence of
di�erent PLCb isoforms and di�erent bg subunits (e.g. b1g1,
b1g2), considerable variation in InsP3 and diacylglycerol levels

in the cell is possible, leading to di�erent agonist pro®les (Wu et
al., 1993). In the case of EP3 vascular contraction, a ®rst step
would be to measure the e�ects of sulprostone alone and in

combination with phenylephrine or U-46619 on PLC activity in
isolated vessels or dispersed smooth muscle cells.

How do our observations ®t in with what is known about
agonist mechanisms of cloned EP3-receptors transfected into
the usual cell lines? Coupling to adenylate cyclase through Gi is

a consistent phenomenon, whereas elevation of internal Ca2+

shows variable properties. For example, in the mouse, there
are three EP3 isoforms, a, b and g that couple to Gi to inhibit
adenylate cyclase, (EP3g also couples to Gs to raise cyclic AMP

levels at higher agonist concentrations) (Irie et al., 1993). PGE2

activates all three mouse EP3-receptor isoforms expressed in
CHO cells to raise InsP3 and Ca

2+ levels transiently, and these

e�ects are inhibited by both PTX and the PLC inhibitor U-
73122 (Irie et al., 1994). Between 60 and 80% of the Ca2+

signal is due to in¯ux from the extracellular space. Thus, the

EP3-receptor couples to Gi to activate PLC, leading to Ca2+

mobilization from internal stores and in¯ux from the
extracellular space. In contrast to the mouse data, the rise in

Ca2+ level induced by M&B-28767 in CHO cells expressing
human EP3 isoforms was not e�ected by removal of
extracellular Ca2+ and only slightly depressed by PTX (An
et al., 1994), and the elevation of InsP3 by PGE1 and PGE2 in

CHO cells expressing a bovine EP3-receptor was completely
insensitive to PTX (Negishi et al., 1989).

In summary, our work on the contractile action of EP3
agonists on guinea-pig aorta points to the need to establish the
mechanism(s) involved, which may be novel. In addition,
greater knowledge of the cardiovascular actions of EP3
agonists, either in current therapeutic use (e.g. misoprostol)
or of potential use (e.g. non-prostanoid mimetics), could be of
considerable value. Indeed, sulprostone has recently been

shown to inhibit myocardial infarct size in the rabbit (Hide &
Thiemermann, 1996).

We thank the pharmaceutical companies mentioned in the Methods
section for gifts of compounds. This work was supported by grants
from the University Grants Council of Hong Kong.

References

AHLUWALIA, A., HEAD, S.A., SHELDRICK, R.L.G. & COLEMAN,

R.A. (1988). Prostanoid receptors mediating contraction of rabbit
renal artery. Br. J. Pharmacol., 96, 721P.

AN, S., YANG, J., SO, S.W., ZENG, L. & GOETZL, E.J. (1994). Isoforms
of the EP3 subtype of human prostaglandin E2 receptor
transduce both intracellular calcium and cAMP signals.
Biochemistry, 33, 14496 ± 14502.

ARMSTRONG, R.A., LAWRENCE, R.A., JONES, R.L., WILSON, N.H. &

COLLIER, A. (1989). Functional and ligand binding studies
suggest heterogeneity of platelet prostacyclin receptors. Br. J.
Pharmacol., 97, 657 ± 668.

ASANO, M. & HIDAKO, H. (1980). Potentiation of the contractile
response to acetylcholine in aortic strips by low concentrations of
vascular contractile agonists. Br. J. Pharmacol., 69, 639 ± 646.

BENHAM, C.D. & TSIEN, R.W. (1987). A novel receptor-operated
Ca2+-permeable channel activated by ATP in smooth muscle.
Nature (Lond), 328, 275 ± 278.

BUNCE, K.T., CLAYTON, N.M., COLEMAN, R.A., COLLINGTON,

E.W., FINCH, H., HUMPHRAY, J.M., HUMPHREY, P.P.A., RE-

EVES, J.J., SHELDRICK, R.L.G. & STABLES, R. (1990). A novel
prostanoid with selectivity for EP3-receptors. Adv. Prost.
Thromb. Leuk. Res., 21, 379 ± 382.

CAMPS, M., CAROZZI, A., SCHNABEL, P., SCHEER, A., PARKER, P.J.

& GIERSCHIK, P. (1992). Isoenzyme-selective stimulation of
phospholipase C-b2 by G protein bg-subunits. Nature, 360, 684 ±
686.

COLEMAN, R.A., KENNEDY, I. & SHELDRICK, R.L.G. (1985).
AH6809, a prostanoid EP1 antagonist. Br. J. Pharmacol., 85,
273P.

COLEMAN, R.A., KENNEDY, I. & SHELDRICK, R.L.G. (1987a).
Evidence for the existence of three subtypes of PGE2- (EP)
sensitive receptors in smooth muscle. Br. J. Pharmacol., 91, 323P.

