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Heterogeneous mechanisms of endothelium-dependent relaxation
for thrombin and peptide activators of protease-activated receptor-1

in porcine isolated coronary artery

'Justin R. Hamilton & *'Thomas M. Cocks

"Department of Pharmacology, University of Melbourne, Victoria 3010, Australia

1 Mechanisms of protease-activated receptor-1 (PARI1)- and PAR2-induced relaxation were
investigated in pre-contracted porcine coronary artery ring preparations.

2 Thrombin (0.01-0.3 u ml~') and the PARI-activating peptide SFLLRN (0.1-10 uM) caused
concentration- and endothelium-dependent relaxation. pECsys (—log u ml~! for enzymes, —log M
for peptides) and maximum relaxations (R,.., %) for thrombin were 1.8+0.1 and 93.54+2.8%
respectively, and for SFLLRN 6.8+0.1 and 90.8 +1.3%. Similar concentration- and endothelium-
dependent relaxations occurred with trypsin (pECsy 2.34+0.2; R, 94.1+1.9%) and the PAR2-
activating peptide SLIGRL (pECsy 6.5+0.2; Ryx 92.4+1.6%).

3 Relaxations to thrombin, SFLLRN, trypsin and SLIGRL were significantly inhibited (P <0.05)
to similar extents by the nitric oxide (NO) synthase inhibitor N€-nitro-L-arginine (L-NOARG;
100 uM) and the NO scavenger oxyhaemoglobin (20 uM), both separately and in combination.

4 In the presence of the L-type voltage-operated calcium channel (L-VOCC) inhibitor nifedipine
(0.3 um), K* (67 mM) abolished the L-NOARG-resistant relaxations to thrombin, SFLLRN, trypsin
and SLIGRL. However, nifedipine alone significantly (P <0.05) reduced the pECs, (1.5+0.1) and
Roax (77.5+7.0%) for thrombin but had no effect on relaxations to SFLLRN, trypsin or SLIGRL.
Furthermore, L-NOARG-resistant relaxations to thrombin were abolished by nifedipine, whereas
relaxations to SFLLRN, trypsin or SLIGRL were not further inhibited by combined treatment with
nifedipine and L-NOARG, than they were with L-NOARG treatment alone.

5 Similar selective inhibition of the L-NOARG-resistant relaxation to thrombin, but not SFLLRN,
occurred with verapamil (1 uM) and diltiazem (3 um).

6 Our results suggest heterogenecous mechanisms in the NO-independent relaxation to thrombin

and peptide activators of PAR1 in the porcine coronary artery.
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Introduction

