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1 Thrombin causes various cellular events by activating protease-activated receptors (PARs). Here,
we showed, for the ®rst time, that thrombin induced myometrial contraction. To determine the
mechanism of thrombin-induced myometrial contraction, we simultaneously measured intracellular
Ca2+ concentration ([Ca2+]i) and tension of fura-PE3-loaded rat myometrium using front-surface
¯uorimetry. The expression of thrombin receptor mRNA in the rat myometrium were determined by
reverse transcription-polymerase chain reaction analysis (RT±PCR analysis).

2 Thrombin (0.01 ± 3 u ml71) caused dose-dependent increase in [Ca2+]i and tension in the rat
myometrium, and this e�ect was greatly enhanced in the pregnant myometrium. PAR1-activating
peptide mimicked the e�ects of thrombin.

3 In Ca2+-free PSS, thrombin induced no increase in [Ca2+]i and tension in the pregnant
myometrium. Both diltiazem (10 mM) and SK-F 96365 (10 mM) signi®cantly inhibited the thrombin-
induced elevations of [Ca2+]i and tension, and their e�ects were additive.

4 RT±PCR analysis revealed an approximately 10 fold increase in the level of thrombin receptor
mRNA in the pregnant myometrium compared to that obtained in the non-pregnant myometrium.

5 In conclusion, the contractile response to thrombin was greatly enhanced in the pregnant
myometrium, mainly due to the up-regulation of thrombin receptor. We propose that initiation of a
post-parturitional myometrial contraction is one of the most important physiological roles of
thrombin receptor.
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Introduction

Thrombin, a serine protease, converts ®brinogen into ®brin
and plays a critical role in haemostasis. It also activates

protease-activated receptors (PARs) and induces various
cellular responses, including contraction of vascular, tracheal
or gastric smooth muscle, endothelium-dependent vasorelaxa-

tion and proliferation of smooth muscle (Cicala et al., 1999;
Cocks & Mo�att, 2000; Cocks et al., 1999; Coughlin, 1994;
Dery et al., 1998; Godin et al., 1995; McNamara et al., 1993;

Tesfamariam, 1994). The PAR belongs to a family of G
protein-coupled receptor, and four types of PARs, PAR1,
PAR2, PAR3 and PAR4, have so far been cloned (Ishihara et

al., 1997; Nystedt et al., 1994; Vu et al., 1991; Xu et al.,
1998). PAR1, PAR3 and PAR4 are activated by thrombin,
while PAR2 and PAR4 are activated by trypsin and tryptase
(Cocks & Mo�att, 2000). The di�erent sets of PARs are

expressed in a tissue speci®c manner, and the types of PAR
involved in the response to thrombin di�ers with species and
type of tissue (Dery et al., 1998; Ishihara et al., 1998; Kahn et

al., 1998). For example, PAR1 and PAR4 mediate thrombin-
induced activation of platelet in human, while PAR3 and
PAR4 mediate it in the mouse (Ishihara et al., 1998; Kahn et

al., 1998). The protease agonists activate PARs by cleaving

the NH2-terminal exodomain of receptors to unmask a new
NH2-terminus, which in turn serves as a tethered ligand and

thus initiates the intracellular signalling to provoke the
successive cellular response (Dery et al., 1998; Grand et al.,
1996). The synthetic peptides corresponding to the tethered

ligand sequences also activate PARs, except for PAR3
(Ishihara et al., 1997; Kahn et al., 1999; Nystedt et al.,
1994; Scarborough et al., 1992; Vu et al., 1991; Xu et al.,