COLEMAN, R.A., KENNEDY, I. & SHELDRICK, R.L.G. (1987b).
Further evidence for the existence of three subtypes of PGE2-
(EP) sensitive receptors in smooth muscle. Br. J. Pharmacol., 91,
407P

COLEMAN, R.A., GRIX, S.P., HEAD, S.A., LOUTTIT, J.B., MALLETT,

A. & SHELDRICK, R.L.G. (1994a). A novel inhibitory prostanoid
receptor in piglet saphenous vein. Prostaglandins, 47, 151 ± 168.

COLEMAN, R.A., SMITH, W.L. & NARUMIYA, S. (1994b). VIII.
International Union of Pharmacology classi®cation of prosta-
noid receptors: properties, distribution, and structure of the
receptors and their subtypes. Pharmacol. Rev., 46, 27 ± 50.

DARBY, P.J., KWAN, C.Y. & DANIEL, E.E. (1996). Selective inhibition
of oxalate-stimulated Ca2+ transport by cyclopiazonic acid and
thapsigargin in smooth muscle microsomes. Can. J. Physiol.
Pharmacol., 74, 182 ± 192.

DENG, H.W. & KWAN, C.Y. (1991). Cyclopiazonic acid is sarcoplas-
mic reticulum Ca2+-pump inhibitor of rat aortic muscle. Acta
Pharmacol. Sin., 12, 3 ± 58.

EDVINSSON, L., EKBLAD, E., HAKANSON, R. & WAHLESTEDT, C.

(1984). Neuropeptide Y potentiates the e�ect of various con-
strictor agents on rabbit blood vessels. Br. J. Pharmacol., 83,
519 ± 525.

HAMANAKA, N., TAKAHASHI, K., NAGAO, Y., TORISU, K.,

TOKUMOTO, H. & KONDO, K. (1995a). Molecular design of
novel PGI2 agonists without PG skeleton. III. Bioorg. Med.
Chem. Lett., 5, 1077 ± 1082.

Prostanoid EP3-receptor in vascular smooth muscle 1295R.L. Jones et al



HAMANAKA, N., TAKAHASHI, K., NAGAO, Y., TORISU, K.,

TOKUMOTO, H. & KONDO, K. (1995b). Molecular design of
novel PGI2 agonists without PG skeleton. I. Bioorg. Med. Chem.
Lett., 5, 1065 ± 1070.

HIDE, E.J. & THIEMERMANN, C. (1996). Sulprostone-induced
reduction of myocardial infarct size in the rabbit by activation
of ATP-sensitive potassium channels. Br. J. Pharmacol., 118,
1409 ± 1414.

IRIE, A., SEGI, E., SUGIMOTO, Y., ICHIKAWA, A. & NEGISHI, M.

(1994). Mouse prostaglandin E receptor EP3 subtype mediates
calcium signals via Gi in cDNA-transfected Chinese hamster
ovary cells. Biochem. Biophys. Res. Commun., 204, 303 ± 309.

IRIE, A., SUGIMOTO, Y., NAMBA, T., HARAZONO, A., HONDA, A.,

WATABE, A., NEGISHI, M., NARUMIYA, S. & ICHIKAWA, A.

(1993). Third isoform of the prostaglandin-E-receptor EP3
subtype with di�erent C-terminal tail coupling to both stimula-
tion and inhibition of adenylate cyclase. Eur. J. Biochem., 217,
313 ± 318.

JIN, J., MAO, G.F. & ASHBY, B. (1997). Constitutive activity of human
prostaglandin E receptor EP3 isoforms. Br. J. Pharmacol., 121,
317 ± 323.

JONES, R.L., QIAN, Y.M., WISE, H., WONG, H.N.C., LAM, W.L.,

CHAN, H.W., YIM, A.P.C. & HO, J.K.S. (1997). Relaxant actions of
nonprostanoid prostacyclin mimetics on human pulmonary
artery. J. Cardiovasc. Pharmacol., 29, 525 ± 535.

JONES, R.L., WILSON, N.H., MARR, C.G., MUIR, G. & ARMSTRONG,

R.A. (1993). Diphenylmethylazine prostanoids with prostacyclin-
like actions on human platelets. J. Lipid Mediators, 6, 405 ± 410.

KATZ, A., WU, D. & SIMON, M.I. (1992). Subunits bg of
heterotrimeric G protein activate b2 isoform of phospholipase
C. Nature, 360, 686 ± 689.

KENAKIN, T.P., BOND, R.A. & BONNER, T.I. (1992). De®nition of
pharmacological receptors. Pharmacol. Rev., 44, 351 ± 362.