Thrombin is generated at sites of vascular injury and is
involved in an array of responses associated with haemostasis
(Fenton, 1993), including endothelium-dependent vascular
relaxation in a number of species such as pig (Glusa &
Markwardt, 1988; Tesfamariam et al., 1993), dog (White et al.,
1984; Ku, 1986), rat (Muramatsu et al., 1992) and human
(Luscher et al., 1988; Ku et al., 1992). Many of the cellular
actions of thrombin are mediated by a family of protease-
activated receptors (PARs: for review see Coughlin, 1994;
Déry et al., 1998). PARs are seven transmembrane-spanning
domain, G protein-coupled receptors activated by a unique
mechanism involving site-specific proteolytic cleavage of the
receptor’s extracellular amino-terminal to expose an internal
‘tethered’ ligand sequence. Of the four cloned PARs, PAR1
and PAR3 are activated by thrombin (Vu et al., 1991; Ishihara
et al., 1997), PAR2 by trypsin (Nystedt et al., 1994) and
trypsin-like enzymes such as mast cell tryptase (Fox et al.,
1997; Molino et al., 1997), while PAR4 appears to be activated
equally well by thrombin and trypsin (Xu et al., 1998). For
PARI, PAR2 and PAR4, but surprisingly not PAR3, receptor
activation can be mimicked by synthetic peptides correspond-
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ing to the tethered ligand sequences of each receptor (Vu et al.,
1991; Nystedt et al., 1994; Ishihara et al., 1997; Xu et al., 1998).
Whilst all four PARs are expressed on vascular endothelial
cells (Cupit et al., 1999), to date only PAR] and PAR2
(Muramatsu et al., 1992; Hwa et al., 1996; Saifeddine et al.,
1996; Hamilton et al., 1998; 1999) have been shown to mediate
endothelium-dependent vascular relaxation. In pig (Hwa et al.,
1996) and human (Hamilton ez al., 1998) coronary arteries,
such PAR-mediated responses have been shown to be due to
nitric oxide (NO) and another mechanism, which may involve
endothelium-dependent smooth muscle hyperpolarization (for
review see Garland et al., 1995; Félétou & Vanhoutte, 1999),
since thrombin, like other endothelium-dependent vasodila-
tors, was found to cause smooth muscle hyperpolarization in
pig coronary artery (Nagao & Vanhoutte, 1992).
Physiological roles for vascular PARs, particularly those
on the endothelium, are unknown. However, the involve-
ment of a number of serine proteases—including thrombin
and trypsin-like enzymes such as mast cell tryptase—in
inflammatory vascular diseases like atherosclerosis and
ischaemia-reperfusion injury (Hatton er al., 1989; Kovanen
et al., 1995; Cicala et al., 1999) suggest such enzymes may
be involved in the modulation of vascular tone during
inflammation. Since endothelium-dependent vasodilatation
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can be compromised in these conditions (Fleming & Busse,
1999), the aim of the present study was to investigate the
mechanisms of PAR-mediated vascular relaxation. We
report here that enzyme and peptide activators of PARI
and PAR2 mediate endothelium-dependent relaxation of
porcine isolated coronary artery via NO -dependent and
-independent mechanisms, of which the latter is a K'-
sensitive, endothelium-derived  hyperpolarizing factor
(EDHF)-like mechanism, similar to that reported for non-
PAR endothelium-dependent vasodilators in this (Kilpatrick
& Cocks, 1994) and other (Drummond & Cocks, 1996;
Kemps & Cocks, 1997) isolated coronary artery prepara-
tions. However, a surprising outcome from our study was
the observation that L-VOCC inhibitors selectively blocked
the NO-independent relaxation induced by thrombin, but
not that of trypsin or peptide activators of either PAR1 or
PAR2.

Methods
Tissue preparation

Right coronary arteries were dissected from the hearts of Large
White pigs (30—-50 kg, either sex) which were obtained from a
local abattoir and transported to the laboratory in ice-cold
Krebs solution (composition in mM: Na™ 143.1, Cl~ 127.8,
HCO;™ 25.0, K* 5.9, Ca?* 2.5, Mg*" 1.2, H,PO,™ 1.2, SO~
1.2 and glucose 11; pH 7.4). Artery ring segments ~3 mm long
were mounted between two parallel wire hooks and immersed
in 10 ml organ baths containing Krebs solution maintained at
37°C and continuously bubbled with 95% O,, 5% CO, to keep
the pH at 7.4. One wire hook was attached to a micrometer-
adjustable support leg and the other to a force transducer
(model FT03C, Grass Instruments, MA, U.S.A.) to record
changes in isometric, circumferential force which were
amplified and displayed on flat bed chart recorders (W&W
Scientific Instruments, Basel, Switzerland).

Tissue equilibration

Following a 60 min equilibration period, artery ring
preparations were stretched to 5 g passive force and allowed
to recover for 30 min before again being stretched to 5 g.
After a further 30 min, tissues were exposed to an isotonic,
high potassium Krebs solution (KPSS: composition in mM:
K™ 1249, CI- 128.7, Na* 25.0, HCO;~ 25.0, Ca’" 2.5,
Mg>* 1.2, SO,>~ 1.2, H,PO,~ 1.2, glucose 6.1) to obtain a
maximum contraction for each artery ring (KPSS,..
(Kilpatrick & Cocks, 1994; Drummond & Cocks, 1996)).
The KPSS was then replaced with normal Krebs solution
and the tissues allowed to return to their optimal passive
force level over 30—60 min.

Responses to PAR activators

Tissues were contracted to ~50% KPSS,.. with titrated
concentrations of the thromboxane A, mimetic, U46619 (1—
100 nM). Once the U46610-induced contraction had reached a
stable plateau, cumulative concentrations of thrombin or
trypsin (0.0001 -1 u ml™"), or the synthetic PAR1 (SFLLRN
or TFLLR) or PAR2 (SLIGRL) tethered ligand sequences
(0.01-30 um), were added to the organ bath. The maximum
endothelium-dependent and -independent relaxation of each
ring preparation was then determined with the addition of
bradykinin (0.3 uM) and isoprenaline (1 uMm), respectively.