1998). These peptides are thus referred to as PAR-activating
peptides (PAR-APs) in this study. Since the activation of
PARs by PAR-APs is independent of proteolysis, PAR-APs

are unique tools for investigating the regulation of thrombin
receptor activity.
Although PARs are expressed in various tissues and

mediate various cellular responses to thrombin and trypsin,

activation of thrombin and trypsin is limited to the
pathological conditions such as in¯ammation, tissue damage,
and haemorrhage. Therefore, the physiological role of PARs

remains still unclear. Haemorrhage and the following
activation of thrombin are physiological consequences in
the case of delivery and subsequent placental detachment in

the myometrium. The myometrial contraction plays a central
role in the biological haemostasis in post-parturition. The
mechanism of the myometrial contraction of post-parturition

and the physiological stimulation to initiate this contraction
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remain to be clari®ed. Thrombin, thus, could be a
physiological agonist to initiate the post-parturitional con-
traction, especially at the haemorrhage site. However, so far

no report has yet shown the e�ects of thrombin on
myometrium contraction.
In the present study, we examined the e�ect of thrombin

on cytosolic Ca2+ concentration ([Ca2+]i) and contraction of

the rat myometrium, by using front-surface ¯uorimetry of the
fura-PE3-loaded strips of myometrium. We thus found
thrombin to induce a contraction of the rat myometrial

smooth muscle. We investigated the mechanism of thrombin-
induced contraction in terms of Ca2+ signalling in the smooth
muscle. We also speci®ed the type of PAR involved in the

thrombin-induced contraction by examining the e�ect of
PAR-APs on the myometrial contraction. In addition,
thrombin-induced contraction was found to be greatly

enhanced in the pregnant rat. We thus examined the
expression of PARs to elucidate the mechanism of enhance-
ment for thrombin-induced contraction in the pregnant rat
myometrium.

Methods

Tissue preparation

The study protocol was approved by the Animal Care and
Committee of Research Institute of Angiocardiology, Faculty

of Medicine, Kyushu University. The rats were heparinized
with 0.3 ± 0.5 mg rat71 heparin (MW3000) before sacri®ce.
Strips of the myometrium were prepared from non-pregnant

and day 18 pregnant Wister-Kyoto rats as described
previously (Shintani et al., 2000). The myometrium of the
middle part of the horn was excised in a longitudinal
direction, cut into strips measuring 1.5 mm in width and

4.5 mm in length. The wet weight of the strips were
1.08+0.04 mg (non-pregnant myometrium) and 1.30+0.04
mg (pregnant myometrium) (n=7).

Tension measurement of intact myometrial strips

All measurements were performed in physiological salt
solution (PSS) at 378C. The composition of PSS used in the
study was (in mM): NaCl 123, KCl 4.7, CaCl2 1.25, MgCl2
1.2, KH2PO4 1.2, NaHCO3 15.5, and D-glucose 11.5, gassed
with 95% O2 and 5% CO2. The myometrial strips were
mounted vertically in a quartz organ bath and connected to a
force transducer (TB-612T, Nihon Koden, Japan). The

resting load was adjusted to approximately 50 mg to obtain
a maximal response to 40 mM K+ depolarization. The
contractile response was analysed by the area under the

curve of the tension trace for the ®rst 10 min of contraction,
except for Figure 1, where the contractile response was also
evaluated by the level of the ®rst peak. The values obtained

with 40 mM K+ depolarization were designated to be 100%.

Front-surface fluorimetry of [Ca2+]i

The myometrial strips of the pregnant rats were loaded with
fura-PE3 in the form of acetoxymethyl ester (fura-PE3/AM)
as previously described (Kanaide, 1999; Shintani et al., 2000).

