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Thrombin activation of proteinase-activated
receptor 1 potentiates the myofilament Ca2+

sensitivity and induces vasoconstriction in porcine
pulmonary arteriesbph_591 919..927
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Background and purpose: Thrombus formation is commonly associated with pulmonary arterial hypertension (PAH). Throm-
bin may thus play an important role in the pathogenesis and pathophysiology of PAH. Hence, we investigated the contractile
effects of thrombin and its mechanism in pulmonary artery.
Experimental approach: The cytosolic Ca2+ concentrations ([Ca2+]i), 20 kDa myosin light chain (MLC20) phosphorylation and
tension development were evaluated using the isolated porcine pulmonary artery.
Key results: Thrombin induced a sustained contraction in endothelium-denuded strips obtained from different sites of a
pulmonary artery, ranging from the main pulmonary artery to the intrapulmonary artery. In the presence of endothelium,
thrombin induced a transient relaxation. The contractile effect of thrombin was abolished by either a protease inhibitor or a
proteinase-activated receptor 1 (PAR1) antagonist, while it was mimicked by PAR1-activating peptide (PAR1AP), but not PAR4AP.
The thrombin-induced contraction was associated with a small elevation of [Ca2+]i and an increase in MLC20 phosphorylation.
Thrombin and PAR1AP induced a greater increase in tension for a given [Ca2+]i elevation than that obtained with high
K+-depolarization. They also induced a contraction at a fixed Ca2+ concentration in a-toxin-permeabilized preparations.
Conclusions and implications: The present study revealed a unique property of the pulmonary artery. In contrast to normal
arteries of the systemic circulation, thrombin induces a sustained contraction in the normal pulmonary artery, by activating PAR1

and thereby increasing the sensitivity of the myofilament to Ca2+. This responsiveness of the pulmonary artery to thrombin may
therefore contribute to the pathogenesis and pathophysiology of PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a fatal disease with
a progressive elevation of pulmonary arterial resistance and
pressure. Pulmonary vasoconstriction thus plays a central role

in PAH. Endothelin-1, 5-hydroxytryptamine and throm-
boxane A2 have been suggested to be responsible for the vaso-
constriction in PAH (Farber and Loscalzo, 2004). Despite
therapeutic attempts with various vasodilators, the prognosis
of PAH still remains unfavourable. The mechanism of pulmo-
nary vasoconstriction thus still remains to be elucidated. The
following observations suggest that thrombin plays a critical
role in the vasoconstriction in PAH: thrombus formation and
the thrombotic arteriopathy are commonly observed with
PAH. Anticoagulant therapy alleviates the symptoms and
improves the haemodynamic parameters in PAH (Johnson
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et al., 2006a,b). However, the contractile effect of thrombin in
pulmonary artery and its mechanism still remains to be
investigated.

Thrombin not only contributes to thrombus formation as
a coagulation factor, but it also exerts various vascular
effects, including smooth muscle contraction (Coughlin,
2000; Hirano and Kanaide, 2003; Hirano, 2007b). A unique
family of G protein-coupled receptors named proteinase-
activated receptors (PARs) (Alexander et al., 2008) primarily
mediate the cellular effects of thrombin (Coughlin, 2000;
Macfarlane et al., 2001; Hollenberg and Compton, 2002;
Ramachandran and Hollenberg, 2008). Thrombin cleaves the
extracellular domain of PARs at a specific site, thereby
unveiling a new N-terminus, which in turn acts as a tethered
ligand and activates the receptor (Coughlin, 2000; Macfar-
lane et al., 2001; Hollenberg and Compton, 2002; Ramachan-
dran and Hollenberg, 2008). Currently, four subtypes are
known for PARs (Macfarlane et al., 2001; Hollenberg and
Compton, 2002; Ramachandran and Hollenberg, 2008).
Among them, PAR1 and PAR4 serve as the major signalling
receptors for thrombin, while PAR3 is thought to serve as a
cofactor for the thrombin activation of PAR1 or PAR4, and
PAR2 is not activated by thrombin (Coughlin, 2000; Macfar-
lane et al., 2001; McLaughlin et al., 2007; Ramachandran and
Hollenberg, 2008). The vascular effects of thrombin, in both
endothelial cells and smooth muscle, have been intensively
studied in the arteries of the systemic circulation. In vascular
smooth muscle cells, thrombin induces contraction, cell
migration, proliferation, hypertrophy and the production of
the extracellular matrix, mainly by activating PAR1 (Cough-
lin, 2000; Macfarlane et al., 2001; Hirano and Kanaide, 2003;
Hirano, 2007b). However, the contractile effect of thrombin
in normal arteries of the systemic circulation has only been
shown in a few types of artery (Muramatsu et al., 1992; Ku
and Zaleski, 1993; Godin et al., 1995), while the responsive-
ness to thrombin increases in vascular lesions such as those
seen in atherosclerosis, balloon injury and subarachnoid
haemorrhage (Ku and Dai, 1997; Fukunaga et al., 2006; Kai
et al., 2007). Despite the fact that thrombotic arteriopathy is
a common pathological observation in PAH, only a limited
number of studies have so far addressed the contractile effect
of thrombin in the pulmonary artery, while describing such
an effect in small-sized arteries (Glusa and Paintz, 1994;
Glusa et al., 1994). Therefore, the responsiveness to throm-
bin in the pulmonary artery and the mechanism for
the thrombin-induced pulmonary artery vasoconstriction
still remains to be elucidated.