Effect of NO inhibitors

The contribution of NO to PAR-mediated relaxation was
determined in coronary artery ring segments treated with the
NO synthase inhibitor N©-nitro-L-arginine (L-NOARG;
100 um) and the NO scavenger oxyhaemoglobin (HbO;
20 pum), either separately or in combination, 30 min before
the U46619-induced contraction. To minimise the possibility
of HbO denaturation, 10 uM HbO was added prior to, and a
further 10 uM after, the U46619-induced contraction (although
the final bath concentration of HbO was taken as 20 um).

Effect of high extracellular K*

To examine the contribution of K* channels to PAR-mediated
relaxations, high extracellular K* (67 mm KCl, isotonic) was
used to inhibit K™ channel activity (Chen & Suzuki, 1989) and
the subsequent tissue hyperpolarization (Nagao & Vanhoutte,
1992) and smooth muscle relaxation (Kilpatrick & Cocks, 1994;
Drummond & Cocks, 1996). All tissues exposed to high K*
were treated with nifedipine (0.3 uM) to inhibit K*-induced
contractions (Kilpatrick & Cocks, 1994; Drummond & Cocks,
1996). Therefore, to provide appropriate controls in this series
of experiments, tissues were either left untreated or were treated
with nifedipine, nifedipine and K", nifedipine and L-NOARG
(100 uM) or nifedipine plus K* and L-NOARG.

Effect of L-VOCC inhibitors

In this group of experiments, tissues were left untreated or
were treated with nifedipine (0.3—-3 um), L-NOARG (100 uMm),
or a combination of nifedipine and L-NOARG. Cumulative
concentrations of thrombin, SFLLRN or TFLLR were then
added to the organ bath. To confirm the involvement of L-
VOCC:s, this series of experiments was repeated with verapamil
(1 um) or diltiazem (3 pMm). In addition, responses to a single
concentration of thrombin (1 u ml™') were obtained in the
absence and presence of the same set of inhibitors as described
for the cumulative responses to thrombin.

Specificity of L-VOCC inhibitors and desensitization to
SFLLRN

To investigate the possibility of a direct interaction between
nifedipine and thrombin, artery rings were left untreated or
were treated with thrombin (1 uml™') before being
contracted to ~50% KPSS,,., with KCI (10—18 mM) and
then relaxed with cumulative additions of nifedipine
(0.1 nm—1 puMm). In desensitization experiments, untreated
tissues were contracted to ~50% KPSS,..x with U46619
and exposed to the concentration of SFLLRN required to
elicit maximum endothelium-dependent relaxation (10 um).
When the SFLLRN-induced relaxation had recovered to the
initial precontraction level of tone, SFLLRN (10 uMm) was
again added to the tissue and this procedure repeated until
no further response was observed. When the tissue was
desensitized to SFLLRN, responses to the concentration of
thrombin required to elicit maximum endothelium-dependent
relaxation (1 u ml™') were examined.

Materials

Bradykinin triacetate, (—)-isoprenaline, N%-nitro-L-arginine
(L-NOARG) and a-thrombin (bovine serum) were obtained
from Sigma (MO, U.S.A.). U46619 (9,11-dideoxy-9a,11a-
methanoepoxy-prostaglandin F,,), nifedipine, verapamil hy-
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drochloride and diltiazem hydrochloride were purchased from
Sapphire Bioscience (Sydney, Australia). Trypsin (bovine
pancreas) was from Worthington Biochem (NJ, U.S.A.) and
the amidated synthetic PAR1 (SFLLRN-NH, and TFLLR-
NH,) and PAR2 (SLIGRL-NH,) tethered ligand sequences
were from Auspep (Parkville, Australia). Stock solutions of L-
NOARG (100 mm) were prepared in 1 M NaHCO; while those
for U46619 (1 mM) and nifedipine (10 mM) were in absolute
ethanol. Further dilutions of these stock solutions and
preparation of all other stock solutions were in distilled water.
Neither the ethanol (0.003% vv~') nor the NaHCO; (1 mMm)
vehicles had any effect on tissue function.