The changes in the ¯uorescence ratio and tension develop-
ment were simultaneously monitored with a front-surface
¯uorimeter CAM-OF-1 (JASCO, Tokyo, Japan) as pre-

viously reported (Niiro et al., 1998; Shintani et al., 2000).
The ¯uorescence (500 nm) intensities at alternating (400 Hz)

excitation (340 and 380 nm) and the ratio (F340/F380) were
continuously measured. The data were stored in a Macintosh
computer using a data acquisition system (MacLab; Analog

Digital Instruments, Australia). The ¯uorescence ratio was
expressed as a percentage, assigning the values in normal
(5.9 mM K+) and 40 mM K+ PSS to be 0% and 100%
respectively. When the fura-PE3-loaded strips of the non-

pregnant rat myometrium was stimulated with 40 mM K+,
little increase in the ¯uorescence ratio was observed, although
there was an apparent increase in tension (Figure 1a). It was

conceivable that the poor ¯uorescence signal is attributed to
the poor loading of fura-PE3 in the non-pregnant myome-
trium. Therefore, only tension development was evaluated in

the non-pregnant myometrium.

Reverse transcription-polymerase chain reaction
(RT±PCR) analysis

Total RNAs of rat myometrium and placenta were isolated
by the acid guanidinium thiocyanate phenol-chloroform

method (Chomczynski & Sacchi, 1987). Total RNAs were
digested by RNase-free DNase to rule out the possible
contamination by genomic DNA. The primers used in RT±

PCR analysis of rat PAR1 (Zhong et al., 1992) were 5'-GAG
CAG GTA TCC ATC TTA CT-3' for RT reaction, 5'-TGA
CAG TCA TAA GCA TTG AC-3' for upper primer in PCR

reaction, and 5'-GGC ATA GTA GTA AAT CAA GG-3' for
the lower primer in PCR reaction. The primers used in RT±
PCR analysis of rat PAR2 (Saifeddine et al., 1996) were 5'-
CAA AGT AGT AGA CAA AGG GG-3' for the RT
reaction, 5'-CCA GGA AGA GGG CCA ACA T-3' for the
upper primer in PCR reaction, and 5'-ACG GTG CGG ACG
CTT CGG CA-3' for the lower primer in PCR reaction. The

primers used in RT±PCR analysis of PAR4 (Kahn et al.,
1998; 1999) were 5'-GAC ACA TAG TAG TAG ATG AA-3'
for the RT reaction, 5'-TGG TTC AGT GTT GCT GCT

GG-3' for the upper primer in PCR reaction, and 5'-TCC
ATA GAG ATT GCC CCA GG-3' for the lower primer in
PCR reaction. One mg of the total RNA was used for the RT

reaction using Moloney murine leukaemia virus reverse
transcriptase in a total volume of 20 ml. One ml aliquot of
RT product was subjected to PCR ampli®cation. The thermal
cycle pro®le used for the ampli®cation of PAR1, PAR2, and

PAR4 fragments was composed of the initial denaturation at
948C, for 2 min and the following 35 ± 40 cycle ampli®cation
step of denaturation at 948C for 1 min, annealing at 558C for

1 min, and extension at 728C for 1 min. The expression of b-
actin was analysed as a control. The primers and condition
for the RT±PCR analysis of b-actin was as previously

described (Niiro et al., 1998). The RT±PCR products were
separated on 3% agarose gel containing 0.05 mg ml71

ethidium bromide. The density of the bands was analysed

by a NIH image (the National Institutues of Health,
Bethesola, MD, U.S.A.) after obtaining the ¯uorescence
image with a CCD camera (ATTO, Tokyo, Japan). The
nucleotide sequences of the PCR product for PAR1, PAR2

and PAR4 were determined to be identical to the published
sequences (Kahn et al., 1998; Saifeddine et al., 1996; Zhong
et al., 1992).

