British Journal of Pharmacology (1995) 116, 3035- 3041

© 1995 Stockton Press  All rights reserved 0007 -1188/95 $12.00 ”

Identification of a prostanoid FP receptor population
producing endothelium-dependent vasorelaxation in the rabbit

jugular vein

J. Chen,

M.L. Champa-Rodriguez & 'D.F. Woodward

Department of Biological Sciences, Allergan, Inc., 2525 Dupont Drive, Irvine, CA 92713-9534, U.S.A

1 Prostaglandin F,, (PGF,,) and its synthetic analogue, fluprostenol, potently relaxed the precontracted
isolated jugular vein of the rabbit (RJuV). The vasorelaxant activity of PGF,, and fluprostenol was
dependent upon an intact vascular endothelium. Although removal of the vascular endothelium
abolished activity associated with PGF.,-like agonists, it did not significantly alter the relaxant effects of
prostaglandin E, (PGE,).

2 The nitric oxide synthase inhibitor, NC-nitro-L-arginine methyl ester (L-NAME), at 100 uM
significantly inhibited the endothelium-dependent relaxations induced by PGF,,. Lower doses (1 uM,
10 uM) of L-NAME had little or no effect. The relaxant effects of PGE, were not affected by L-NAME
(1-100 uM). D-NAME at 100 uM was without effect on the vasorelaxant responses to either PGF,, or
PGE..

3 The potassium (K)-channel blockers tetracthylammonium (TEA, 1 mM), barium (1 mM) and quinine
(100 uM), each tested in the presence of the inactive enantiomer D-NAME (100 uM) did not significantly
affect the response to PGF,,. Unexpectedly, both TEA and barium significantly and partially reversed
the inhibitory effects of 100 uM L-NAME, whereas quinine had no effect. In similar studies, none of the
three potassium channel blockers had any effect on relaxations elicited by PGE, when given with D-
NAME or L-NAME.

4 These results indicate that the PGF,-sensitive prostanoid receptors found in the vascular
endothelium of the rabbit jugular vein are of the FP-receptor subtype. Nitric oxide (NO) appears to
be the predominant messenger involved in PGF,-induced relaxation of the rabbit jugular vein.
Potassium channels may have a minor role in mediating the vasorelaxation response to PGF,,. When
both NO synthesis and K-channels are simultaneously blocked, inhibition of PGF,-induced
vasorelaxation by L-NAME is opposed by K-channel blockers. This diminution of the inhibitory effect
of L-NAME by TEA and barium suggests that K-channels may possibly serve a compensatory role via

the NO pathway.
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Introduction

The classification of prostanoid receptors that is currently
widely accepted is based on the hypothesis that distinct re-
ceptor subtypes exist for each of the natural prostanoids.
Those receptors preferentially stimulated by prostaglandin D,
(PGD,), prostaglandin E, (PGE,), prostaglandin F,, (PGF,,),
prostacyclin (PGI,), and thromboxane A, (TxA,) were desig-
nated DP, EP, FP, IP and TP, respectively (Coleman et al.,
1982; 1984). This classification was confirmed by the recent
cloning of prostanoid receptor subtypes (Hirata et al., 1991;
Funk et al., 1993; Honda et al., 1993; Narumiya et al., 1993;
Namba et al., 1993; 1994; Abramovitz et al., 1994; Regan et
al., 1994; Sugimoto et al., 1994), which revealed that they are
members of the G-protein coupled superfamily of receptors.
The synthetic analogue of PGF,,, fluprostenol, is a potent
and selective agonist for the FP-receptor, and, in the absence
of selective antagonists, has been widely used in the pharma-
cological characterization of FP-receptors (Crossley, 1975;
Coleman et al., 1994). Contraction of various smooth muscle
tissues such as the iris sphincter (Coleman et al., 1984;
Woodward et al., 1989), uterus (Senior et al., 1992) and colon
(Eglen & Whiting, 1988) has been well documented as medi-
ated by the FP-receptor. The vasorelaxant effects of PGF,,,
however, have not been studied with selective FP-receptor
agonists. PGF,, was reported to produce biphasic responses
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comprising relaxation followed by contraction in human en-
dothelium-intact perfused umbilical cord veins and arteries
(Bjero & Stray-Pedersen, 1986; Haugen & Hovig, 1992), dog
isolated cerebral arteries (Toda et al., 1988), and monkey iso-
lated cerebral arteries (Hayashi et al., 1985; Kawai & Ohhashi,
1991). In human isolated hand veins, the vasorelaxation to
PGF,, was partly endothelium-dependent (Arner et al., 1994).
These PGF,,-mediated vasorelaxant effects were not attributed
to stimulation of the FP-receptor but were suggested to occur
by stimulation of the recognized relaxant prostanoid receptors
such as the DP, EP, and IP receptor subtypes (Giles et al.,
1989; 1990; Nials et al., 1991; Lawrence & Jones, 1992) as well
as an endothelium-derived relaxing factor.