The present study investigated the contractile response to
thrombin at different sites of a pulmonary artery and then the
mechanism underlying thrombin-induced contraction was
determined with respect to intracellular Ca2+ signalling, the
phosphorylation of 20 kDa myosin light chain (MLC20) and
myofilament Ca2+ sensitivity. The present study focused
mainly on the smooth muscle effect of thrombin in pulmo-
nary artery. The contractile effect of thrombin was therefore
investigated mainly in endothelium-denuded preparations.
As a result, the present study demonstrated, for the first time,
that thrombin induces a sustained contraction in the normal
pulmonary artery by activating PAR1 and thereby increasing
myofilament Ca2+ sensitivity.

Methods

Tissue preparation of porcine pulmonary arteries
The main pulmonary arteries, the left pulmonary arteries and
the proximal (segmental branch; ~4 mm in external diameter)
and distal (subsegmental or more distal branch; approxi-
mately 1–2 mm in external diameter) intrapulmonary arteries
were used to investigate the contractile effects of thrombin.
Porcine pulmonary artery specimens were obtained at a local
slaughterhouse immediately after the animals had been killed
and brought back to the laboratory in ice-cold normal physi-
ological salt solution (PSS). The intrapulmonary arteries were
excised from the left upper lobes of the lung. After removal of
the adventitia, the arterial segments of all types of pulmonary
artery were opened longitudinally, and the endothelium was
removed by rubbing with a cotton swab. Thereafter, they were
cut into strips in a circular direction, measuring approxi-
mately 1 mm wide and 5 mm long. The removal of the func-
tional endothelium was confirmed by the observation of the
absence of the relaxant response to acetylcholine. When the
contractile effect of thrombin was examined in the strips with
an intact endothelium, special care was taken to avoid dam-
aging the luminal surface of the strips. The cross-sectional
area of the strips was estimated as described previously
(Hirano et al., 1989). These preparations were referred to as
‘intact’ preparations regardless of the presence or absence of
endothelium, in contrast to the a-toxin-permeabilized
preparations.

Simultaneous measurement of cytosolic Ca2+ concentration
([Ca2+]i) and tension in fura-2-loaded intact strips
of pulmonary artery
The strips were loaded with fura-2 by incubation for 3 h at
37°C in gassed (5% CO2 and 95% O2) Dulbecco’s modified
Eagle medium (DMEM) containing 5% fetal bovine serum and
25 mM fura-2 acetoxymethyl ester (fura-2/AM), as previously
described (Sakihara et al., 1996). The strips were then washed
to remove any of the fluorescence dye remaining in the extra-
cellular space and equilibrated in normal PSS for at least
60 min at room temperature, before the experimental proto-
cols were started. The fura-2-loaded strips were mounted ver-
tically onto a force transducer, TB-612T (Nihon Koden, Tokyo,
Japan), in a quartz organ bath (37°C) filled with normal PSS.
The resting tension was adjusted to 250–300 mg, because this
level was determined to be optimal to obtain the maximal
tension development with 80 mM K+-induced depolarization.
During the equilibration period, the strips were stimulated
with 80 mM K+ a few times, to confirm reproducibility of the
contractile response to 80 mM K+-induced depolarization. The
final response to 80 mM K+ was used as a reference response in
each strip. The changes in the fluorescence intensity of the
fura-2–Ca2+ complex and the tension development were
simultaneously monitored with a front-surface fluorometer,
CAM-OF3, (JASCO, Tokyo, Japan), as previously described
(Kanaide, 2006). The fluorescence intensities (500 nm) at
340 nm (F340) and 380 nm (F380) excitation were continu-
ously monitored and their ratio (F340/F380) was recorded as
an index of [Ca2+]i. The fluorescence ratio and tension devel-
opment were expressed as a percentage; the values in normal
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PSS (5.9 mM K+) and those obtained with 80 mM K+-PSS were
assigned to be 0% and 100% respectively.