Drugs

The composition of the normal physiological salt solution
(normal PSS) was described above. High-K+ PSS was made
by an equimolar substitution of KCl for NaCl. Diltiazem,
heparin (MW3000), thrombin (bovine plasma) and 4-
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aminidophenylmethane-sulphonyl ¯uoride (p-APMSF) were
purchased from Sigma (St Louis, MO, U.S.A.). SK-F 96365
(1 - {b-[3-(4 -methoxyphenyl)propoxy] - 4 -methoxyphenethyl}-

1H-imidazole hydrochloride) was purchased from Calbio-
chem (La Jolla, CA, U.S.A.). Human PAR1-AP (SFLLRNP)
and rat PAR2-AP (SLIGRL) were from BACHEM (Buben-
dorf, Switzerland). PAR3-AP (SFNGGPQ) and PAR4-AP

(GYPGKFC) were synthesized based on the mouse sequence
(Kahn et al., 1998) by Sawady Technology (Tokyo, Japan).
All primers used in RT±PCR analysis were synthesized by

Hokkaido System Science (Hokkaido, Japan). Moloney
murine leukaemia virus reverse transcriptase was from BRL
(Gaithersburg, MD, U.S.A.). Fura-PE3/AM was from Texas

Fluorescence Laboratory (Austin, TX,U.S.A.). Ethyleneglycol-
bis(b-aminoethylether)-N',N',N',N'-tetra acetic acid (EGTA)
was from Dojindo Laboratories (Kumamoto, Japan). All

other chemicals were of the highest grade commercially
available.

Statistical analysis

All data are expressed as the mean+s.e.mean. The unpaired
Student's t-test was used to determine signi®cant di�erence

and a one way analysis of variance followed by Sche�e's test
was used for multiple comparisons. P values 50.05 were
considered to be statistically signi®cant.

Results

The effect of thrombin on the rat myometrium

In the non-pregnant myometrium, thrombin induced a small

phasic contraction (Figure 1a). The contractile responses to
thrombin was quantitatively evaluated in two ways; the ®rst
peak level of contraction and the area under the tension trace

for the ®rst 10 min. The extent of tension development
induced by 1 u ml71 thrombin was 24.8+5.3% (the ®rst
peak, n=7) and 18.0+4.4% (area under the tension trace,

n=7), while assigning those obtained with 40 mM K+ to be
100% in the non-pregnant myometrium (Figure 1c).
The e�ects of thrombin on myometrial contraction were

examined using front-surface ¯uorimetry (Kanaide, 1999) in

the fura-PE3-loaded strips of the pregnant rat myometrium,
and the changes in [Ca2+]i and tension of smooth muscle
were simultaneously monitored. In an 18-day pregnant rat

myometrium, thrombin induced much greater contractions
than that seen in the non-pregnant rat myometrium.
Thrombin (1 u ml71) caused a rapid increased in [Ca2+]i
and tension, followed by a slowly declining phase (Figure 1b).
Spontaneous oscillatory contractions usually overrode the
basal thrombin-induced contractions (Figure 1b). The level of

[Ca2+]i elevation at the peak was 82.3+8.2% (n=8) of that
obtained during the sustained phase of the contraction
induced by 40 mM K+-depolarization. Thrombin induced
contractions at 0.3 u ml71 and higher concentrations in the

pregnant myometrium (Figure 1c). The maximum tension
development (84.9+20.7% by the ®rst peak; 77.6+17.1% by
the area under the tension trace, n=7) was observed at

1 u ml71. The level of [Ca2+]i elevation (82.3+8.2%) and
tension development (77.6+17.1% by the area) obtained with
1 u ml71 thrombin was similar to the level of [Ca2+]i
(91.14+9.1%, n=5) and tension (89.3+19.7%, n=5, by
the area under the tension trace) obtained with 30 mM K+-
depolarization. Within the concentration range between 0.01
and 1 u ml71, the concentration-response curve of the ®rst

peak overlapped with that of the area under the tension trace
(Figure 1c). A further increase in the thrombin concentration

