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1 Protease-activated receptor (PAR)-mediated vascular relaxations have been compared in
coronary arteries of di�erent diameters isolated from both humans and pigs.

2 Thrombin, trypsin, and the PAR1-activating peptide, TFLLR, all caused concentration-
dependent relaxation of both large (epicardial; *2 mm internal diameter) and small (intramyo-
cardial; *200 mm internal diameter) human coronary arteries. EC50 values for thrombin
(0.006 u ml71 in epicardial, 1.69 u ml71 in intramyocardial) and trypsin (0.02 u ml71 in epicardial,
1.05 u ml71 in intramyocardial) were signi®cantly (P50.01) greater in intramyocardial arteries. By
contrast, EC50 values for TFLLR were not di�erent between epicardial (0.35 mM) and
intramyocardial (0.43 mM) arteries.

3 In porcine coronary arteries, EC50 values for relaxations to thrombin (0.03 u ml71 in epicardial
0.17 u ml71 in intramyocardial) were also signi®cantly (P50.01) greater in the smaller arteries. EC50

values for both TFLLR and the PAR2-activating peptide, SLIGKV, were not di�erent between the
two di�erent-sized pig coronary arteries.

4 PAR1-immunoreactivity was localized to the endothelium of human epicardial and
intramyocardial arteries and both PAR1- and PAR2-immunoreactivity was observed in endothelial
cells of equivalent porcine arteries.

5 These ®ndings indicate that enzymatic activation of endothelial cell PARs in human (PAR1) and
porcine (PAR1 and PAR2) coronary arteries is markedly reduced in intramyocardial arteries when
compared with epicardial arteries, suggesting increased regulation of PAR-mediated vascular
responses in resistance-type arteries.
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Introduction

Protease-activated receptor-1 (PAR1) and PAR2 are serine

protease-sensitive, G protein-coupled receptors which are
thought to be widely expressed on vascular endothelial cells
and as such may play important roles in the control of

vascular tone and haemostasis (for review, see Coughlin,
1994; DeÂ ry et al., 1998; Cocks & Mo�att, 2000; Coughlin,
2000). PAR1 is essentially a thrombin receptor (Vu et al.,

1991; Chen et al., 1994) but can be activated by other serine
proteases at comparatively high concentrations, including
trypsin (Kawabata et al., 1999; Altrogge & Monard, 2000).

PAR2 is insensitive to thrombin cleavage and is activated
most sensitively by trypsin (Nystedt et al., 1994; BoÈ hm et al.,
1996; Altrogge & Monard, 2000), but also by blood-borne
trypsin-like enzymes such as mast cell tryptase (Fox et al.,

1997; Mirza et al., 1997; Molino et al., 1997a) and
coagulation factor VIIa (Camerer et al., 2000). For both

PAR1 and PAR2, receptor activation can be mimicked

pharmacologically by synthetic peptides corresponding to the
distinct cleavage-derived tethered ligand sequences of each
receptor (Vu et al., 1991; BoÈ hm et al., 1996; Blackhart et al.,

1996). The tethered ligand sequences of the cloned human
PAR1 and PAR2 are SFLLRN (Vu et al., 1991) and
SLIGKV (BoÈ hm et al., 1996), respectively. However, with

SFLLRN shown to activate PAR2 in addition to PAR1
(Blackhart et al., 1996; Al-Ani et al., 1999; Kawabata et al.,
1999), a more selective PAR1-activating peptide, TFLLR

(Blackhart et al., 1996; Hollenberg et al., 1997), has been
developed.