Statistical analyses

All relaxations were normalized as a per cent of each tissue’s
response to 1 uM isoprenaline and all data are expressed as
mean +s.e.mean. Normalized concentration-response curves
were computer fitted to a sigmoidal regression curve
(Graphpad Prism, Graphpad Software Inc.) to generate values
for sensitivity (pECsy). Differences in mean pECss and
maximum responses (R,,.,) were tested for significance either
by an unpaired Student’s z-test or a one-way analysis of
variance (ANOVA) with a Tukey-Kramer modified ¢ statistic
for multiple comparisons. In all cases, differences were
considered significant when P <0.05.
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Results
Responses to PAR activators

The proteolytic and non-proteolytic activators of PARI,
thrombin and SFLLRN respectively, and of PAR2, trypsin
and SLIGRL respectively, each caused concentration-depen-
dent relaxations of U46619-contracted coronary artery pre-
parations, which in all cases were abolished by removal of the
endothelium (data not shown). pECs, (—log uml~!' for
enzymes and —log M for peptides) and R,,,, values for each
agonist were, respectively: thrombin 1.8 +0.1 and 93.5+2.8%;
SFLLRN 6.84+0.1 and 90.8+1.3%; trypsin 2.3+0.2 and
94.1+1.9%; SLIGRL 6.5+0.2 and 92.4+1.6% (Figure 1).

Effect of NO inhibitors

The NO synthase inhibitor, L-NOARG (100 uM), significantly
(P<0.05) decreased both the sensitivity and maximum
relaxation to thrombin (pECsy 1.240.1, R, 62.0+8.0%),
SFLLRN (pECsy 6.4+0.1, R, 65.24+4.0%), trypsin (pECs,
1.6+0.2, R, 55.84+9.7%) and SLIGRL (pECs, 6.0+0.1,
Rinax 53.9+10.6%) (Figure 1). For all activators, the inhibition
by L-NOARG was not significantly different to that observed
with HbO (20 um) either alone or in combination with L-
NOARG (Figure 1).
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Figure 1 Cumulative concentration-response curves to (a) thrombin, (b) trypsin, (¢) SFLLRN and (d) SLIGRL in pig coronary
artery ring preparations contracted to ~50% of their maximum contraction with U46619 in the absence (control) and presence of
L-NOARG (100 pum), HbO (20 um) and a combination of L-NOARG and HbO. Each point represents the mean +s.e.mean of five
experiments. *Denotes R;,.x and pECsy values significantly different from control (P <0.05).
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Figure 2 Cumulative concentration-response curves to (a) thrombin, (b) trypsin, (c) SFLLRN and (d) SLIGRL in pig coronary
artery ring preparations contracted to ~50% of their maximum contraction with U46619 in the absence (control) and presence of
nifedipine (0.3 uM), nifedipine and K™ (67 mm), nifedepine and L-NOARG (100 um) or nifedipine plus K™ and L-NOARG. Each
point represents the mean+s.e.mean of six (a, b, ¢) and three (d) experiments. *Denotes R;,,x and pECs, values significantly

different from control (P<0.05).

Effect of high extracellular K*

In the presence of nifedipine (0.3 uM), high extracellular
K* (67 mM) had no effect on responses to trypsin,
SFLLRN or SLIGRL but abolished the L-NOARG-
resistant relaxations to these agonists (Figure 2). In
contrast, both the sensitivity and maximum relaxation to
thrombin were slightly, but significantly (P <0.05), inhibited
by nifedipine alone (pECs, 1.5+0.1; Ry 77.5+£7.0%)
(Figure 2). No further inhibition of the thrombin-induced
response occurred with higher concentrations (1 and 3 um)
of nifedipine (data not shown). The inhibition of the
thrombin-induced relaxation by nifedipine alone was no
different to that observed in the presence of nifedipine in
combination with high extracellular K= (pECs, 1.540.1;
R 71.5+10.0%) (Figure 2). In addition, in the presence
of nifedipine, L-NOARG now abolished relaxations to
thrombin, whereas relaxations to SFLLRN, trypsin and
SLIGRL were not further inhibited in the presence of
nifedipine in combination with L-NOARG than they were
with L-NOARG treatment alone (Figure 1 vs Figure 2).
Importantly, tissues relaxed to approximately baseline levels
of force with the addition of isoprenaline (1 uM)
irrespective of their treatment (data not shown).