We sought to investigate further the vasorelaxation induced
by PGF,, and determine whether this response can be attrib-
uted to FP-receptor stimulation by using the potent and se-
lective FP-receptor agonist, fluprostenol. The isolated external
jugular vein of the rabbit was used because the rabbit was a
readily available laboratory animal and relaxant EP, DP and
IP receptors, but not FP receptors, have been reported in the
vascular smooth muscle (Giles et al., 1989; 1990; Lawrence &
Jones, 1992). The present studies were performed with the
endothelium of the rabbit jugular vein (RJuV) left intact or
removed. Since endothelium-dependent relaxations have been
associated with nitric oxide and endothelium-derived hy-
petpolarizing factor (Furchgott & Zawadzki, 1980; Furchgott,
1984; Palmer et al., 1987; Ignarro et al., 1987; Lansman, 1988;
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Taylor & Weston, 1988; Cook & Quast, 1990; Moncada et al.,
1991; Moncada & Higgs, 1993; Cowan et al., 1993), we in-
vestigated the effects of a nitric oxide synthase inhibitor and
potassium channel blockers on the vasorelaxation induced by
PGF,,.

Methods

Isolated external jugular vein preparation of rabbit

New Zealand white rabbits of either sex, weighing 2-4 kg,
were injected with 1000 u heparin into the marginal ear vein
and then killed with CO, gas. The external jugular veins were
cleaned of fat and adherent connective tissue and excised. The
veins were transected and each ring of 4—5 mm length was
suspended between two tungsten metal hooks. Smooth muscle
tension of isolated tissues was measured isometrically with
force displacement transducers (Grass FT-03) and recorded on
a Grass Polygraph (Models 7G or 79E). The organ baths
contained Krebs solution maintained at 37°C, gassed with
95% 0,/5% CO, to give a pH of 7.4. The Krebs solution had
the following composition (mM): NaCl 118.0, KCl 4.7,
KH,PO, 1.2, CaCl, 1.9, MgSO, 1.18, NaHCO; 25.0, glucose
11.7 and indomethacin 0.001. The tissues were equilibrated for
60 min under 0.5-0.75 g tension, which was readjusted as the
tissues relaxed. Single doses of histamine, 10 uM then 2-3 uM,
with washing after each dose, were given to contract the tissue
and establish responsiveness. Since the RJuV contains con-
tractile TP-receptors (Giles et al., 1989), a selective TP-receptor
antagonist with no antagonist activity at the FP-receptor, EP
092 (Armstrong et al., 1985; Coleman et al., 1994) and the
purported TP-selective antagonist SQ 29548 (Ogletree et al.,
1985), were used to minimize this contractile influence. EP 092
at 2 uM or SQ 29548 at 1 uM, were applied for 5 min, then
histamine at 2—3 uM was added to elicit the contractile re-
sponse. After 30 min of pretreatment with histamine, the re-
laxant response was tested by adding cumulative doses of the
test compounds, with 10~ M to 107 M PGE, at the end of
each dose-response curve to elicit maximal relaxation. In the
studies with L-NAME, D-NAME, barium, quinine and TEA,
these compounds were administered 20 min before pre-
contracting the tissues with histamine. A recovery period of
30-50 min was allowed after wash-out of the tissues.

In the endothelium-denuded rings, the endothelial cells were
removed by everting the rings (intimal surface outside) and
gently rubbing the intimal surface with dampened cotton Q-
tips for 30—60 s and then everting the rings (intimal surface
inside). At the end of each experiment, the effectiveness of the
rubbing procedure in removing the endothelial cells was de-
monstrated by the loss of relaxant response to acetylcholine in
the histamine precontracted tissues (Cherry et al., 1982).