PAR1- and PAR2-induced endothelium-dependent relaxa-
tion has been previously reported in a number of species. For

example, activation of PAR1 (with thrombin or PAR1-
activating peptides) or PAR2 (with trypsin or PAR2-
activating peptides) induces endothelium-dependent relaxa-

tion of pig coronary artery (Hwa et al., 1996; Hamilton et al.,
1999) and rat aorta (Magazine et al., 1996; Saifeddine et al.,
1996; Hollenberg et al., 1997). One reported anomaly to such
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vascular PAR pharmacology is in human isolated coronary
(Hamilton et al., 1998) and pulmonary (Hamilton et al.,
2001b) arteries, in which thrombin, trypsin, and PAR1-

activating peptides all cause endothelium-dependent relaxa-
tion via activation of a common PAR1-like receptor, with no
role for PAR2.
The contribution of PARs to serine protease-induced

changes in vascular reactivity have been well characterized
in several species, including humans. However, such studies
have been performed exclusively in large, conduit-type

arteries. Although such arteries can provide some degree of
blood ¯ow control, it is the smaller arteries and resistance
arterioles that contribute most to the regulation of ¯ow

(Epstein et al., 1985). For example, small arteries and
arterioles account for more than 45% of peripheral resistance
and thus are the major contributing vessels to systemic blood

pressure (Heagerty & Izzard, 1995). In the heart, intramyo-
cardial arteries of *300 mm internal diameter are estimated
to contribute 20% of total coronary resistance (Chilian et al.,
1986). Since several studies have reported diameter-dependent

variations in a number of di�erent receptor- and ion channel-
dependent changes in vascular reactivity (Chilian et al., 1989;
Lamping et al., 1989; Jones et al., 1995; Bowles et al., 1997;

Gitterman & Evans, 2000), the aim of the present study was
to determine whether resistance-like coronary arteries relax in
response to PAR activation in a similar manner to larger,

conduit-type coronary arteries. To this end, we have
compared PAR-mediated relaxation in small, resistance-type
intramyocardial arteries (*200 mm internal diameter) with

the well characterized responses in large, conduit-type
epicardial arteries (*2 mm internal diameter) from humans
and pigs.

Methods

Tissue source

Human epicardial arteries (right main, left anterior descend-

ing, left circum¯ex) were dissected from the explanted hearts
of patients undergoing transplantation at The Alfred
Hospital (Melbourne, Australia). Heart tissue came from 11
patients (eight male, three female; 43+3 years, range 28 to 62

years) diagnosed with dilated congestive cardiomyopathy
(n=6), restrictive cardiomyopathy (n=3), ischaemic heart
disease (n=1), or septal defects (n=1).

Human intramyocardial arteries were dissected from
distal segments of right atrial appendage which were
obtained from 27 patients (22 male, ®ve female; 62+2

years, range 41 to 75 years) undergoing coronary artery
graft surgery at the Royal Melbourne Hospital (Melbourne,
Australia). Intramyocardial arteries were also isolated from

right atrial appendage segments of two of the heart
transplant patients in the group described above. All
human tissue was collected with informed patient consent
and approval from the Ethics Committees of The

University of Melbourne and either the Royal Melbourne
Hospital or The Alfred Hospital.
Porcine epicardial and intramyocardial arteries were

isolated from the heart of Large White pigs (either sex;
30 ± 40 kg) obtained from a local abattoir. In order to obtain
porcine arteries from a similar anatomical location and of a

similar size as the human coronary arteries used, epicardial
arteries were the right main artery and intramyocardial
arteries were dissected from the distal portion of the right

atrial appendage.

Immunohistochemical studies

Epicardial arteries and segments of atrial appendage contain-
ing intramyocardial arteries, each isolated from both humans
and pigs, were ®xed in paraformaldehyde (4% w v71 in

phosphate bu�ered saline (PBS), pH 7.3) at 48C overnight.
Tissues were then washed in PBS, placed in a sucrose
solution (15% w v71 in PBS) at 48C overnight, embedded in

Tissue-Tek1 OCT Compound, frozen on liquid nitrogen, and
stored at 7708C until 14 mm sections were cut onto gelatin-
(0.1% in water) and formalin- (0.2% in water) coated slides

at 7168C using a cryostat.
Tissue sections were washed free of OCT using PBS and

incubated with the primary antibody at room temperature for
48 h. PAR1 and PAR2 were localized using previously

characterized IgG2a monoclonal antibodies produced in mice
immunized with peptides corresponding to the amino-
terminus of human PAR1 (S42FLLRNPNDKYEPF55,