Tension measurement in a-toxin-permeabilized rings
For the study with the permeabilized preparations, distal
intrapulmonary arteries with a relatively smaller size (1 mm
in external diameter) were made into ring preparations mea-
suring approximately 1 mm in width, and then were perme-
abilized with staphylococcal a-toxin, as previously described
(Nishimura et al., 1988) with minor modifications. The rings
were briefly soaked in Ca2+-free cytosolic substitution solution
(CSS) and then permeabilized with 5000 U·mL-1 a-toxin in
Ca2+-free CSS for 40 min at 25°C. The rings were then treated
with 10 mM A23187 in Ca2+-free CSS for 20 min to deplete the
intracellular Ca2+ stores. After being thoroughly washed in
Ca2+-free CSS, the arterial rings were mounted onto two tung-
sten wires bathed in a 200 mL droplet of Ca2+-free CSS on a
plastic plate by passing the tungsten wires through the lumen
of the arterial ring. One of the wires was fixed and the other
was connected to a force transducer U Gauge (Minebea,
Tokyo, Japan). All tension measurements were performed in
the presence of 300 nM Ca2+ and 10 mM GTP at 25°C. The
contractile response to 10 mM Ca2+ was recorded as a reference
response at the end of each measurement. The extent of
tension development was expressed as a percentage, thus the
values of the tension obtained in Ca2+-free CSS (resting state)
and 10 mM Ca2+ CSS (maximum contraction) were assigned to
be 0% and 100% respectively.

Measurement of myosin light chain phosphorylation
The extent of the phosphorylation of MLC20 was analysed
using the urea–glycerol gel electrophoresis technique (Perse-
chini et al., 1986), followed by the immunoblot detection of
MLC20 (Zhou et al., 1999). The strips were pulled to 1.2-fold
of the resting length and pinned onto a rubber block to keep
the resting load similar to that given in the tension measure-
ment. At the indicated time after stimulation, the reaction
was terminated by transferring the strip into a solution con-
taining 90% acetone, 10% trichloroacetic acid and 10 mM
dithiothreitol (DTT) prechilled by dry ice. The tissue speci-
mens were then extensively washed and stored in acetone
containing 10 mM DTT at -80°C. After the specimens had
been air-dried to remove the acetone, the cellular protein was
extracted in the sample buffer [8 M urea, 20 mM Tris
(hydroxymethyl) aminomethane, 23 mM glycine, 0.004%
bromophenol blue and 10 mM DTT] at room temperature for
1 h. The supernatant was then separated by electrophoresis
on a 10% polyacrylamide gel containing 40% glycerol, fol-
lowed by transfer to a nitrocellulose membrane in 10 mM
Na2HPO4 (pH 7.6). Both the unphosphorylated and phospho-
rylated forms of MLC20 were detected by a mouse mono-
clonal anti-MLC20 antibody at 200-fold dilution (M-4401)
and the horseradish peroxidase-conjugated anti-mouse IgM
secondary antibody (¥1000 dilution). The immune complex
was detected using the enhanced chemiluminescence tech-
nique (ECL plus kit). The light emission was detected and
analysed with ChemiDoc XRS-J and the computer programme
Quantity One (BioRad). The percentage of the phosphory-

lated form in total MLC20 (sum of the unphosphorylated and
phosphorylated forms) was calculated to indicate the extent
of MLC20 phosphorylation.

Drugs, materials and solutions
Normal PSS consisted of 123 mM NaCl, 4.7 mM KCl,
15.5 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgCl2, 1.25 mM
CaCl2 and 11.5 mM D-glucose. PSS containing 80 mM K+ was
prepared by replacing NaCl with equimolar KCl. PSS was
aerated with a mixture of 95% O2 and 5% CO2, with a result-
ing pH 7.4. The Ca2+-free CSS consisted of 100 mM potassium
methanesulphonate, 2.2 mM Na2ATP, 3.38 mM MgCl2,
10 mM creatine phosphate, 20 mM piperazine-N,N′-bis(2-
ethanesulphonic acid) (PIPES), pH 6.8 and 10 mM EGTA. CSS
containing the indicated concentrations of free Ca2+ was pre-
pared by adding the appropriate amount of CaCl2 to the
Ca2+-free CSS, while assuming the EGTA-Ca2+ binding con-
stant to be 106 M-1 (Saida and Nonomura, 1978). Thrombin
(bovine plasma; 1178 NIH U·mg-1 protein), a-toxin, GTPgS,
GTP and 4-aminidophenyl methane-sulphonyl fluoride
(p-APMSF) were purchased from Sigma. PAR1 antagonist,
SCH79797, was purchased from Tocris (Ellisville, MO, USA).
Fura-2/AM and EGTA were obtained from Dojindo Laborato-
ries (Kumamoto, Japan). PAR1-activating peptide (PAR1AP;
TFLLR-NH2) and PAR4AP (AYPGKF-NH2) were obtained from
Bachem (Budendorf, Switzerland). Inactive control peptides
for PAR1AP (FTLLR-NH2) and PAR4AP (YAPGKF-NH2) were
synthesized by Rapid Multiple Peptide Synthesis Service,
University of Calgary (Calgary, Alberta, Canada).