Figure 1 The contractile e�ects of thrombin on the rat myome-
trium. (a) and (b) Representative recordings showing the e�ects of
thrombin (1 u ml71) on the tension of the non-pregnant rat
myometrium (a), and on the [Ca2+]i (upper trace) and tension (lower
trace) on the day 18 pregnant rat myometrium (b) in the normal PSS.
(c) The concentration-response curves of thrombin-induced contrac-
tion in the pregnant and non-pregnant myometrium. The contractile
response to thrombin was quantitatively evaluated in two ways; the
®rst peak level of tension development and the area under the tension
trace for the initial 10 min. The developed tension was expressed as a
percentage, assigning the values in normal and 40 nM K+ PSS to be
0% and 100%, respectively. Data are the mean+s.e.mean (n=7).
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caused slightly less contraction, thus resulting in a bell-
shaped concentration-response curve. The decrease in the
contractile response at higher concentrations of thrombin was

considered to be due to the rapid desensitization of thrombin
receptor. This was supported by the observation that
increasing thrombin concentration to 3 and 10 u ml71

progressively accelerated the decline in the contraction phase

(data not shown), and that the concentration-response curve
for the area under tension trace located lower than that for
the ®rst peak at concentrations higher than 1 u ml71 (The

area under the tension trace is considered to re¯ect not only
the peak tension development but also the duration of
tension generation.) (Figure 1c).

Gestational change of the contractile response to thrombin
in the rat myometrium

As shown in Figure 2, the contractile response to 1 u ml71

thrombin was enhanced as the day of pregnancy increased
(n=3±7, P50.05), and the enhancement of the contraction

reached a maximum in the middle to late period of
pregnancy. The maximum tension development induced by
1 u ml71 thrombin in the 18-day pregnant rat was signi®-

cantly greater than those obtained in the non-pregnant rat
(P50.01), while assigning those obtained with 40 mM K+ to
be 100% (Figure 2).

When the developed tension was evaluated as an absolute
value, 40 mM K+-depolarization produced 401.2+25.9
dyne g71 of wet tissue tension in the non-pregnant myome-

trium (n=7) and 623.1+62.1 dyne g71 of wet tissue tension
in the pregnant myometrium (n=7, P50.05). Thrombin
(1 u ml71) produced 102.9+20.1 dyne g71 of wet tissue
tension in the non-pregnant myometrium, and 604.0+126.8

dyne g71 of wet tissue tension in the pregnant myometrium
(n=7, P50.01). The thrombin-induced contractile response
was thus more potently enhanced (approximately 6 fold) in

the pregnant myometrium than the depolarization-induced
contraction (almost 1.5 fold). Even when normalized by the
40 mM K+-induced contraction, the thrombin-induced con-

traction was still greatly enhanced (about 4 fold).

Effect of PARs-AP on the contraction in the rat
myometrium

PAR1 (Vu et al., 1991) PAR3 (Ishihara et al., 1997) and
PAR4 (Xu et al., 1998) are candidate receptors mediating the

thrombin-induced contractile response in the rat myome-

trium. We thus examined the e�ects of the synthetic peptide
corresponding to the region of the tethered ligand (Vu et al.,
1991; Walz et al., 1986) on the contraction in the rat

myometrium. As shown in Figure 3, a human PAR1-AP
(SFLLRNP) (Vu et al., 1991) induced a contraction in both
the pregnant and non-pregnant rat myometrium at concen-
trations higher than 0.1 mM. As is the case with thrombin, the

contractile response to PAR1-AP was enhanced in the
pregnant myometrium (Figure 3c). When evaluated by the
area under the tension trace, the level of contraction induced

by 100 mM PAR1-AP was 23.8+4.1% (n=5) in the non-
pregnant and 102.0+3.7% (n=7, P50.01) in the pregnant
myometrium (about 4 fold increase). Previous reports have

shown that PAR1-AP was able to activate both PAR1 and

Figure 2 Gestational change of the contractile response to thrombin
in the rat myometrium. (a) Comparison of the contractile response to
thrombin based on the day of pregnancy. Contractile response was
evaluated by the area under the tension trace, assuming those
obtained with 40 mM K+ to be 100%. The data are the mean+
s.e.mean (n=3±7). *P50.05 as compared with the non-pregnant
rats.