1 : 100: (Brass et al., 1992; Hoxie et al., 1993) and human
PAR2 (S37LIGKVDGTSHVTG50, 1 : 20: (Molino et al.,
1997a,b). These primary antisera were sequentially labelled

at room temperature with a biotinylated sheep anti-mouse
antiserum (1 : 100, 1 h) and ¯uorescein isothiocyanate
(FITC)-conjugated steptavidin (1 : 20, 1 h) before being

washed with PBS and mounted in bu�ered glycerol. For
epicardial arteries, ¯uorescence was observed under a
microscope (Axioskop, Zeiss, Germany). For intramyocardial
arteries, ¯uorescence was recorded using a confocal micro-

scope (MRC 1000, Biorad, Australia).

Isometric tension studies: epicardial arteries

Three mm-long ring segments of human or porcine epicardial
arteries were mounted in organ chambers for isometric

tension measurement as previously described (Kilpatrick &
Cocks, 1994; Hamilton & Cocks, 2000). Brie¯y, artery ring
segments, which were only used if they were macroscopically
free of atheromatous plaques, were mounted between two

wire hooks ± one attached to an adjustable support and the
other to a force transducer ± and immersed in 10 ml organ
baths containing Krebs solution (composition (mmol/L):

Na+ 144, Cl7 128.7, HCO3
7 25, K+ 5.9, Ca2+ 2.5, Mg2+

1.2, H2PO4
7 1.2, SO4

27 1.2 and glucose 11; pH 7.4)
maintained at 378C and continuously bubbled with 95%

O2, 5% CO2.
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+ 124.9, Cl7 128.7, Na+ 25.0, HCO3

7 25.0, Ca2+ 2.5, Mg2+

1.2, SO4
27 1.2, H2PO4

7 1.2, glucose 6.1) to obtain a
maximum contraction for each artery ring (KPSSmax:
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 60 min.
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Tissues were contracted to *50% KPSSmax with titrated
concentrations of the thromboxane A2 mimetic, U46619
(1 ± 100 nM). Once the U46619-induced contraction had

reached a stable plateau, cumulative half-log concentrations
of the various PAR agonists were added to the organ
bath. The maximum endothelium-dependent and -indepen-
dent relaxation of each ring preparation was then

determined with the addition of bradykinin (0.3 mM; pig)
or substance P (10 nM; human), and isoprenaline (1 mM),
respectively.

Isometric tension studies: intramyocardial arteries

Analogous to the organ bath set-up used for the larger
epicardial arteries described above, 2 mm-long artery ring
segments of human and porcine isolated intramyocardial

arteries (internal diameter *200 mm) were mounted between
two parallel wires in a Mulvany-Halpern myograph (model
410A, J.P. Trading, Denmark) containing 5 ml Krebs
solution, heated to 378C and continuously oxygenated with

95% O2, 5% CO2 (Mulvany & Halpern, 1977; Buus et al.,
2000).
In an equilibration protocol similar to that used for the

epicardial artery studies, porcine and human intramyocar-
dial arteries were left to equilibrate at 378C with zero
tension for 60 min. The initial tension applied to each

artery was then normalized to 90% of the internal arterial
circumference (IC) if the artery was exposed to a
transmural distending pressure of 100 mmHg (0.9.IC100:

Mulvany & Halpern, 1977). After 30 min equilibration at
0.9.IC100 arteries were exposed to KPSS until the KPSSmax

was obtained, before being reimmersed in Krebs to return
the tissues to their baseline passive tension levels (0.9.IC100).

All artery segments were contracted to *50% of their
KPSSmax. For porcine coronary arteries, this was achieved
with titrated concentrations of U46619 (typically 1 ±

100 nM). U46619 at concentrations of up to 1 mM induced
only small (510%) contractions in human coronary
arteries such that ACh (typically 0.03 ± 1 mM) was used to

contract these arteries to *50% KPSSmax. Importantly,
ACh causes no endothelium-dependent relaxation of human
coronary arteries (Kemp & Cocks, 1997). For all arteries,
once the U46619- or ACh-induced contractions were stable,

cumulative half-log concentrations of the various PAR
agonists were added to the myograph chamber and when a
maximum response was obtained to the PAR agonists,

bradykinin (0.3 mM; pig) or substance P (30 nM; human)
and then isoprenaline (1 mM) were added to determine the
maximum endothelium-dependent and -independent relaxa-

tion of each ring preparation, respectively.