M-4401 was obtained from Sigma (St. Louis, MO, USA); the
nitrocellulose membrane from BioRad (Hercules, CA, USA);
the ECL plus kit from GH Healthcare (Buckinghamshire, UK).

Statistical analysis
Data are presented as the mean � SEM. The numbers of
experiments indicate the numbers of animals. Significant dif-
ferences were statistically analysed by Student’s unpaired
t-test or either one-way or two-way ANOVA followed by Fisher’s
post hoc test. A P-value of less than 0.05 was considered to be
statistically significant.

Results

Thrombin-induced contraction in the porcine pulmonary artery
Thrombin induced a sustained contraction in the absence of
endothelium, in all intact strips obtained from the main pul-
monary artery (19.0 � 0.6 mm in external diameter), the left
pulmonary artery (10.3 � 0.3 mm in external diameter) and
the proximal (3.8 � 0.3 mm in external diameter) and distal
intrapulmonary arteries (1.1 � 0.1 mm in external diameter).
The absolute values of the developed tension induced by both
1 U·mL-1 thrombin and 80 mM K+-depolarization differed
with the site of pulmonary artery, either with or without
normalization by the cross-sectional area of strips
(Figure 1A,B). The distal intrapulmonary artery yielded the
maximal tension development per cross-sectional area. There
was no significant difference in the relative responsiveness to
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thrombin among the different sites when the contractile
response was compared with that obtained with 80 mM
K+-depolarization (Figure 1C).

In the distal intrapulmonary artery, 1 U·mL-1 thrombin
induced a transient and a subsequent small sustained eleva-
tion of [Ca2+]i in the absence of endothelium. The tension
gradually developed and reached a maximum level at 13.7 �

1.4 min (n = 3; Figure 2A). Thereafter, the contraction
gradually decreased and eventually reached a plateau. This
contractile effect of thrombin was completely abolished by
pretreatment with a protease inhibitor, p-APMSF (Figure 2C).
However, p-APMSF had no effect on the contractions induced
by 80 mM K+ or a PAR1AP, TFLLR-NH2 (data not shown). In the
presence of endothelium, thrombin induced a transient relax-
ation during the U46619-induced sustained contraction in
the distal intrapulmonary artery (Figure 2B); this was not
observed in the absence of endothelium (data not shown).
This endothelium-dependent relaxant effect of thrombin is
thus consistent with the previous observations in the human
pulmonary artery (Hamilton et al., 2001). However, the con-
tractile effect of thrombin was not influenced by the presence
of endothelium in the distal intrapulmonary artery
(Figure 2D). The endothelium-denuded preparations were
therefore used to investigate the mechanism of the contractile
effect of thrombin in the following experiments.

Figure 1 A comparison of the contractile responses to thrombin in
strips prepared from different sites of a porcine pulmonary artery.
(A,B) The absolute values of the developed tension induced by
80 mM K+-depolarization and 1 U·mL-1 thrombin (n = 4) in the main
pulmonary artery (MPA), left pulmonary artery (LPA), proximal and
distal intrapulmonary artery (IPA) of the pigs, without (A) and with (B)
normalization to cross-sectional area: 1.51 � 0.41 mm2 (MPA), 0.89
� 0.14 mm2 (LPA), 0.53 � 0.07 mm2 (proximal IPA) and 0.21 �
0.02 mm2 (distal IPA) (n = 4). (C) A summary of the relative contrac-
tile response to 1 U·mL-1 thrombin expressed as a percentage of that
obtained with 80 mM K+-depolarization. The data are expressed as
the mean � SEM. *P < 0.05; **P < 0.01.

