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(5Z)-carbacyclin discriminates between prostacyclin-
receptors coupled to adenylate cyclase in vascular

smooth muscle and platelets

A. Corsini, G.C. Folco, R. Fumagalli, S. Nicosia', M.A. Noe’ & D. Oliva

Institute of Pharmacological Sciences, University of Milan, via A. del Sarto, 21, 20129 Milan, Italy

1 (SE)- and (5Z)-carbacyclin are prostacyclin (PGI,) analogues endowed with antiaggregating and
vasodilator properties, which stimulate adenylate cyclase activity in membranes from human platelets
and cultured myocytes from rabbit mesenteric artery.

2 In platelets they display the same efficacy as prostaglandin E, (PGE,), and hence PGI,, both as
activators of adenylate cyclase and as inhibitors of aggregation.

3 In contrast, in vascular smooth muscle cells (5Z)-carbacyclin fails to produce the same degree of
stimulation of the enzyme as PGI,, (5E)-carbacyclin and PGE,, nor does it induce the maximal
relaxation of the mesenteric artery as do the other prostaglandins.

4 (5Z)-carbacyclin is also able to antagonize the activation of adenylate cyclase and the relaxation
elicited by PGE, or PGI, in the mesenteric artery, and therefore it displays partial agonist properties in
these cells.

5 We conclude that the receptors for PGI, coupled to adenylate cyclase in platelets and vascular
smooth muscle cells are different from each other, because (5Z)-carbacyclin can discriminate between

them, being a partial agonist at myocyte but not at platelet level.

Introduction

Prostacyclin (PGI,) is the most potent inhibitor of
platelet aggregation (Moncada et al., 1976) and,
because of this property, it has many potential clinical
applications. However, prostacyclin has some draw-
backs which have so far limited a more widespread
clinical use. In fact, not only is it chemically and
metabolically unstable (Moncada ez al., 1976; Johnson
et al., 1976), but it also displays potent vasodepressor
actions (Moncada et al., 1976; 1978), when often only
the anti-platelet effect is desired.

For these reasons, a great effort has been made
toward the development of PGI, analogues more
suitable for clinical use (Whittle & Moncada, 1984).
The design of a PGI, analogue endowed with a high
degree of selectivity for the platelet receptor will be
successful only if this receptor differs from that on
vasculature.

Because both inhibition of platelet aggregation and
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vasodilatation are supposed to be mediated by an
increase in intracellular adenosine 3’:5'-cyclic mono-
phosphate (cyclic AMP) levels (Gorman et al., 1977;
Tateson et al., 1977; Miller et al., 1979; Kukovetz et
al., 1979; Lombroso et al., 1984; Oliva et al., 1984a,b),
through activation of adenylate cyclase (AC), we have
addressed the problem of characterization of the
platelet and vascular receptors for PGI, by investigat-
ing the activation of this enzyme in membranes from
human platelets and from rabbit vascular myocytes.
The evaluation in these systems of some prostacyclin
analogues (PGE,, 6B8-PGI,, 6-keto-PGE,), so far has
not revealed any major difference between the platelet
and the vascular receptors for PGI, coupled to
adenylate cyclase (Lombroso et al., 1984; Oliva et al.,
1984 a,b).

We describe here further studies performed with
two epimers of carbacyclin (Morton et al., 1979)
(Figure 1) which share with PGI, the antiaggregating
and vasodilator effects (Whittle et al., 1980), and
demonstrate that the SZ epimer is able to discriminate
between the platelet and vascular receptor.
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Figure 1 Structures of prostacyclin (PGI,) and its analogues, the carbacyclins.

Methods

Materials

[8-'“C]-adenosine triphosphate ([8-'“C]-ATP) and [8-
*H)-cyclic AMP were from New England Nuclear,
Boston, MA, U.S.A; ATP, cyclic AMP, guanosine
triphosphate (GTP), creatine phosphate, creatine
phosphokinase and sodium arachidonate were pur-
chased from Sigma Chemical Co., St. Louis, MO,
U.S.A. Prostacyclin (PGI,), PGE,, (5E)-carbacyclin
and (5Z)-carbacyclin were synthesized by the Upjohn
Co., Kalamazoo, MI, U.S.A., and supplied by The
Wellcome Research Laboratories, Beckenham, U.K.
The solutions of PGI,, which was stored in ethanol at
—20°C, were freshly prepared immediately before use
in 10mM Tris-HC1 buffer, pH 8. The other prosta-
glandins were dissolved in the same Tris buffer. In the
experiments with myocyte membranes, where the high
concentrations of (5Z)-carbacyclin gave solubility
problems, it was more convenient to dissolve and
dilute this prostaglandin, and therefore also the oth-
ers, with 40% ethanol in Tris buffer (to yield a final
ethanol concentration of 4% in the sample). The
inclusion of ethanol in the adenylate cyclase assay did
not modify the pattern of response to the prostaglan-
dins. Eagle’s minimum essential medium F11, foetal
calf serum, trypsin-EDTA, penicillin (10,000 u ml~!),
streptomycin (10 mgml™'), tricine buffer (1 M) and
non-essential amino acids (100 x) were purchased
from Grand Island Biological Co., Madison, WI,
U.S.A.; disposable culture flasks and petri dishes were
from Corning Glassworks, Amedfield, MA, U.S.A.