KONDO, K. & HAMANAKA, N. (1995). Prostacyclin mimetics with
non-prostanoid structures. Folia Pharmacol. Jpn., 106, 181 ± 191
(In Japanese).

KURIYAMA, H., KITAMURA, K. & NABATA, H. (1995). Pharmaco-
logical and physiological signi®cance of ion channels and factors
that modulate them in vascular tissues. Pharmacol. Rev., 47,
387 ± 573.

LAWRENCE, R.A. & JONES, R.L. (1992). Investigation of the
prostaglandin E (EP7) receptor subtype mediating relaxation
of the rabbit jugular vein. Br. J. Pharmacol., 105, 817 ± 824.

LAWRENCE, R.A., JONES, R.L. & WILSON, N.H. (1992). Character-
isation of receptors involved in the direct and indirect actions of
prostaglandins E and I on the guinea-pig ileum. Br. J.
Pharmacol., 105, 272 ± 278.

LOW, A.M., GASPAR, V., KWAN, C.Y., DARBY, P.J., BOURREAU, J.P.

& DANIEL, E.E. (1991). Thapsigargin inhibits repletion of
phenylephrine-sensitive intracellular Ca2+ pool in vascular
smooth muscles. J. Pharmacol. Exp. Ther., 258, 1105 ± 1113.

LUMLEY, P., WHITE, B.P. & HUMPHREY, P.P.A. (1989). GR 32191, a
highly potent and speci®c thromboxane receptor blocking drug
on platelets and vascular smooth muscle in vitro. Br. J.
Pharmacol., 97, 783 ± 794.

LYDFORD, S.J., MCKECHNIE, K.C.W. & DOUGALL, I.G. (1996).
Pharmacological studies on prostanoid receptors in the rabbit
isolated saphenous vein: a comparison with the rabbit isolated
ear artery. Br. J. Pharmacol., 117, 13 ± 20.

MACLENNAN, S.J., BOLOFO, M.L. & MARTIN, G.R. (1993).
Amplifying interactions between spasmogens in vascular smooth
muscle. Biochem. Soc. Trans., 21, 1145 ± 1150.

MEANWELL, N.A., ROMINE, J.L. & SEILER, S.M. (1994). Non-
prostanoid prostacyclin mimetics. Drugs Future, 19, 361 ± 385.

MERRITT, J.E., HALLAM, T.J., BROWN, A.M., BOYFIELD, I.,

COOPER, D.G., HICKEY, D.M.B., JAXA-CHAMIEC, A.A., KAU-

MANN, A.J., KEEN, M., KELLY, E., KOZLOWSKI, U., LYNHAM,

J.A., MOORES, K.E., MURRAY, K.J., MACDERMOT, J. & RINK,

T.J. (1991). Octimibate, a potent non-prostanoid inhibitor of
platelet aggregation, acts via the prostacyclin receptor. Br. J.
Pharmacol., 102, 251 ± 259.

MURRAY, R.K. & KOTLIKOFF, M.I. (1991). Receptor-activated
calcium in¯ux in human airway smooth muscle cells. J. Physiol.,
435, 123 ± 144.

NAMBA, T., SUGIMOTO, Y., NEGISHI, M., IRIE, A., USHIKUBI, F.,

KAKIZUKA, A., ITO, S., ICHIKAWA, A. & NARUMIYA, S. (1993).
Alternative splicing of C-terminal tail of prostaglandin E
receptor subtype EP3 determines G-protein speci®city. Nature,
365, 166 ± 170.

NEGISHI, M., ITO, S. & HAYAISHI, O. (1989). Prostaglandin E
receptors in bovine adrenal medulla are coupled to adenylate
cyclase via Gi and to phosphoinositide metabolism in a pertussis
toxin-sensitive manner. J. Biol. Chem., 264, 3916 ± 3923.

NEGISHI, M., SUGIMOTO, Y., IRIE, A., NARUMIYA, S. & ICHIKAWA,

A. (1993). Two isoforms of prostaglandin E receptor EP3
subtype: di�erent COOH-terminal domains determine sensitivity
to agonist-induced desensitization. J. Biol. Chem., 268, 9517 ±
9521.

QIAN, Y.M., JONES, R.L., CHAN, K.M., STOCK, A.I. & HO, J.S.K.

(1994). Potent contractile actions of prostanoid EP3-receptor
agonists on human isolated pulmonary artery. Br. J. Pharmacol.,
113, 369 ± 374.

RAPOPORT, R.M. (1993). Potentiation of norepinephrine-induced
contraction by primary prostaglandin receptor activation in rat
aorta. Eur. J. Pharmacol., 243, 207 ± 210.