Figure 2 The effect of thrombin on the contraction induced in
intact preparations of a porcine distal intrapulmonary artery, with and
without endothelium. (A) Representative traces of the [Ca2+]i eleva-
tion and the tension development induced by 1 U·mL-1 thrombin in
the intact strip of the distal intrapulmonary artery. The levels of [Ca2+]i

and the tension were expressed as a percentage of those obtained
with 80 mM K+-depolarization. (B) Representative trace of three inde-
pendent observations showing a relaxant effect of 1 U·mL-1 thrombin
during the 100 nM U46619-induced contraction in the presence of
endothelium. (C) The levels of tension developed 15 min after stimu-
lation with 1 U·mL-1 thrombin in the presence and absence of a
protease inhibitor, 4-aminidophenyl methane-sulphonyl fluoride
(p-APMSF) (n = 5). Thrombin was pretreated with p-APMSF or vehicle
(distilled water) for 10 min in a small concentrated volume, and then
this mixture was applied to the 6 mL bathing solution so as to obtain
final concentrations of 1 U·mL-1 thrombin and 10 mM p-APMSF. (D) A
summary of the tension developed 15 min after stimulation with
1 U·mL-1 thrombin in the strips, with and without an intact endot-
helium (n = 3). (E) The concentration–response relationship for the
thrombin-induced [Ca2+]i elevations and tension development (n =
3). The levels of [Ca2+]i and tension were evaluated at the maximum
tension development. (F) The relationship between [Ca2+]i and the
size of the maximal contraction induced by different concentrations
of thrombin (0, 0.01, 0.1, 0.3 and 1 U·mL-1) was compared with that
obtained by the stepwise increment of the extracellular Ca2+ concen-
trations (0, 0.025, 0.05, 0.125 and 0.25 mM) under 80 mM
K+-depolarization (n = 4). %[Ca2+]i indicates % fluorescence ratio; the
values obtained in normal physiological salt solution (PSS) and those
obtained with 80 mM K+-PSS were assigned to be 0% and 100%
respectively. All data are expressed as the mean � SEM. *P < 0.05;
n.s., not significantly different.
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A maximum elevation of both [Ca2+]i and tension was
observed with 1 U·mL-1 thrombin and higher concentrations.
The concentration of thrombin required for the half maximal
contraction (EC50 value) was 0.29 � 0.04 U·mL-1 (Figure 2E).
The sustained phase of the tension development was accom-
panied by a small elevation of [Ca2+]i (Figure 2A,E). The evalu-
ation of the [Ca2+]i–tension relationship revealed that
thrombin induced a much greater contraction for a given
elevation of [Ca2+]i than 80 mM K+-depolarization. This sug-
gests that thrombin increases the sensitivity of the artery to
Ca2+(Figure 2F).

Involvement of PAR1 in thrombin-induced contraction
PAR1 and PAR4 are the major signalling receptors for thrombin
in the vascular smooth muscle (Hirano, 2007b). Their role in
the thrombin-induced contraction was thus investigated as
follows. TFLLR-NH2, an activating peptide for PAR1, induced a
contractile response (Figure 3A–C), while its inactive control
peptide, TFLLR-NH2, had no significant effect (data not
shown). FTLLR-NH2 (10 mM) induced an initial transient con-
traction and an increase in [Ca2+]i, followed by sustained con-
traction with a small increase in [Ca2+]i (Figure 3A). The
removal of TFLLR-NH2 from the bathing solution reversed the
level of [Ca2+]i and tension to the resting level (Figure 3A).
Similar concentrations of TFLLR-NH2 were required to induce
both the initial transient and sustained phases of contraction
(Figure 3B,C). The EC50 value for the contractile effect of
TFLLR-NH2 during the sustained phase was 1.56 � 0.05 mM.
TFLLR-NH2 also induced a greater contraction for a given level
of [Ca2+]i than K+-depolarization during the sustained phase
but not at the peak of the contraction (Figure 3D,E).

A PAR1 antagonist, SCH79797, substantially inhibited the
contractions induced by both thrombin and TFLLR-NH2,
while it had no significant effect on the 80 mM K+-induced
contractions (Figure 4A). Furthermore, an activating peptide
for PAR4, AYPGKF-NH2, induced no contractile effect at the
same concentration of TFLLR-NH2 required to induce
maximal contraction or even higher concentrations
(Figure 4B).

Ca2+-sensitizing effect of thrombin and PAR1AP in
a-toxin-permeabilized preparations
The Ca2+-sensitizing effect of thrombin and TFLLR-NH2, as
suggested by the [Ca2+]i–tension relationship in the intact
preparations, was further evaluated in a-toxin-permeabilized
rings. As shown in Figure 5A, thrombin induced a further
increase in tension at a fixed Ca2+ concentration (300 nM).
The maximum effect of thrombin was obtained at a concen-
tration of 10 U·mL-1 and the EC50 value was 1.30 �

0.02 U·mL-1 (Figure 5B). TFLLR-NH2 also induced a further
increase in tension at the fixed Ca2+ concentration
(Figure 5C). The maximum effect of TFLLR-NH2 was obtained
at 30 mM, and the EC50 value was 1.72 � 0.15 mM (Figure 5D).
SCH79797 inhibited the contraction induced by thrombin in
the a-toxin-permeabilized rings, whereas it had no effect on
the GTPgS-induced contraction (Figure 5E).