Statistical analyses

All relaxations were normalized as a per cent of each tissue's
response to 1 mM isoprenaline and all data are expressed as
means+s.e.mean. Normalized concentration-response curves

were computer ®tted to a sigmoidal regression curve
(Graphpad Prism, Graphpad Software Inc.) to generate
values for sensitivity (EC50). Di�erences in mean EC50 and

maximum response (Rmax) were tested for signi®cance by
unpaired Student's t-tests. In all cases, di�erences were
considered signi®cant when P50.05.

Drugs

The PAR1 and PAR2 antisera were kind gifts from Prof

Lawrence Brass (University of Pennsylvania, PA, U.S.A.).
Anti-rabbit antiserum and FITC-streptavidin were from
Amersham Pharmacia Biotech (Bucks, U.K.) and OCT from
Sakura Finetek (CA, U.S.A.). U46619 was from Sapphire

Bioscience (NSW, Australia), trypsin (bovine pancreas) from
Worthington Biochem (NJ, U.S.A.) and Hoe-140 from
Hoechst (VIC, Australia). Endothelin-1, (7)-isoprenaline,

substance P (acetate salt), and a-thrombin (bovine serum)
were purchased from Sigma (MO, U.S.A.). All PAR-
activating peptides were synthesized with carboxyl-terminal

amidation and puri®ed by reverse phase HPLC to 595% by
Auspep (VIC, Australia).

Results

Isometric tension studies: human coronary arteries

Thrombin caused concentration-dependent (EC50

0.006+0.001 u ml71) and near-maximal (Rmax 90.8+2.2%)

relaxations of contracted epicardial artery ring segments
(n=9, from nine patients; Figure 1). In intramyocardial
artery rings, thrombin caused relaxations with a similar Rmax

(90.3+2.0%) but signi®cantly (P50.01) increased EC50

(1.69+0.45 u ml71) when compared with relaxations of
epicardial arteries (n=12, from 12 patients; Figure 1).

Similarly, trypsin-induced relaxations of epicardial artery
ring segments had a similar Rmax (89.9+2.3%) but
signi®cantly (P50.01) decreased EC50 (0.02+0.003 u ml71;
n=9, from nine patients) when compared with relaxations in

intramyocardial arteries (Rmax 77.9+4.4%, EC50 1.05+
0.22 u ml71; n=20, from 20 patients; Figure 1). In contrast
to thrombin and trypsin, the selective PAR1-activating

peptide, TFLLR, caused concentration-dependent relaxations
of epicardial arteries (Rmax 91.7+3.3%, EC50 0.35+0.15 mM;
n=8, from eight patients) which were not di�erent to those in

intramyocardial arteries (Rmax 93.4+1.3%, EC50 0.43+
0.09 mM; n=5, from ®ve patients; Figure 1). Neither the
human PAR2- nor PAR4-activating peptides, SLIGKV and
GYPGQV respectively, caused relaxations or contractions at

concentrations of up to 300 mM in either epicardial or
intramyocardial arteries (data not shown).

In intramyocardial arteries, neither thrombin- nor

trypsin-induced relaxations were a�ected by the B2 kinin
receptor antagonist, Hoe-140 (1 mM; n=4, from four
patients; Figure 2). By contrast, Hoe-140 caused a

signi®cant (P=0.001), *75 fold increase in EC50 to
bradykinin but did not a�ect the Rmax (control=
89.0+7.9% versus Hoe-140=76.9+10.8%) (n=4, from

four patients; Figure 2). Thrombin- and trypsin-induced
relaxations of intramyocardial arteries were similarly
una�ected by the mixed ETA/ETB receptor antagonist,
bosentan (10 mM; n=3, from three patients; Figure 3).