Data analysis

Relaxant activity was determined as a percentage (%) of the
control tone elicited by histamine and expressed as mean+
standard error (s.e.) of single values obtained from () pre-
parations. Log concentration-response curves were graphed
using the KaleidaGraph application on the Macintosh com-
puter. The individual pECs, values (—log ECsy) were de-
termined from the graph and the mean pECs,+s.e.mean for
each curve was calculated. ECs, values are defined as the molar
concentration of the prostaglandin agonist required to reduce
the tone produced by histamine by 50%.

Statistical comparisons between treatments consisted of a
preliminary F-test for significance, followed by the Student-
Newman-Keuls’ (S-N-K) test (Steel & Torrie, 1980) of pairwise
comparison between means for all treatments using the PROC
GLM procedure of SAS (Statistical Analysis System, Version
6.10) on an IBM-PC compatible computer. The S-N-K test
was used to test the homogeneity of the paired treatment
means and begins by comparing the maximum and minimum

means of the treatments. If the range is not significant, the
procedure is terminated and the set of means is considered
homogeneous. If the difference between two means is sig-
nificant, the procedure continues until all the pair-wise values
are compared. Differences were considered statistically sig-
nificant if the P-value was less than 0.05.

Materials

Prostaglandin E, (PGE,) and prostaglandin F,, (PGF,,) were
purchased from Cayman Chemical Co. (Kalamazoo, MI).
Fluprostenol (Na™* salt) was purchased from Pittman-Moore
(Berkhamsted). Prostaglandin solutions were prepared by
adding 2% Na,CO; followed by 0.9% normal saline. Stock
solutions of EP 092 ([1a, 28(Z), 3a, 4a}-, 7-[3-[1-[[(Phenylami-
no) thioxomethyl] hydrazono] ethyl] bicyclo [2.2.1] hept-2-yl]-,
S-heptenoic acid; a gift from Dr R.L. Jones and the University
of Edinburgh), SQ 29548 ([1S-{la, 2a(Z), 3a, 4a]}-, 7-[3-[[2-
[(phenylamino) carbonyl] hydrazino] methyl]-7-oxabicyclo
[2.2.1] hept-2-yl]-, 5-hepenoic acid; purchased from Cayman
Chemical) and quinine hydrochloride (purchased from Sigma,
St. Louis, MO, U.S.A.) were prepared in 100% ethanol. His-
tamine, acetylcholine, tetraethylammonium chloride (TEA),
barium chloride 2H,0 (purchased from Sigma), NS-nitro-L-
arginine methyl ester (L-NAME) and its D-isomer (D-NAME)
(purchased from Biomol, Plymouth Meeting, PA, U.S.A),
were prepared in 0.9% normal saline. Indomethacin, pur-
chased from Sigma, was dissolved in 2% Na,CO;.

Results

The activity of PGF,, and fluprostenol in vascular en-
dothelium intact and denuded rabbit jugular vein preparations
is depicted in Figure 1. PGF,, (pECs 8.2410.13) and flu-
prostenol (pECs, 8.38+0.17) were approximately equipotent
in relaxing the intact, pre-contracted rabbit jugular vein (Fig-
ure la). In rabbit jugular vein segments, where the vascular
endothelium had been removed, PGF,, and fluprostenol pro-
duced little or no relaxant activity (Figure 1b).

The effects of acetycholine (ACh) and PGE, on the vascular
endothelium intact and denuded rabbit jugular vein prepara-
tions were also examined for comparative purposes. ACh po-
tently relaxed the intact rabbit jugular vein preparations (pECso
8.78 +£0.21, Figure 2a), but lacked relaxant activity in prepara-
tions where the vascular endothelium had been removed (Figure
2b). A small contraction was apparent for high doses of ACh in
the denuded preparations. PGE, was also a potent vasorelaxant
and was active in both the endothelium-intact (pECs
9.41+0.22, Figure 2a) and endothelium-denuded (PECs,
8.89+0.26, Figure 2b) preparations. Unlike the FP-receptor
agonists and ACh, removal of the vascular endothelium had no
statistically significant effect on PGE, activity.