Effect of thrombin on the phosphorylation of MLC20
Thrombin (1 U·mL-1) significantly increased the level of
MLC20 phosphorylation at 15 min, when the contraction

reached the maximum (Figure 6A). This level of MLC20 phos-
phorylation was lower than that obtained with 80 mM
K+-depolarization. This disparity is consistent with the differ-
ences in developed tension (Figure 1). Furthermore, 10 mM
TFLLR-NH2 significantly increased the level of MLC20 phos-
phorylation when the contraction reached the maximum

Figure 3 The contractile effect of proteinase-activated receptor
1-activating peptide (PAR1AP) in intact preparations of a porcine distal
intrapulmonary artery. (A) Representative traces of the [Ca2+]i eleva-
tion and the tension development induced by 10 mM PAR1AP, TFLLR-
NH2, in the intact strips of the distal intrapulmonary artery. (B,C) The
concentration–response relationship (n = 4) for the TFLLR-NH2-
induced [Ca2+]i elevation and tension development at the peak con-
traction (approximately 2 min after the stimulation) and sustained
phase (15 min after stimulation). (D,E) The [Ca2+]i–tension relation-
ships obtained at the peak (D) and the sustained phase (E) of the
contraction induced by TFLLR-NH2, (n = 4), were compared with
those induced by 80 mM K+-depolarization during stepwise increases
in the extracellular Ca2+ concentrations (n = 5). The [Ca2+]i–tension
relationships for the TFLLR-NH2-induced contraction shown in (D)
and (E) were reconstructed from the data shown in (B) and (C)
respectively. The relationships between [Ca2+]i and the level of tension
developed for the 80 mM K+-depolarization-induced contraction
shown in (D) and (E) are those obtained with 0, 0.025, 0.05, 0.125,
0.25, 0.5, 1.25 and 2.5 mM Ca2+ and those obtained with 0, 0.025,
0.05, 0.125 and 0.25 mM Ca2+ respectively. %[Ca2+]i indicates %
fluorescence ratio; the values obtained in normal physiological salt
solution (PSS) and those obtained with 80 mM K+-PSS were assigned
to be 0% and 100% respectively. All data are expressed as the mean
� SEM.
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(Figure 6B). Therefore, the contraction induced by thrombin
was associated with an increase in MLC20 phosphorylation.

Effect of a Rho-kinase inhibitor on the
thrombin-induced contraction
Rho-kinase plays an important role in the regulation of
MLC20 phosphorylation and the sensitivity of the myofila-
ment to Ca2+ in smooth muscle (Hirano, 2007a), as well as in
the intracellular signal transduction following the activation
of PAR1 (Macfarlane et al., 2001). The Rho-kinase inhibitor,
Y27632, significantly inhibited the thrombin-induced con-
traction in the intact strips at 1 mM (34.4 � 3.5%, n = 3) and
10 mM (2.6 � 1.9%, n = 3) (Figure 7A). Y27632 also inhibited
the contraction induced by 80 mM K+-depolarization to
51.4 � 9.1% (n = 3) and 27.9 � 8.3% (n = 3) at 1 and
10 mM respectively. Y27632 (10 mM) inhibited the 80 mM
K+-depolarization-induced contraction (27.0 � 10.7% of the
control contraction seen in the absence of Y27632, n = 3)
significantly (P < 0.01) less effectively than that induced by
thrombin (5.6 � 3.5% of the control contraction seen in the
absence of Y27632, n = 3). Furthermore, Y27632 inhibited the
thrombin-induced tension development in the a-toxin-

permeabilized rings (Figure 7B), while having no effect on the
GTPgS-induced tension development (data not shown). In
contrast, 10 mM GF109203X, an inhibitor of protein kinase C,
had no significant effect on the thrombin-induced contrac-
tion in the intact strips (data not shown).

Discussion

The present study demonstrated, for the first time, that
thrombin induces a sustained contraction in normal pulmo-
nary artery vasculature, ranging from the main pulmonary
artery to the intraparenchymal artery. The findings also indi-
cated that the relative responsiveness to thrombin was similar
along the vasculature. Earlier studies have reported that
thrombin induces a contraction in the small-sized pulmonary
artery of pigs and have also shown that this contraction is
dependent on the proteolytic activity of thrombin, which was

Figure 4 Role of proteinase-activated receptor 1 (PAR1) in the
thrombin-induced contraction in the intact strips of a porcine distal
intrapulmonary artery. (A) The level of the tension developed 15 min
after the stimulation of the intact strips with 1 U·mL-1 thrombin (n =
4), 10 mM TFLLR-NH2 (n = 5) or 80 mM K+-depolarization (n = 3) with
or without pretreatment with 10 mM SCH79797. SCH79797 was
applied 15 min before and during the contractile stimulation. (B) The
levels of tension obtained 15 min after stimulation with 10 and
100 mM TFLLR-NH2 or AYPGKF-NH2 (n = 3). All data are expressed as
the mean � SEM. **P < 0.01; n.s., not significantly different.