Bosentan, however, inhibit both the initial contraction and
subsequent relaxation caused by endothelin-1 in this tissue
(Figure 3). Thrombin- and trypsin-induced relaxations of

intramyocardial arteries were abolished by treatment of
thrombin with D-phenylalanyl-L-prolyl-L-arginine chloro-
methyl ketone (PPACK; 10 fold excess) and soybean
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trypsin inhibitor (10 mg ml71), respectively (data not
shown).

Immunohistochemical studies: human coronary arteries

Patchy PAR1-immunoreactivity was observed in endothelial
cells of both epicardial and intramyocardial arteries, with less
than half of the endothelial cells present staining with the

PAR1-targeted antibody (Figure 4). However, PAR1-immu-
noreactivity appeared speci®c to the endothelium with little
staining observed in the smooth muscle of either artery type
(Figure 4).

Isometric tension studies: porcine coronary arteries

Thrombin caused concentration-dependent relaxations of
epicardial arteries (EC50 0.03+0.01 u ml71, Rmax

87.0+3.0%; n=6; Figure 5). In animal-matched intramyocar-

dial arteries, thrombin-induced relaxations had a signi®cantly
(P50.01) greater EC50 (0.17+0.07 u ml71) but similar Rmax

(93.0+1.0%) (n=6; Figure 5). Similarly, relaxations to trypsin
in epicardial arteries (EC50 0.01+0.002 u ml71, Rmax

90.4+2.4%; n=5) had a signi®cantly (P50.001) greater EC50

(0.42+0.28 u ml71), but similar Rmax (89.0+3.8%) in intra-
myocardial arteries from the same animals (n=5; Figure 5).

In contrast to thrombin and trypsin, relaxations to the
PAR1-selective activating peptide, TFLLR, in epicardial
arteries (EC50 0.28+0.05 mM, Rmax 95.3+1.0%) were not

di�erent to those in animal-matched intramyocardial arteries
(EC50 0.18+0.33 mM, Rmax 89.9+5.1%) (n=5; Figure 5).

Also, relaxations to the PAR2-selective activating peptide,
SLIGKV, in epicardial arteries (EC50 0.51+0.12 mM, Rmax

94.3+1.9%) were not di�erent to those in animal-matched

intramyocardial arteries (EC50 0.78+0.20 mM, Rmax

80.9+6.5%) (n=4; Figure 5). As in the human intramyo-
cardial arteries, relaxations to thrombin and trypsin in

porcine intramyocardial arteries were abolished by PPACK
treatment (10 fold excess) and soybean trypsin inhibitor
(10 mg ml71), respectively (data not shown). Also, the PAR4-
activating peptide, GYPGQV, caused neither contraction nor

relaxation at concentrations of up to 300 mM (not shown).

Immunohistochemical studies: porcine coronary arteries

PAR1- and PAR2-immunoreactivity was observed in the
endothelial cell layer of both epicardial and intramyocardial

coronary arteries (Figure 6). In contrast to the observations
with PAR1 in the human arteries, signi®cant PAR1- and
PAR2-immunoreactivity was detected in the smooth muscle
layer of the intramyocardial arteries (Figure 6).

Discussion

To our knowledge, this study is the ®rst to report PAR
localization in resistance-like arteries and is the ®rst to

Figure 1 Cumulative concentration-response curves to (a) thrombin, (b) trypsin, and (c) TFLLR in human isolated epicardial and
intramyocardial artery ring preparations contracted to *50% KPSSmax. Data are means+s.e.mean of 5 ± 20 experiments (indicated
in parentheses). *Denotes signi®cantly di�erent EC50 values (P50.01).
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directly examine PAR-mediated vascular relaxation of such

arteries. The major ®nding of the present study, however, was
that enzyme-induced PAR-mediated relaxation of both
porcine and human isolated coronary arteries was markedly

dependent on artery diameter.
Since there have been no previous reports of PARs in

resistance-like arteries, for the purpose of comparison we
chose to investigate such responses in two species, human and

pig, in which PAR-mediated relaxations of corresponding
large conduit-type arteries have been well characterized.
Thus, in human isolated epicardial arteries, thrombin and

trypsin cause endothelium-dependent relaxation via a com-
mon, PAR1-like receptor, with no role for PAR2 (Hamilton
et al., 1998). By contrast, thrombin and trypsin cause

endothelium-dependent relaxation of porcine isolated epicar-
dial arteries predominantly via activation of PAR1 and