Effect of L-VOCC inhibitors

As for nifedipine, both verapamil (1 uM) and diltiazem
(3 um) slightly, but significantly, decreased the R, for
thrombin (control=92.6+1.0% vs verapamil=283.4+2.1%;
control=91.2+1.8% vs diltiazem=84.6+2.7%; for both
P<0.05), but had no effect on relaxations induced by
SFLLRN (control=91.8+3.6% vs verapamil=91.7+1.5%;
control=92.6+1.7% vs diltiazem=90.7+2.2%) (Figure 3).
Also, a significant (P<0.05) further inhibition of the
relaxation to thrombin was observed in the presence of
verapamil or diltiazem in combination with L-NOARG
(100 pMm) than was observed in the presence of L-NOARG
alone (Figure 1 vs Figure 3). By contrast, L-NOARG did
not further inhibit the SFLLRN-induced relaxation when
applied in combination with either verapamil or diltiazem
(Figure 1 vs Figure 3).

Specificity of L-VOCC inhibitors and receptor
desensitization

In artery rings contracted with KCI (10—18 mM),
relaxations induced by nifedipine (1 nM—1 uM) were not
affected by pretreatment with thrombin (1 u ml~") (Figure
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Figure 3 Cumulative concentration-response curves to (a, ¢) thrombin and (b, d) SFLLRN in pig coronary artery ring preparations
contracted to ~50% of their maximum contraction with U46619 in the absence (control) and presence of (a, b) verapamil (1 uMm) or
(c, d) diltiazem (3 uM) alone and in combination with L-NOARG (100 pum). Each point represents the mean+s.e.mean of 4-8
experiments. *Denotes R,,x value significantly different from control (P<0.05). **Denotes R,.x and pECs, values significantly

different from verapamil/diltiazem control (P <0.05).
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Figure 4 Cumulative concentration-response curves to nifedipine in
the absence (control) and presence of thrombin (1 uml~!) in pig
coronary artery ring preparations contracted to ~50% of their
maximum contraction with KCIl. Each point represents the mean+
s.e.mean of six experiments.
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Figure 5 Cumulative concentration-response curves to TFLLR in
pig coronary artery ring preparations contracted to ~50% of their
maximum contraction with U46619 in the absence (control) and
presence of nifedipine (0.3 um), L-NOARG (100 um) and a
combination of nifedipine and L-NOARG. Each point represents
the mean+s.e.mean of five experiments. *Denotes R.,.x and pECsq
values significantly different from control (P <0.05).
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SFLLRN

Thrombin Bradykinin

Figure 6 Digitized trace of an original chart recording showing the
response to thrombin (I uml™ ") following desensitization to
SFLLRN (10 uM) in pig coronary artery ring preparations contracted
to ~50% of their maximum contraction with U46619. This trace is
representative of four experiments.
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Figure 7 Digitized traces of original chart recordings showing
responses to thrombin added (a) as a single, high concentration
(1uml™") and (b) cumulatively (0.01—-3 uml~') to artery rings
treated with nifedipine (0.3 uM) and L-NOARG (100 um) and
contracted to ~50% of their maximum contraction with U46619.
These traces are representative of six experiments. (c) Group data
from similar experiments (each n=6) as depicted in (a). n.s.=not
significant.

4). Also, as was observed with SFLLRN, nifedipine had
no effect on relaxations to the more selective PARI-
activating peptide TFLLR (Kawabata et al., 1999) in the
absence or presence of L-NOARG (Figure 5). Further-
more, desensitization to SFLLRN abolished relaxations to
thrombin (Figure 6), which were restored following
washout and recovery of the tissue (not shown). By
contrast, desensitization to thrombin did not affect the
response to SFLLRN (data not shown).

Overcoming the inhibition by nifedipine
of thrombin-induced relaxation

As described above, when thrombin was added cumulatively to
the organ bath (0.001 -1 u ml~"), nifedipine (0.3 uM) inhibited
the maximum relaxation induced by thrombin and abolished
the response in the presence of L-NOARG (100 um) (Figure 2).
By contrast, if thrombin was added as a single, high
concentration (1 u ml~") rather than in cumulatively increas-
ing concentrations, nifedipine had no effect on thrombin-
induced relaxations in tissues, with or without L-NOARG
pretreatment (Figure 7).