Figure 3 The contractile e�ects of thrombin receptor activating
peptide on the rat myometrium. (a) and (b) Representative traces
showing the e�ects of PAR1-AP (10 mM) on the tension of the non-
pregnant rat myometrium (a) and on the [Ca2+]i (upper trace) and
tension (lower trace) of the pregnant rat myometrium (b) in the
normal PSS. (c) The concentration-response curves of PAR1-AP-
induced contraction. The tension development was evaluated by the
area under the tension trace for the initial 10 min, assigning the
values obtained with 40 mM K+ PSS to be 100%. The data are the
mean+s.e.mean (n=5±7).
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PAR2 (Blackhart et al., 1996), but not PAR3 (Ishihara et al.,
1997) or PAR4 (Kahn et al., 1999). However, a rat PAR2-AP
(SLIGRL) (Saifeddine et al., 1996) failed to induce

contraction in both the pregnant and non-pregnant myome-
trium (data not shown). The PAR3-AP failed to induce any
contraction in the rat myometrium (data not shown). A
similar peptide mimicking a putative tethered ligand of the

human PAR3 was not able to activate the aggregation of
platelets which express PAR3 (Ishihara et al., 1997), and this
®nding was consistent with that of another report. The

PAR4-AP also failed to induce contraction in the rat
myometrium (data not shown).

Effects of protease inhibitor on the myometrial
contractions induced by thrombin and PAR1-AP

The requirement of the proteolytic activity of thrombin to
induce myometrial contraction was examined as shown in
Figure 4. When thrombin was pretreated with 10 mM p-
APMSF, a serine protease inhibitor, for 10 min and then

applied to the strip, it failed to induce any contractions
both in the pregnant (Figure 4a) and non-pregnant
myometrium (data not shown). The subsequent application

of untreated thrombin induced the contraction in the
absence of p-APMSF (Figure 4a). However, the pretreat-
ment with p-APMSF had no e�ect on the PAR1-AP-

induced contraction (Figure 4b). The contraction induced
by PAR1-AP treated with 10 mM p-APMSF elicited as
much myometrial contraction as that obtained with the

untreated PAR1-AP (Figure 3b). These ®ndings indicated
that the contractile response to thrombin but not to PAR1-
AP required the proteolytic activity, thus suggesting that
the thrombin-induced contraction is mediated by PARs

(Dery et al., 1998).

Mechanism of the thrombin-induced contraction

Using front-surface ¯uorimetry (Kanaide, 1999), the intra-
cellular Ca2+ signalling involved in the thrombin-induced

contraction was investigated. In the PSS containing 1.25 mM

Ca2+, thrombin induced a sustained elevation of [Ca2+]i in
accordance with the tension development (Figure 1). On the
other hand, the exposure to the Ca2+-free PSS caused the

gradual decline of the resting [Ca2+]i level, and the
subsequent stimulation with thrombin did not induce any
[Ca2+]i elevation or contraction (Figure 5a). NiCl2, an

inorganic Ca2+ channel blocker (Chaib et al., 1998), also
completely inhibited the elevation of [Ca2+]i and contraction
induced by thrombin (Figure 5b). However, the [Ca2+]i
elevation and contraction induced by thrombin was partially
inhibited by 10 mM diltiazem (Figure 5c). The extent of
[Ca2+]i elevation and contraction obtained with 10 mM
diltiazem was 44.7+9.9 and 14.4+4.7%, respectively (Figure
5e). Higher concentrations of diltiazem (30 mM) did not cause
any further inhibition (Figure 5e). The remaining [Ca2+]i
elevation and force was completely inhibited by 10 mM SK-

F96365 (Waldron et al., 1997) (Figure 5e). Although 10 mM
SK-F96365 alone partially inhibited the thrombin-induced
[Ca2+]i elevation and force development, a further increment

of the concentrations to 30 and 100 mM almost completely
inhibited the contraction (Figure 5d,e).