Cell cultures

Male white New Zealand rabbits (2—3 kg) were used.
Cultures of smooth muscle cells from intima-medial
layer of rabbit aorta and mesenteric arteries were
prepared according to the method of Ross (1971), as
previously described by Oliva ez al. (1984b).

Preparation of membranes

Platelet concentrates (collected in citric acid/sodium
citrate/sodium phosphate/dextrose) from 3—4 healthy
male volunteers were pooled. A crude membrane
preparation (pellet at 27,000 g) was prepared as des-
cribed by Lombroso et al. (1984).

Smooth muscle cell monolayers from rabbit mesen-
teric artery (used between the 8th and 14th passage)
were washed in 50mM Tris-HC1 buffer (pH 7.4),
harvested by scraping, pooled and the membrane
preparation (pellet at 15,000 g) was obtained as des-
cribed by Oliva et al. (1984b).

Platelet aggregation studies

Blood was collected in 3.8% sodium citrate (9:1).
Platelet-rich plasma (PRP) and platelet-poor plasma
(PPP) were prepared as previously described (Tremoli
et al., 1979). Platelet count was adjusted to
300-400,000 pl~! by adding PPP. Prostaglandin in-
hibition of platelet aggregation was measured in PRP
samples stimulated by collagen Sngul~' using an
ELVI Logos aggregometer by the turbidimetric tech-
nique of Born (1962).
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Rabbit mesenteric artery studies

Spiral strips of rabbit mesenteric artery were prepared
and set up using the laminar-flow technique of
Ferreira & Costa (1976). The spirals were superfused
with Krebs solution of the following composition
(g17!): NaCl1 6.9, KC1 0.35, KH,PO, 0.16, MgSO,.
7H,0 0.29, CaCl, 0.28, glucose 1 and NaHCO; 2.1.
Flow rate was 0.2mlmin~', the buffer was kept at
37°C and gassed with 95% O, and 5% CO,. The
resting tone of the preparations was 1 g and contrac-
tions were recorded with isotonic transducers Mod.
7006 (Ugo Basile, Comerio, Italy) connected to a 2
channel Gemini recorder, Mod. 7070 (Ugo Basile).
The tissues were equilibrated for 2 h and subsequently
challenged with bolus injections of different agonists;
the volume of the injected bolus was 0.1 ml.

Adenylate cyclase assay

The standard assay mixture (final volume: 100 pul)
contained: 10 mM Tris-HC1 buffer (pH 8); 0.10 mm [8-
“C]-ATP (50dpm pmol~'); 0.5mM [8-*H]-cyclic
AMP (approximately 360dpmnmol~'); 2mM
MgCl,; 2mM creatine phosphate; 17uml™' crea-
tine phosphokinase; 10 uM GTP and the indicated
prostaglandins. The incubation, started with the addi-
tion of the membrane preparation (0.04-0.09 and
0.06-0.10mg protein per sample for platelet and
mesenteric membranes respectively), was carried out
at 30°C for 8 min. [8->H]-cyclic AMP was included in
the assay mixture to permit correction for column loss
and for the possible effect of phosphodiesterases (Katz
et al., 1978) which in any case was almost negligible.
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Figure 2 Dose-response curves for the activation of
adenylate cyclase by different prostaglandins in mem-
branes of human platelets: (@) (5E)-carbacyclin; (A)
prostaglandin E,; (O) (5Z)-carbacyclin.
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Figure 3 Dose-response curves for the inhibition of
human platelet aggregation induced by collagen (5ng
pl~"): (@) (SE)-carbacyclin; (A) prostaglandin E,; (O)
(5Z)-carbacyclin.

[8-“C, 8-*H]-cyclic AMP was isolated and detected
according to Salomon et al. (1974). Protein concentra-
tions were determined according to Bradford (1976).

Expression of results

The results are expressed as mean * s.d. of triplicate
determinations in one experiment, performed at least
three times with equivalent results.