Figure 5 Contractile effect of thrombin and proteinase-activated
receptor 1-activating peptide (PAR1AP) in the a-toxin-permeabilized
preparation of a porcine distal intrapulmonary artery. (A–D) Repre-
sentative traces (A,C) and the concentration–response relationships
(B,D) for the contractile effect of thrombin (A,B) and TFLLR-NH2 (C,D)
in the a-toxin-permeabilized rings (n = 4). (E) The level of maximal
tension development obtained with 3 U·mL-1 thrombin (n = 5) or
10 mM GTPgS (n = 5), with or without 10 mM SCH79797 in the
a-toxin-permeabilized rings. All data are expressed as the mean �
SEM. *P < 0.05; n.s., not significantly different.
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mimicked by a thrombin receptor-activating 14-mer peptide,
thus suggesting the involvement of PAR1 in the thrombin-
induced contraction (Glusa and Paintz, 1994; Glusa et al.,
1994). However, the peptide used in this previous study can
activate PAR2 as well as PAR1 (Hollenberg and Compton,
2002). Thus PAR1 had not been conclusively demonstrated to
be involved in this response. Furthermore, the mechanism of
the thrombin-induced contraction remained to be elucidated.
Hence, the results of the present study are the first to dem-
onstrate that an increase in the sensitivity of the myofilament
to Ca2+ during thrombin-induced contraction is the main
mechanism for the sustained contraction, and we also present
compelling evidence for the involvement of PAR1.

The following observations convincingly suggest that PAR1

plays a major role in mediating the contractile effect of
thrombin in the pulmonary artery: the contractile effect of

thrombin was abolished by the protease inhibitor, p-APMSF.
PAR1AP, TFLLR-NH2, which specifically activated PAR1, but not
PAR2 (Hollenberg and Compton, 2002), mimicked the con-
tractile effect of thrombin, while PAR4AP and the inactive
control peptides for PAR1AP and PAR4AP had no effect. A PAR1

antagonist inhibited the contractions induced by thrombin
and PAR1AP. Furthermore, unlike in the porcine renal artery,
the contractile effect of thrombin in the pulmonary artery
was shown not to be endothelium-dependent (Derkach et al.,
2000). These observations thus suggest that thrombin
activates PAR1 in smooth muscle, thereby exerting a direct
contractile effect on the pulmonary artery.

Smooth muscle contraction is one of the vascular effects of
thrombin activation of PAR1 (Macfarlane et al., 2001; Hirano,
2007b). However, the contractile effect of thrombin in the
normal arteries of the systemic circulation has only been
reported in a few types of artery (Muramatsu et al., 1992, Ku
and Zaleski, 1993; Godin et al., 1995). On the other hand,
endothelium-dependent relaxation is the most frequently
reported vascular effect of thrombin in the normal arteries of
the systemic circulation (Hamilton et al., 2001; Macfarlane
et al., 2001). The endothelium-dependent relaxant effect of
thrombin was also observed in porcine (present study) and
human (Hamilton et al., 2001) normal pulmonary arteries. In
contrast, a direct contractile effect of thrombin on smooth
muscle becomes apparent in vascular lesions, such as athero-
sclerosis, balloon injury and subarachnoid haemorrhage
(Nelken et al., 1992; Fukunaga et al., 2006; Kai et al., 2007). In
this respect, the responsiveness to thrombin seen in our study
is thought to be a unique characteristic of the pulmonary
artery.

The contractions induced by thrombin and PAR1AP were
associated with increases in [Ca2+]i and MLC20 phosphoryla-
tion. The sustained phase of the contraction was accompa-
nied by a small increase in [Ca2+]i in both cases. The tension
development for a certain elevation of [Ca2+]i during the sus-
tained phase of the contraction was much greater than that
seen during the 80 mM K+-depolarization-induced contrac-
tion. Moreover, both thrombin and PAR1AP induced a further
increase in the contraction at fixed concentrations of Ca2+ in
the a-toxin-permeabilized preparations. These observations
suggest that the sensitivity of the myofilament to Ca2+

increases during the sustained phase of the contraction. It was
also noted that PAR1AP induced an initial transient contrac-
tion accompanied by a transient elevation of [Ca2+]i, which
was absent during the response to thrombin. The [Ca2+]i–
tension relationship during this transient contraction was
similar to that obtained with 80 mM K+-induced contraction.
Therefore, Ca2+ sensitization is thought to contribute mainly
to the sustained phase of the contraction. The reason for the
difference in the initial response seen with thrombin and
PAR1AP remains unclear. It may be associated with a differ-
ence in the mode of receptor activation (Blackhart et al.,
2000) or a difference in the kinetics of drug diffusion.