Discussion and conclusions

The main finding of this study was that the endothelium-
dependent, NO-independent component of the relaxation to
thrombin, but not to PAR1-activating peptides, was blocked
by L-VOCC inhibitors. The involvement of a NO-independent
vascular relaxation mechanism in the responses to both
enzyme and peptide activators of PAR1 and PAR2 was
evident by the similar degree of inhibition of each response by
the NO synthase inhibitor, L-NOARG and/or the NO
scavenger, HbO. These findings indicate that the only source
of NO that contributed to the relaxations to each PAR
activator was likely to be endothelial NO synthase and that its
activity was abolished by L-NOARG, as reported for
bradykinin in cow (Drummond & Cocks, 1996) and human
(Kemp & Cocks, 1997) coronary arteries. Also, as for
bradykinin in human and cow arteries (Drummond & Cocks,
1996; Kemp & Cocks, 1997) and the pig coronary artery
(Kilpatrick & Cocks, 1994), the NO-independent component
of the PAR1- and PAR2-mediated relaxations observed here
were likely due to EDHF-like mechanisms (for review see
Garland et al., 1995; Félétou & Vanhoutte, 1999), since they
were abolished by high extracellular K*, which inhibits K*
channel activity (Chen & Suzuki, 1989) and the subsequent
endothelial and smooth muscle hyperpolarization (Nagao &
Vanhoutte, 1992; Corriu et al., 1996) and vascular relaxation
(Kilpatrick & Cocks, 1994; Drummond & Cocks, 1996; Kemp
& Cocks, 1997).

Endothelium-dependent hyperpolarization of vascular
smooth muscle is generally thought to cause smooth muscle
relaxation via closure of L-VOCCs (Garland et al., 1995).
However, L-VOCC-independent mechanisms can also ac-
count for non-NO, K *-sensitive relaxations to endothelium-
dependent vasodilators, since relaxations to bradykinin and
substance P in pig (Kilpatrick & Cocks, 1994) and cow
(Drummond & Cocks, 1996) coronary arteries were
unaffected by L-VOCC inhibitors. While we observed a
similar L-VOCC-independent, EDHF-like relaxation to
trypsin and peptide activators of PAR1 and PAR2,
intriguingly, we found that under similar assay conditions
L-VOCC inhibitors selectively blocked the non-NO, K*-
sensitive relaxation to thrombin.
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The most likely explanation for the apparent selective
involvement of L-VOCCs in thrombin-induced relaxations is
that thrombin activated a different receptor to that activated by
SFLLRN and TFLLR in the pig coronary artery. PAR3 and
PARA4 are the most obvious candidates, since thrombin activates
these receptors in addition to PAR1 (Ishihara ez al., 1997; Xu et
al., 1998). However, the contribution of PAR3 and/or PAR4 in
the thrombin-induced endothelium-dependent relaxation in pig
coronary artery appears unlikely since desensitization of tissues
with SFLLRN, which is incapable of activating PAR3 and
PAR4 (Ishihara et al., 1997; Xu et al., 1998), abolished the
response to thrombin, suggesting that a common receptor
mediated the response to each agonist. In addition, PAR4 was
unlikely to have contributed to the endothelium-dependent
relaxation induced by thrombin in the pig coronary artery since
peptide activators of PAR4 are inactive in this preparation
(Hamilton & Cocks, unpublished observations). While similar
studies using PAR3-activating peptides cannot determine the
presence or absence of functional PAR3 in tissues due to the
inability of such peptides to activate the receptor (Ishihara ez al.,
1997), the fact that thrombin did not stimulate endothelium-
dependent relaxation following desensitization with the PAR1-
activating peptides points to a lack of involvement of PAR3 in
the response to thrombin in the pig coronary artery. While
desensitization to thrombin did not affect responses to
SFLLRN, this is not unusual, since thrombin-activated PAR1
recycle back to the plasma membrane in a state in which they can
be activated by synthetic tethered ligands such as SFLLRN but
not by enzymes (Hamilton ez al., 1998; Hammes & Coughlin,
1999). Whilst high concentrations of SFLLRN can activate
PAR?2 in some systems (Blackhart et al., 1996; Damiano et al.,
1999; Kawabata et al., 1999), a similar lack of selectivity for
SFLLRN does not appear to occur for endothelial PAR1 and
PAR2in the pig coronary artery (Hwa et al., 1996; Hamilton and
Cocks, unpublished observations). Furthermore, the failure of
nifedipine to block the non-NO, K*-sensitive relaxation to
SFLLRN was unlikely to be due to activation of a different
receptor (e.g. PAR2), since similar relaxations to the more
selective PAR1 agonist TFLLR (Kawabata et al., 1999) were
also unaffected by nifedipine. However, while it is unlikely that
both thrombin and the PARI1-activating peptides, SFLLRN
and TFLLR, acted on PAR3 or PAR4, we cannot rule out the
possibility that either type of agonist acted at another, unknown
receptor (protease-activated or other).