The vasorelaxant responses to PGF,, (Figure 3a) and PGE,
(Figure 3b) in the presence of L-NAME (1, 10, 100 uM) or D-
NAME (100 uM) were compared in vascular endothelium-in-
tact rabbit jugular vein preparations. The concentration-re-
sponse curve for PGF,, (Figure 3a) in the presence of D-
NAME control (pECsy 8.31+0.22) or saline (pECs
8.07+0.60; data not shown) was significantly shifted to the
right by 100 uM L-NAME (pECs, 6.76+0.47; P <0.05). Nei-
ther 1 uM L-NAME (pECs, 8.65+0.21) nor 10 uM L-NAME
(PECs 8.3610.31) caused significant dextral shifts of the
PGF,, concentration-response curve. L-INAME at 10 uM di-
minished the maximal relaxation to PGF,,, but the difference
did not achieve statistical significance. In contrast to the results
obtained for PGF,,, L-NAME over the same concentration-
range had no significant effects on the relaxations induced by
PGE, (Figure 3b). L-NAME (100 uM) alone and with quinine,
barium or TEA, administered for the 20 min pretreatment
period before histamine dosing, caused small contractions of
the RJuV (data not shown). D-NAME (100 uM) had no con-
tractile effects.
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Figure 1 The activity of PGF,, (A, n=6) and fluprostenol (@,
n=>5) in histamine precontracted vascular endothelium (a)-intact and
(b)-denuded rabbit jugular vein preparations. Results are expressed as
mean +s.e.mean.

The potassium (K)-channel blockers were tested for their
effects on the relaxations induced by PGF,, (Figure 4a) and
PGE,; (Figure 4b) in the endothelium-intact rabbit jugular vein
incubated with 100 uM D-NAME, the inactive enantiomer.
None of the K-channel blockers studied (100 uM quinine,
1 mM barium, or 1 mM TEA) had any significant effects on the
responses to either PGF,, or PGE,.

In the presence of 100 uM L-NAME, the K-channel block-
ers did not have an additive inhibitory effect on the vasor-
elaxant responses to PGF,, (Figure 5a). However, the
inhibition of PGF,-induced vasorelaxation by 100 uM L-
NAME (pECs, 6.76 +0.47) was significantly and partially re-
versed by 1 mM TEA (pECs, 7.52+0.27; P<0.05) and 1 mM
barium (pECs, 7.45+0.43; P<0.05), but not 100 uM quinine
(PECs 7.2110.13). Both TEA and barium caused left and
downward shifts of the PGF,, concentration-response curve
which achieved statistically significant differences. In similarly
performed studies with PGE, (Figure 5b), the relaxant re-
sponse obtained in the presence of 100 uM L-NAME was not
affected by quinine, barium or TEA.

Discussion

At present, the most widely documented effects of PGF,, are
its luteolytic activity in farm animals and its ability to contract
smooth muscle. The stimulant effects of PGF,, on smooth
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Figure 2 The effects of PGE, (@) and acetylcholine (x) on (a)
endothelium-intact and (b) endothelium-denuded rabbit jugular vein
precontracted by histamine. Results are expressed as mean +s.e.mean
of 5-7 animals.

muscle may be mediated either by FP receptors or by alter-
native prostanoid receptor subtypes which can accept PGF,,
but preferentially interact with a different prostanoid. TP re-
ceptors appear to mediate the contractile effects of PGF,, on
respiratory (Coleman & Sheldrick, 1989; Featherstone et al.,
1990) and vascular smooth muscle (Jones et al., 1982). The
vasorelaxant effect of PGF,, appears to be endothelium-de-
pendent and has been attributed to stimulation of the prosta-
noid IP-receptor in the monkey cerebral arteries (Kawai &
Ohhashi, 1991) and dog arteries (Toda et al., 1988), and IP- or
EP,-receptors in human hand veins (Arner et al., 1994) ac-
cording to comparisons of the responses elicited by PGF,, and
other natural prostanoids. However, the biphasic response to
PGF,, in these isolated animal tissues suggests the presence of
opposing stimulatory and inhibitory receptors which may
obscure the vasorelaxant effect of PGF,,. It was necessary to
use a TP-receptor antagonist in the present studies to minimize
the involvement of contractile TP-receptors which are present
in the RJuV vascular smooth muscle (Giles et al., 1989; 1990;
Lawrence & Jones, 1992). In the rabbit isolated external ju-
gular vein preparation, we found that it potently relaxes in
response to PGF,, if the endothelium is left intact, but is vir-
tually unresponsive to PGF,, when the endothelial cells were
removed. This was in contrast to the activity of PGE, in this
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Figure 3 The effects of 100 um D-NAME ([J), and L-NAME (V 1,
A 10, @ 100uM) on relaxations to (a) PGF,, and (b) PGE, in
histamine precontracted endothelium-intact rabbit jugular vein
preparations. Results are expressed as mean +s.e.mean. n=4-7.