PAR2, respectively (Hwa et al., 1996; Hamilton & Cocks,
2000). The observations of the present study indicate that
similar PAR subtypes are responsible for thrombin- and

trypsin-induced relaxation of intramyocardial arteries from
these two species. As was observed in human epicardial
arteries (Hamilton et al., 1998), thrombin and trypsin caused

relaxations of human intramyocardial arteries which were
entirely dependent on the catalytic activity of each enzyme
and were mimicked by the selective PAR1-activating peptide,

TFLLR, but not by the PAR2- or PAR4-activating peptides,
SLIGKV and GYPGQV respectively. This contrasts with
porcine intramyocardial arteries that relaxed in response to
TFLLR and SLIGKV, but not GYPGQV, suggesting that

PAR1 and PAR2 are capable of causing relaxation of these
arteries. Although the requirement of a functional endothelial
layer for PAR-induced relaxations in intramyocardial arteries

was not examined directly in the present study, immunohis-
tochemical localization of PAR1 (human) and both PAR1

Figure 2 Cumulative concentration-response curves to (a) throm-
bin, (b) trypsin, and (c) bradykinin in human isolated intramyo-
cardial artery rings contracted to *50% KPSSmax in the absence and
presence of Hoe-140 (1 mM). Data are means+s.e.mean from four
experiments. *Denotes EC50 value signi®cantly di�erent from the
control (P=0.001).

Figure 3 Cumulative concentration-response curves to (a) throm-
bin, (b) trypsin, and (c) endothelin-1 in human isolated intramyo-
cardial artery rings contracted to *50% KPSSmax in the absence and
presence of bosentan (10 mM). Data are means+s.e.mean from three
experiments. *Denotes EC50 value signi®cantly di�erent from the
control (P50.001).
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and PAR2 (porcine) to the endothelium of intramyocardial
arteries suggests that, similar to the equivalent epicardial
arteries of each species, the observed relaxations of

intramyocardial arteries were due to activation of endothelial
cell PARs.
Given the high concentrations of thrombin and trypsin

required to elicit relaxation of human intramyocardial

arteries, we wished to ensure that the observed responses
were in fact due to PAR activation. To our knowledge, three
other pathways exist by which the enzymes used in our study

could induce vascular responses independently of PARs but
still dependent on their catalytic activity. First, trypsin can
cleave high molecular weight kininogen from human vascular

endothelial cells to generate bradykinin (Nishikawa et al.,
1992; van Iwaarden et al., 1988). Also trypsin, like kallikrein
and cathepsin G, has been shown to directly activate the

human bradykinin B2 receptor most likely by cleavage of the
receptor without exposure of a tethered ligand (Hecquet et
al., 2000). The third possible activity-dependent mechanism
by which PAR-activating enzymes may cause vasodilator

responses is that reported for thrombin whereby it stimulates
a matrix metalloprotease-2-dependent release of endothelin-1
(Fernandez-Patron et al., 2000). Neither of the non-PAR

trypsin mechanisms was likely to have contributed to
enzyme-mediated relaxation of human intramyocardial
arteries since both trypsin- and thrombin-induced responses

persisted in the presence of B2 kinin receptor blockade with

Figure 4 Digitized photographs of 14 mm transverse sections of (a,
b) epicardial and (c, d) intramyocardial human coronary arteries
showing immunoreactivities for (a, c) PAR1 and (b, d) in the absence
of the primary antibody. Note staining in sections of the endothelium
(arrow heads). Note also the auto¯uorescence of the internal elastic
lamina (IEL) of the epicardial artery which persists in the absence of
the primary antibody (b). Photographs are representative of results
from the arteries of three patients. In each case the scale bar
represents 40 mm. SM=smooth muscle, CM=cardiac muscle,
i=intima.