The effect of nifedipine on the non-NO, K™-sensitive
relaxation to thrombin was most likely due to L-VOCC
inhibition since similar selective effects on thrombin were
observed with the chemically distinct L-VOCC inhibitors,
verapamil and diltiazem. Importantly, the inhibition by each
L-VOCC inhibitor was observed using the concentration
required to abolish K *-induced contractions (and therefore,
presumably, L-VOCC activity) in this tissue. Nevertheless, it
remains possible that all three classes of L-VOCC inhibitors
blocked the non-NO-mediated relaxation to thrombin
independently of L-VOCC inhibition. For example, such
non-selectivity has been reported for nimodipine, verapamil
and diltiazem as inhibitors of 5-hydroxytryptamine3 receptors
(Hargreaves et al., 1996). However, our finding that
pretreatment of artery rings with thrombin had no effect on
nifedipine-induced relaxations, does not support a direct
interaction between L-VOCC inhibitors and thrombin. Also,
since no further inhibition of thrombin-induced relaxations
occurred when the concentration of nifedipine was increased
from 0.3 uM to 1 and 3 uM, an interaction between nifedipine
and PARI1 appears equally unlikely.

Therefore, on the assumption that the endothelium-
dependent relaxation induced by thrombin and SFLLRN/
TFLLR in the pig coronary artery is due solely to activation of
PARI, our data suggest that the non-NO, K™-sensitive
relaxation to PARI1 in the pig coronary artery involves L-
VOCC:s, but only when the receptor is activated proteolytically
with thrombin. If this is the case, then it is difficult to explain
the mechanism by which such heterogeneous signalling by
PAR1 occurs, following the different modes of receptor
activation. Perhaps a clue can be found in the observations
that PAR3, the second thrombin-activated receptor, cannot be
activated by its synthetic tethered ligand sequence (Ishihara et
al., 1997) and that PAR4, also regarded as a thrombin receptor,
is only activated by high concentrations of its tethered ligand
sequence (Xu et al., 1998). These discrepancies between the
sensitivities of enzyme and synthetic tethered ligand PAR
activators may indicate that the different modes of receptor
activation result in dissimilar cellular events for PAR3 and
PARA4. If this is the case, then similar differences may extend to
PARI (and PAR2). However, this remains to be tested.

Finally, the ability of a single, high concentration of
thrombin to overcome the L-VOCC-sensitivity of relaxations
observed with the cumulative addition of thrombin supports
the finding of Ishii ez al. (1993) that the rate of PARI1 activation
by thrombin determines the level of cellular response. Thus, in
rat fibroblasts transfected with cloned human PARI, con-
centrations of thrombin that did not cause any cell signalling
were shown to eventually cleave and disable the entire PAR1
population from subsequent enzymic activation (Ishii er al.,
1993). This contrasts with more classical free ligand-activated
receptors (including activation of PARs with synthetic tethered
ligand sequences), where downstream cellular responses are
dependent on the level of ligand occupation of the receptor.
Therefore, in our experiments, cumulative thrombin addition
beginning with a concentration of thrombin subthreshold for
generation of endothelium-dependent relaxation would be
expected to activate some cell surface PAR1. By the time the
concentration of thrombin required to induce a response was
reached, however, a proportion of receptors would be cleaved
and thus unresponsive to further addition of thrombin. By
contrast, addition of a single, high concentration of thrombin
would enable the enzyme to activate enough PARI to cause cell
signalling and a response.

In conclusion, our study has shown that clinically used L-
VOCC inhibitors like nifedipine selectively block the non-
NO component of endothelium-dependent relaxation to
physiological concentrations of thrombin in pig coronary
arteries. The involvement of L-VOCCs in endothelium-
dependent relaxation of large arteries is apparently specific
for thrombin since it was not observed following activation
of PARI with PARI-activating peptides or PAR2 with
trypsin or PAR2-activating peptide and does not occur with
other, non-PAR, endothelium-dependent vasodilators such
as bradykinin and substance P (Kilpatrick & Cocks, 1994;
Drummond & Cocks, 1996). If similar selective effects of L-
VOCC inhibitors occur in human coronary arteries, then our
findings have important implications for thrombogenesis in
coronary arteries in which the NO-dependent vasodilator
mechanisms are compromised by disease states such as
atherosclerosis.
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