Results
Human platelets

The effect of increasing concentrations of (5E)-car-
bacyclin and (5Z)-carbacyclin on AC activity was
investigated in human platelet membranes and com-
pared with that of PGE,. Figure 2 shows that all the
prostaglandins were able to stimulate AC in a dose-
dependent fashion with approximately parallel curves,
and that they were equieffective (maximal stimulation:
5 fold). The concentrations eliciting half-maximal
stimulation (ECs,) were 0.307 + 0.162uM, 0.633 +
0.351uM and 2.83 +0.29uM for (SE)-carbacyclin,
PGE, and (5Z)-carbacyclin, respectively.

(5Z)-carbacyclin was tested for its ability to inhibit
collagen-induced platelet aggregation (Figure 3) and
was found to induce the same maximal response as
PGE, and (5E)-carbacyclin (100% inhibition). The
concentrations eliciting half-maximal inhibition (ICs)
were 105+ 32nM, 145* 153nM, and 1.96 £ 0.99
pM, for (5E)-carbacyclin, PGE, and (5Z)-carbacyclin,
respectively, in agreement with the results of Whittle
et al. (1980).
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Figure 4 Dose-response curves for the activation of
adenylate cyclase by different prostaglandins in mem-
branes of myoctyes from rabbit mesenteric artery: (@)
(5E)-carbacyclin; (A) prostaglandin E,; (O) (5Z)-car-
bacyclin.

Rabbit mesenteric arterial myocytes

In membranes of cultured smooth muscle cells from
rabbit mesenteric artery (5E)-carbacyclin, PGE, and
(5Z)-carbacyclin stimulated AC in a dose-dependent
fashion (Figure 4). However, at variance with the
results obtained in human platelet membranes, the
maximal stimulation attained with the two carbacy-
clins was different. In fact, (SE)-carbacyclin activated
AC to the same extent (3.5 fold) and approximately
with the same potency (ECs,=5.93 £ 2.10 uM) as
PGE, (ECs, = 14.9 * 8.6 uM).
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Figure 5 Dose-dependent effect of (5Z)-carbacyclin on
adenylate cyclase activity of myocytes in the absence (00)
and presence (A) of prostaglandin E, 0.3 mm. *P <0.01,
**P<0.001 when compared with stimulation by pros-
taglandin E, alone.
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Figure 6 Dose-dependent effect of prostaglandin E,
(PGE,) on adenylate cyclase activity of myoctyes in the
absence (A) and the presence (O) of (5Z)-carbacyclin,
0.2mMm. P <0.001 when compared with corresponding
concentrations of PGE, alone.

In contrast, (5Z)-carbacyclin failed to reach the
same response elicited by the other two prostaglan-
dins, in that the maximal stimulation (attained at
0.4 mM) was 2 fold. (5Z)-carbacyclin had an ECs, of
0.104 £ 0.021 mMm.

The lower efficacy of (5Z)-carbacyclin suggested
that it might act as a partial agonist. In order to
evaluate this hypothesis, the effect of increasing
concentrations of (5Z)-carbacyclin on PGE,;-
stimulated AC activity was investigated. As shown in
Figure 5, (5Z)-carbacyclin displayed antagonistic
properties in this system, since it was able to reduce the
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Figure 7 Dose-dependent effect of prostacyclin (PGI,)
on adenylate cyclase activity of myocytes in the absence
(W) and presence (O) of (5Z)-carbacyclin 1mMm.
** P <0.001 when compared with corresponding concen-
tration of PGI, alone. The column represents the stimula-
tion by a maximally effective concentration of pros-
taglandin E, (PGE,).
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Figure 8 Dose-response curves for the relaxation of
rabbit mesenteric artery: 100% relaxation was taken as
the maximal effect attainable with prostacyclin (PGL,);
(@) (5E)-carbacyclin; (O) (5Z)-carbacyclin; (A) pros-
taglandin E;; (W) PGI,.

stimulation of AC induced by 0.3 mM PGE,. (5Z)-
carbacyclin also antagonized the activation of AC
elicited by 40 uM (5E)-carbacyclin (data not shown).

The agonist/antagonist properties of (5Z)-carbacy-
clin are further demonstrated by the experiment of
Figure 6, where a dose-response curve for PGE,; in the
presence and absence of a fixed concentration of (5Z)-
carbacyclin is shown. As expected from a partial
agonist (Ariens et al, 1964), this carbacyclin
stimulates AC at low concentrations of the full agonist
PGE,, while it antagonizes the effects of higher
concentrations of the latter.