Protein kinase C and Rho-kinase are the main mediators
associated with Ca2+ sensitization (Somlyo and Somlyo, 2003;
Hirano, 2007a). Staurosporine, a relatively broad-range
inhibitor of protein kinase, has been shown to partially
inhibit the thrombin-induced sustained contraction in pul-
monary artery, thus suggesting the involvement of protein

Figure 6 Effect of thrombin and PAR1AP on the phosphorylation of
MLC20 in a porcine distal intrapulmonary artery. Representative
immunoblots and summaries of MLC20 phosphorylation obtained
at the maximal contraction after the stimulation with 80 mM
K+-depolarization or 1 U·mL-1 thrombin (A) and 10 mM TFLLR-NH2 (B)
in intact strips. All data are expressed as the mean � SEM [n = 6 in (A),
3 in (B)]. *P < 0.05; **P < 0.01. MLC, non-phosphorylated MLC20;
MLC20, 20 kDa myosin light chain; PAR1AP, proteinase-activated
receptor 1-activating peptide; pMLC, mono-phosphorylated MLC20.

Figure 7 Effect of Y27632, a Rho-kinase inhibitor, on the thrombin-
induced contraction in a porcine distal intrapulmonary artery. (A,B)
The effect of Y27632 on the contraction obtained 15 min after stimu-
lation with 1 U·mL-1 thrombin in the intact strips (A; n = 3) and that
obtained with 3 U·mL-1 thrombin in the a-toxin-permeabilized rings
(B; n = 5). The specimens were treated with 0, 1 and 10 mM Y27632
15 min before and during the stimulation with thrombin. All data are
expressed as the mean � SEM. *P < 0.05; **P < 0.01.
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kinases, including protein kinase C, in this contraction
(Bretschneider et al., 1995). Rho-kinase has a Ca2+-sensitizing
effect in vascular smooth muscle (Somlyo and Somlyo, 2003;
Hirano, 2007a), while PAR1 activates the RhoA-Rho-kinase
pathway (Coughlin, 2000). Our observations that Y27632
inhibited the thrombin-induced contraction in the intact
preparations and in the a-toxin-permeabilized preparations
are thus consistent with the possibility that Rho-kinase has a
role in mediating the Ca2+-sensitizing effect of thrombin.

In the normal human pulmonary artery vasculature, the
arteries with an external diameter larger than ~1 mm are
classified as elastic, while those with a diameter ranging from
0.1 to 1 mm are classified as muscular (Brenner, 1935). The
sizes of the main and left pulmonary arteries of pigs are similar
to those of the corresponding arteries in humans (Brenner,
1935). Both types of artery can be subjected to thrombus
formation under pathological conditions. The elastic arteries
are the site of thromboembolism in chronic thromboembolic
PAH, while the muscular arteries are the site of thrombotic
arteriopathy in idiopathic PAH (Bjornsson and Edwards, 1985;
Dartevelle et al., 2004). Therefore, the findings of the present
study suggest that the contractile responsiveness of the pulmo-
nary artery towards thrombin contributes to the vasoconstric-
tion of both types of artery in PAH. However, the role of PAR1

in this pathological condition remains to be elucidated.
In conclusion, the present study revealed a unique property

of the pulmonary artery. Thrombin does not induce smooth
muscle contraction in many normal arteries of the systemic
circulation (Hirano, 2007b). In contrast, the expression of
PAR1 is up-regulated and the contractile effect of thrombin
becomes apparent in vascular lesions (Nelken et al., 1992; Ku
and Dai, 1997; Fukunaga et al., 2006; Kai et al., 2007). In this
respect, the responsiveness to thrombin seen in a normal
artery is therefore a unique property of the pulmonary artery.
We also elucidated some of the mechanisms underlying the
contractile effect of thrombin in the pulmonary artery.
Thrombin proteolytically activates PAR1 in pulmonary arterial
smooth muscle cells. PAR1 activation induced both an eleva-
tion of [Ca2+]i and increased the sensitivity of the myofila-
ments to Ca2+. This latter effect was associated with MLC20
phosphorylation and might be attributed to activation of
Rho-kinase. PAH is frequently associated with thrombotic pul-
monary arteriopathy (Johnson et al., 2006a); therefore, this
unique property of the pulmonary artery may contribute to
the pathogenesis and pathophysiology of PAH.
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