Figure 5 Cumulative concentration-response curves to (a) thrombin, (b) trypsin, (c) TFLLR, and (d) SLIGKV in porcine isolated
epicardial and intramyocardial artery ring preparations contracted to *50% KPSSmax. Data are means+s.e.mean from 4 ± 6
experiments. *Denotes signi®cantly di�erent EC50 values (P50.01). Note that in all experiments, epicardial and intramyocardial
arteries were animal-matched.
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Hoe-140 (Hock et al., 1991), which blocks the non-PAR
responses to trypsin. Also, a role for ET-1 was equally

unlikely since relaxations to both thrombin and trypsin were
insensitive to the ETA/ETB receptor antagonist bosentan.
Therefore, if thrombin or trypsin cause relaxation of human

intramyocardial arteries independently of PARs, this occurs
via a novel mechanism(s).
Although the PAR subtypes involved in relaxations to

thrombin and trypsin appeared to be common between
epicardial and intramyocardial arteries, we observed a marked
decrease in sensitivity to PAR-activating enzymes in intra-
myocardial arteries. This phenomenon was not species- or

receptor-speci®c since it was observed in both human (PAR1
only) and pig (PAR1 and PAR2) arteries. In addition, the
decreased sensitivity to enzymatic PAR activation was

unlikely to be due to fewer receptors or decreased coupling
in the smaller arteries since the selective PAR-activating
peptides, TFLLR in human arteries and both TFLLR and

SLIGKV in porcine arteries, were equipotent in the two
di�erent-sized vessels. Furthermore, experiments in porcine
coronary arteries were performed using animal-matched
epicardial and intramyocardial arteries to avoid potential

inter-animal variations. Experiments on human epicardial and
intramyocardial arteries were performed on vessels from the
same subject on two occasions and both times the sensitivities

to thrombin and trypsin, but not TFLLR, were less in the
small arteries when compared with the large arteries (EC50:
thrombin (u ml71): large=0.01 and 0.01, small=5.01 and

1.26; trypsin (u ml71): large=0.03 and 0.01, small=0.50 and
0.79; TFLLR (mM): large=0.63 and 0.63, small=0.40 and
0.40). Therefore the selective decrease in sensitivity to the
enzyme PAR agonists observed in the human arteries is

unlikely to be due to patient or surgery-related di�erences.
The reason for the observed decrease in sensitivity to

thrombin and trypsin in intramyocardial arteries remains

unresolved. One explanation is a greater proportion of
precleaved PARs in the small arteries when compared with
their larger epicardial counterparts since previous studies have

shown that PAR1 activation by SFLLRN persists following
desensitization to thrombin in various PAR1 expression
systems (Ishii et al., 1993; Brass et al., 1994; Hammes &

Coughlin, 1999). A similar TFLLR-induced relaxation may
occur in human intramyocardial arteries previously exposed to
thrombin (or trypsin). If this is the case, an increased level of
`tonic' PAR activation in intramyocardial arteries when

compared with epicardial arteries may explain the maintained
sensitivity to peptide PAR agonists but decreased sensitivity to
enzyme PAR agonists in these arteries. Blood-borne thrombin

is unlikely to account for such `tonic' PAR activation in the
present study since artery preparations were examined in the
absence of blood. Moreover, exposure of arteries to thrombin

or trypsin in vitro generally occurred 52 h after the artery
preparations had been washed free of blood. If activating
PAR cleavage had occurred in vivo (for example, by

thrombin), previous studies have shown that 2 h is adequate
time to regenerate su�cient intact cell surface PARs to regain
complete sensitivity to activating enzymes (Brass et al., 1994;
Hein et al., 1994; Ellis et al., 1999). Therefore, if previously

cleaved cell surface PARs account for the decreased sensitivity
to PAR-activating enzymes, the mechanism(s) by which the
precleaved PARs are formed in the absence of blood in vitro is