REGAN, W., BAILEY, T.J., DONELLO, J.E., PIERCE, K.L., PEPPERL,

D.J., ZHANG, D., KEDZIE, K.M., FAIRBAIRN, C.E., BOGARDUS,

A.M., WOODWARD, D.F. & GIL, D.W. (1994). Molecular cloning
and expression of human EP3 receptors: evidence of three
variants with di�ering carboxyl termini. Br. J. Pharmacol., 112,
377 ± 385.

SAVAGE, M.A., MOUMMI, C., KARABATSOS, P.J. & LANTHORN,

T.H. (1993). SC-46275: a potent and highly selective agonist at the
EP3 receptor. Prost. Leuk. Essent. Fatty Acids, 49, 939 ± 943.

SEILER, S.M., BRASSARD, C.L., FEDERICI, M.E., ROMINE, J. &

MEANWELL, N.A. (1997). [3-[4-(4,5-Diphenyl-2-oxazolyl)-5-ox-
azolyl]phenoxy]acetic acid (BMY 45778) is a potent non-
prostanoid prostacyclin partial agonist: e�ects on platelet
aggregation, adenylyl cyclase, cAMP levels, protein kinase, and
iloprost binding. Prostaglandins, 53, 21 ± 35.

SELBIE, L.A. & HILLS, S.J. (1998). G-protein-coupled-receptor cross-
talk: the ®ne-tuning of multiple receptor-signalling pathways.
Trends Pharmacol. Sci., 19, 87 ± 93.

SELBIE, L.A., KING, N.V., DICKENSON, J.M. & HILL, S.J. (1997). Role
of G-protein bg subunits in the augmentation of P2Y2 (P2U)
receptor-stimulated responses by neuropeptide Y Y1 Gi/0-
coupled receptors. Biochem. J., 328, 153 ± 158.

SHIMA, H. & BLAUSTEIN, M.P. (1992). Modulation of evoked
contractions in rat arteries by ryanodine, thapsigargin, and
cyclopiazonic acid. Circ. Res., 70, 968 ± 977.

SMRCKA, A.V. & STERNWEIS, P.C. (1993). Regulation of puri®ed
subtypes of phosphatidylinositol-speci®c phospholipase Cb by G
protein a and bg subunits. J. Biol. Chem., 268, 9667 ± 9674.

SPICUZZA, L., GIEMBYCZ, M.A., BARNES, P.J. & BELVISI, M.G.

(1998). Prostaglandin E2 suppression of acetylcholine release
from parasympathetic nerves innervating guinea-pig trachea by
interacting with prostanoid receptors of the EP3-subtype. Br. J.
Pharmacol., 123, 1246 ± 1252.

SUMNER, M.J. & HUMPHREY, P.P.A. (1990). Sumatriptan
(GR43175) inhibits cyclic-AMP accumulation in dog isolated
saphenous vein. Br. J. Pharmacol., 99, 219 ± 220.

SWEENEY, G., TEMPLETON, A., CLAYTON, R.A., BAIRD, M.,

SHERIDAN, S., JOHNSTON, E.D. & MACLEAN, M.R. (1995).
Contractile responses to sumatriptan in isolated bovine pulmon-
ary artery rings: relationship to tone and cyclic nucleotide levels.
J. Cardiovasc. Pharmacol., 26, 751 ± 760.

TAM, F.S.F., CHAN, K.M., BOURREAU, J.P. & JONES, R.L. (1997).
The mechanisms of enhancement and inhibition of ®eld
stimulation responses of guinea-pig vas deferens by prostacyclin
analogues. Br. J. Pharmacol., 121, 1413 ± 1421.

TYMKEWYCZ, P.M., JONES, R.L., WILSON, N.H. & MARR, C.G.

(1991). Heterogeneity of thromboxane (TP7) receptors: evi-
dence from antagonist but not agonist potency measurements.
Br. J. Pharmacol., 102, 607 ± 614.

UEHATA, M., ISHIZAKI, T., SATOH, H., ONO, T., KAWAHARA, T.,

MORISHITA, T., TAMAKAWA, H., YAMAGAMI, K., INUI, J.,

MAEKAWA,M. & NARUMIYA, S. (1997). Calcium sensitization of
smooth muscle mediated by a Rho-associated protein kinase in
hypertension. Nature, 389, 990 ± 994.

WELBURN, P.J. & JONES, R.L. (1978). A comparison of prostaglandin
F2a and three 16-aryloxy analogues on the isolated rabbit
jejunum. Prostaglandins, 15, 287 ± 296.

WU, D., KATZ, A. & SIMON, M.I. (1993). Activation of phospholi-
pase C b2 by the a and b subunits of trimeric GTP-binding
protein. Proc. Natl. Acad. Sci. U.S.A., 90, 5297 ± 5301.

(Received June 6, 1998
Revised August 26, 1998

Accepted August 27, 1998)

Prostanoid EP3-receptor in vascular smooth muscle1296 R.L. Jones et al