Pregnancy increased the expression level of PAR1 mRNA

The changes in the expression level of PAR1, PAR2, and
PAR4 mRNA in the rat myometrium during pregnancy was

examined by a RT±PCR analysis (Figure 6). In the non-

pregnant myometrium, PAR1 mRNA was slightly detected
(Figure 6a). On the other hand, the level of PAR1 mRNA
increased approximately 10 fold (n=5, P50.05) in the
myometrium during both pregnancy and the post-parturition

period compared to that in the non-pregnant myometrium
(Figure 6a,b). The level of PAR1 mRNA did not signi®cantly
di�er with the day of pregnancy. The level of b-actin mRNA

slightly increased (1.5 fold, n=5, P50.05) in the pregnant
myometrium (Figure 6b).
The expression of PAR2 mRNA was hardly detected in

both the non-pregnant and the pregnant rat myometrium by
a RT±PCR analysis using the set of primers based on the
sequence of rat PAR2 (Saifeddine et al., 1996), while it
detected the expression of PAR2 in the rat placenta (Figure

6a). Furthermore, PAR4 mRNA also was scarcely detected in
both the non-pregnant and pregnant rat myometrium by a
RT±PCR analysis using the set of primers based on the

sequence of mouse PAR4 (Kahn et al., 1998), while the
expression of PAR4 mRNA was detected in the rat placenta
(Figure 6a).

Figure 4 The e�ect of the serine protease inhibitor on the
myometrial contractions induced by thrombin and PAR1-AP. (a)
Representative trace showing the inhibitory e�ect of the serine
protease inhibitor, 4-aminidophenylmethane-sulphonyl ¯uoride (p-
APMSF, 10 mM) on the 1 u ml71 thrombin-induced contraction of
the pregnant rat myometrium. After observing the e�ect of p-
APMSF-treated thrombin and stimulation once with 40 mM K+, the
contracting e�ect of the untreated thrombin was examined. (b)
Representative trace showing the e�ect of 10 mM p-APMSF on the
30 mM PAR1-AP-induced contraction of the pregnant rat myome-
trium. After observing the e�ect of p-APMSF-treated PAR1-AP and
stimulation once with 40 mM K+, the contracting e�ect of the
untreated PAR1-AP was examined.
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Discussion

We herein demonstrated that thrombin induced a contraction

in the myometrium of the rat, and that this contractile
response was greatly enhanced in the pregnant rat. Moreover
the expression level of PAR1 mRNA was signi®cantly

increased in the pregnant myometrium. It is thus likely that
the enhanced contractile response in the pregnant rat
myometrium was mainly due to the up-regulation of the
PAR1. Previous studies reported that thrombin induced

contraction of several types of smooth muscle, such as
vascular (Bretschneider et al., 1995; deBlois et al., 1992;
Godin et al., 1995; Tay-Uyboco et al., 1995), gastric (Yang et

al., 1992), and tracheal (Cicala et al., 1999) smooth muscle.
However, there has been no report on the thrombin-induced
myometrial contraction. This is thus the ®rst report on the

myometrial contraction induced by thrombin.
Thrombin was shown to activate PAR1, PAR3 and PAR4

(Coughlin, 1999). In the present study, PAR1 was considered
to be the major receptor for thrombin to initiate myometrium