preparation, where removal of the endothelium only modestly
affected its relaxant potency. PGE, and PGD,, which respec-
tively exhibit potent and moderate vasodilator properties in
the RJuV (Giles et al., 1989; 1991; Milne et al., 1994), do not
require an intact vacular endothelium to exert their relaxant
responses. In order to verify the presence of an FP receptor
subtype, we examined the effect of the highly selective agonist
fluprostenol, which lacks appreciable activity at EP-, DP-, IP-
and TP-receptors (Crossley, 1975; Coleman et al., 1982; 1990;
1994). Fluprostenol and PGF,, were essentially equipotent in
relaxing preparations with an intact vascular endothelium, but
like PGF,,, fluprostenol was inactive in preparations in which
the vascular endothelium had been removed. Fluprostenol, by
virtue of its documented FP receptor selectivity, pharmacolo-
gically supports the presence of an FP receptor in the RJuV.
Thus, the vasorelaxant receptor associated with the vascular
endothelium of the RJuV appears to be FP and not EP or TP
type. We provide no evidence regarding FP receptor hetero-
geneity from the results presented here, since selective com-
petitive antagonists and a wide range of selective FP agonists
are not available for generating potency ratio information.
The vasorelaxant responses associated with the PGF,,-
sensitive FP receptor identified in our studies are endothelium-
dependent and, therefore, may be mediated by endothelial
vasoactive substances such as nitric oxide (NO) and/or en-
dothelium-derived hyperpolarizing factor (EDHF) (Furchgott

-log [m] (PGE))

Figure 4 The relaxant effects of (a) PGF,, and (b) PGE, on the
endothelium-intact rabbit jugular vein were determined in the
presence of 100 uM D-NAME control ([J), 100uM D-NAME with
100 uM quinine (QO), 1 mM barium (), or 1mM TEA (V). Results
are expressed as mean +s.e.mean. n=4-5.

& Zawadzki, 1980; Palmer et al., 1987; Ignarro et al., 1987;
Taylor & Weston, 1988; Nelson et al., 1990; Moncada et al.,
1991; Edwards et al., 1992). FP-receptor stimulation is asso-
ciated with phosphotidylinositol breakdown with resultant
release of calcium (Ca?*) from intracellular stores (Macphee et
al., 1984; Woodward et al., 1990; Nakao et al., 1993; Wood-
ward & Lawrence, 1994; Sugimoto er al., 1994). Likewise,
acetylcholine, carbachol and shear stress on endothelial cells
evoke increases in intracellular Ca®>* (Lansman, 1988; Sato et
al., 1990; Rusko et al., 1992; Moncada & Higgs, 1993). In the
role of a second messenger, Ca2* activates the constitutive
nitric oxide synthase (cNOS) in the endothelial cells, resulting
in the conversion of L-arginine to NO (Liickhoff et al., 1988;
Sato et al., 1990; Moncada et al., 1991). In stimulated en-
dothelial cells, the opening of calcium-activated potassium
(K)-channels and hyperpolarization leads to increased calcium
influx into the endothelial cells, which may also contribute to
the NO-mediated vasorelaxation (Liickhoff & Busse, 1990;
Rusko et al., 1992). The hyperpolarization of endothelial cells,
evoked by agonists or the influx of Ca?*, may stimulate the
release of EDHF and this is another mechanism for relaxation
of the underlying vascular smooth muscle (Taylor & Weston,
1988; Nelson et al., 1990; Edwards et al., 1992; Cowan et al.,
1993). The potential role of these mechanisms in mediating
PGF,.-induced vasorelaxation of the RJuV was investigated as
follows. NC-nitro-L-arginine methyl ester (L-NAME), a potent
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Figure 5 The relaxant effects of (a) PGF,, and (b) PGE; on the
endothelium intact rabbit jugular vein were determined in the
presence of 100umM L-NAME (Hl) alone, 100uM L-NAME with
100 uM quinine (O), 1 mM barium (O), or 1mm TEA (V). Results
are expressed as mean+s.e.mean. n=4-5.

inhibitor of nitric oxide synthase in the vascular endothelium
(Rees et al., 1990), was used to determine the contribution of
NO to the vasorelaxant response. Its D-enantiomer (D-NAME)
was inactive, and thus was used as a control. The role of K-
channels in modulating endothelium-dependent PGF,,-in-
duced vasorelaxation was studied using three K-channel
blockers with some differences in blocking activity. Externally
applied TEA at 1 mM has a relatively high affinity for calcium-
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