The particular cell line used in the experiment
shown in Figure 6 displayed a lower degree of
stimulation than those used in other experiments (see,
e.g. Figure 4), and therefore the difference between
PGI, and (5Z)-carbacyclin efficacies appears smaller
than in other experiments. However, as already discus-
sed (Oliva et al., 1984b), the pattern of AC stimulation

was comparable to that of the other membrane
preparations.

The experiment depicted in Figure 7 demonstrates
that the partial agonist properties of (5Z)-carbacyclin
are displayed not only versus PGE,, but also versus
PGI,, as one would expect if the two latter prostaglan-
dins act through the same receptor. In fact, a maximal-
ly activating concentration of (5Z)-carbacyclin (1 mMm)
elicited a lower enzyme stimulation than PGI, (which
was equieffective with PGE),). Furthermore, this same
concentration of (5Z)-carbacyclin was not additive
with an equieffective concentration of PGI, (2 uM),
while it was able to inhibit the enzyme activation
elicited by higher concentrations of PGI, (5 uM). These
results are in line with the theory of partial agonist
effects (Ariens et al., 1964).

The effect of increasing amounts of the various
prostaglandins in relaxing rabbit mesenteric artery
was also investigated. Figure 8 shows that (5Z)-car-
bacyclin failed to reach the maximal relaxation of
rabbit mesenteric artery attained with PGI,, (5E)-
carbacyclin and PGE,. In fact, at 280 ng, (5Z)-car-
bacyclin elicited less than 40% of the maximal res-
ponse.

Again, this result suggested that (5Z)-carbacyclin
might be a partial agonist. This is confirmed by the
data in Figure 9, which show that this carbacyclin
antagonized the effects of PGI,, decreasing the relaxa-
tion elicited by the latter, when they were coadminis-
tered. That the lower response was not due to a
decreased sensitivity of the mesenteric artery is de-
monstrated by the unaltered response to the sub-
sequent administration of PGI,.

Discussion
(5E)- and (5Z)-carbacyclin are two chemically stable

analogues of prostacyclin, the former being isosteric
with the natural prostaglandin. Both carbacyclins
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Figure9 Relaxation of rabbit mesenteric artery by prostacyclin (PGI,) and (5Z)-carbacyclin ((5Z)-C) alone, and their

combined effect.
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mimic the effect of PGI, and PGE,, in that they are
inhibitors of platelet aggregation in vitro and ex vivo
and they lower arterial blood pressure (Whittle ef al.,
1980). Since inhibition of platelet aggregation and
vasodilatation are supposed to be mediated by in-
creases in intracellular cyclic AMP levels, the study of
adenylate cyclase stimulation by these prostaglandins
might shed some light on the nature of the receptor
involved in these phenomena. We have used PGE, as a
reference compound in these studies, since we have
demonstrated that it displays the same efficacy as
prostacyclin, and, by means of binding (Lombroso et
al., 1984) or additivity studies (Nicosia et al., 1987),
that it acts through identical receptors.

In human platelet membranes, (SE)- and (5Z)-car-
bacyclins activate adenylate cyclase to the same extent
as PGE,, and therefore as PGI,. The effect of (5E)-
carbacyclin is in agreement with the data of Stein &
Martin (1984), and was expected since this prostaglan-
din raises cyclic AMP levels (Ceserani et al., 1980), and
its anti-aggregating effect is potentiated by the phos-
phodiesterase inhibitor, theophylline (Whittle ez al.,
1980; Morita ez al., 1980).

The stimulation of adenylate cyclase activity
correlates well with the functional response of plate-
lets, in that the rank order of potency for enzyme acti-
vation is paralleled by that found for inhibition of
platelet aggregation (Whittle et al., 1980). Further-
more, PGE, and the carbacyclins display parallel
dose-response curves and attain the same maximal
effect both in adenylate cyclase activation and in
platelet aggregation studies.

The pattern is completely different in myocytes
cultured from rabbit mesenteric artery. In this system,
while (SE)-carbacyclin activates adenylate cyclase to
the same extent as PGE,, the (5Z) epimer has a
markedly lower efficacy, the maximal stimulation of
the enzyme being only 40—45% of that obtained with
the other prostaglandins. It is noteworthy that both in
smooth muscle and platelets the enzyme stimulation is
in very good aggreement with the biological res-
ponse; in fact, we demonstrate that (5Z)-carbacyclin is
less efficient (40% of maximal) than the other pros-
taglandins in the relaxation of rabbit mesenteric artery
in vitro.

The fact that (5Z)-carbacyclin is unable to produce
the maximal effect elicited by PGI, or PGE, could be
explained on the basis of two different hypotheses:
either (5Z)-carbacyclin interacts with an independent
receptor, different from the one shared by prostacyclin
and other analogues, and possesses a lower intrinsic
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