unknown.
Perhaps a more plausible explanation for the decreased

sensitivity to thrombin and trypsin in intramyocardial arteries

is that the expression of endogenous serine protease
inhibitors (serpins: for review, see Potempa et al., 1994;
Wright, 1996) is higher in intramyocardial arteries compared
with epicardial arteries. For example, antithrombin III is

located on human vascular endothelial cells (Chan & Chan,
1981; Bartha et al., 1987) and is the main inhibitor of
thrombin in human plasma (Bonniec et al., 1995; de Boor et

al., 1995). Also, a1-antitrypsin regulates trypsin activity in the
gut (Potempa et al., 1994) and airways (Cichy et al., 1997)
and is a major protease inhibitor in human plasma (DavõÂ la et

al., 1999). The results of the present study may re¯ect an
increased activity of these, or similar protease inhibitors, in
intramyocardial arteries. If this is the case, such serpin

expression would have to increase as the diameter of the
coronary artery decreases. In support of this hypothesis, a
recent study reported that PAR2 activation protected the
myocardium from ischaemia-reperfusion injury in the rat

heart (Napoli et al., 2000). Intriguingly, this protective e�ect
was observed following infusion of a PAR2-activating
peptide, SLIGRL, but not of trypsin (Napoli et al., 2000).

Such an e�ect of infused PAR agonists presumably occurs at
the level of small, intramyocardial arteries, such as those
examined in vitro in the present study. In a separate study,

Figure 6 Digitized photographs of 14 mm transverse sections of (a,
c, e) epicardial and (b, d, f) intramyocardial porcine isolated
coronary arteries showing immunoreactivities for (a, b) PAR1, (c,
d) PAR2, and (e, f) in the absence of a primary antibody. Note
staining in sections of the endothelium (arrow heads). Photographs
are representative of results from the arteries of three animals. In
each case the scale bar represents 40 mm. SM=smooth muscle,
CM=cardiac muscle.
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combined inhibition of a1-antitrypsin and a1-antichymotryp-
sin activity provided similar protection against ischaemia-
reperfusion injury of the rat pancreas (von Dobschuetz et al.,

1999). Since the protective e�ect in the rat pancreas was
predominantly attributed to a preservation of post-ischaemia
capillary perfusion it is possible that it was mediated by
increased serine protease-induced activation of endothelial

PAR2 in the absence of the inhibitory regulation of the
activating enzyme(s). These previous studies provide support,
albeit indirect, for an increased regulation of the enzymatic

activators of PARs in vivo as the artery diameter decreases,
similar to that which we propose accounts for the decreased
sensitivity to these enzymes in intramyocardial arteries, when

compared with epicardial arteries, in vitro.
In conclusion, the results presented here suggest that the

PAR subtypes linked to relaxation of small resistance-like

coronary arteries are the same as those in large conduit-type
coronary arteries in both the human and pig. These PARs,
which we have localized to the endothelial cell layer, exhibit
markedly decreased sensitivity to proteolytic but not non-

proteolytic activation as the artery diameter decreases. We
hypothesize that, as a result of increased activity of inhibitory
endothelial serpins, PAR-mediated endothelial activation is

tightly controlled in the microvasculature. It is tempting to
speculate that such a tightly regulated system is important in

the settings of clinically prevalent microvasculature coagulo-
pathies such as disseminated intravascular coagulation,
thrombotic thrombocytopenic purpura, or sepsis-induced

microvascular thrombosis. Microvascular endothelial cells
are noted for an antithrombotic surface under `normal'
conditions. However, each of the microvasculature coagulo-
pathies mentioned above is associated with signi®cant

procoagulant activity, including a decrease in circulating
antithrombin III (Lorente et al., 1993). Furthermore, a
concomitant in¯ammatory component to such conditions

results in cytokine production which can, in turn, increase
PAR expression in vascular endothelial cells (Nystedt et al.,
1996; Hamilton et al., 2001a). Increased PAR signalling in

activated endothelial cells suggest that these receptors may
represent novel therapeutic targets against various forms of
vascular in¯ammatory disease.
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