Figure 5 Mobilization of Ca2+ in the pregnant rat myometrium during the thrombin-induced contraction. (a) (b) (c) and (d)
Representative traces of the thrombin-induced changes in [Ca2+]i (upper trace) and tension (lower trace) in the pregnant rat
myometrium observed in the Ca2+-free PSS containing 0.1 mM EGTA (a), and in the normal PSS containing 3 mM Ni2+ (b), 10 mM
diltiazem (c), and 30 mM SK-F96365 (d) in the normal PSS. (e) Summary of the inhibitory e�ects of diltiazem and SK-F96365 on the
thrombin-induced increase in [Ca2+]i and tension. Control; the 1 u ml71 thrombin-induced [Ca2+]i elevation and tension
development in the normal PSS with no inhibitors. The bottom and top levels of columns for [Ca2+]i indicate the values obtained
just before the initiation of contraction by thrombin and at the peak contractile response, respectively. The developed tension was
evaluated by the area under the tension trace. The [Ca2+]i and developed tension were expressed as a percentage, assigning the
values obtained with 40 mM K+ PSS to be 100%. The data are the mean+s.e.mean (n=5±8). *P50.05, **P50.01 as compared
with the control.
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contraction for the following reasons: (i) PAR1-AP induced a
contraction in the rat myometrium, and this contraction was
greatly enhanced in the pregnant myometrium as in the case

of thrombin. Although PAR1-AP was reported to activate
PAR2 as well as PAR1 (Blackhart et al., 1996), the
expression of PAR2 mRNA was not detected in the rat

myometrium. As a result, PAR1-AP was considered to induce
the contraction by activating PAR1 in the rat myometrium;
(ii) the expression of PAR4 mRNA was not detected in the

rat myometrium and (iii) the involvement of PAR3 could not
be completely ruled out even though a synthetic PAR3-AP
had no e�ect on the myometrial contraction. A similar

peptide was reported to have no e�ect on aggregation of the
mouse platelets which express PAR3 (Ishihara et al., 1997;
Kahn et al., 1999). Moreover, PAR3 has recently been
suggested to act as a cofactor for thrombin to activate PAR4

(Nakanishi-Matsui et al., 2000).

Our results showed that thrombin caused the large
sustained contraction of the rat myometrium, accompanied
with the increase of [Ca2+]i level. As shown in Figure 3, the

[Ca2+]i elevation due to the Ca2+ in¯ux was the most
important intracellular signal for thrombin to induce
contraction. The contribution of the Ca2+ release from
the intracellular stores to the thrombin-induced contraction

was, if any, negligible. The voltage-operated Ca2+ channels
as well as the other Ca2+ entry pathways were suggested to
be involved in the thrombin-induced Ca2+ in¯ux. Oxytocin

and prostaglandins (PGs) have been reported to induce the
rat myometrial contraction by increasing [Ca2+]i partly due
to the Ca2+ release, which is induced by inositol 1,4,5-

trisphosphae (IP3) generated by phospholipase Cb (PLCb)
(Izumi et al., 1995; 1996; Wray, 1993), especially during
pregnancy (Taggart & Wray, 1998). In addition, these

uterotonic agents have been reported to increase Ca2+

sensitivity of the contractile apparatus of smooth muscle
through GTP-binding protein, which is linked to PLCb
(Izumi et al., 1995; 1996). However, in the present study,

the tension-development for a given change in [Ca2+]i in
the thrombin-induced contraction was similar to that
obtained with high K+-depolarization. It is thus unlikely

that thrombin enhanced the Ca2+ sensitivity of a contractile
apparatus in the rat myometrium. As a result, thrombin
was considered to induce myometrial contraction by

elevating [Ca2+]i mainly due to [Ca2+]i in¯ux, while having
negligible e�ect on the Ca2+ sensitivity of the contractile
apparatus. PAR1 was shown to couple to several di�erent

G proteins including Gaq, Gai, Gao, Ga12 and Ga13 (Cocks
& Mo�att, 2000; Swift et al., 2000). Ga12 was shown to
activate a GDP/GTP exchange factor, which in turn
speci®cally activate a small GTP-binding protein, RhoA

(Buhl et al., 1995; Collins et al., 1996). RhoA and RhoA-
associated kinase were suggested to be involved in
potentiation of the Ca2+-sensitivity of the contractile

apparatus (Hirata et al., 1992; Kureishi et al., 1997). The
GTP-binding proteins linked to PAR1 in the rat myome-
trium thus remain to be elucidated.

The enhancement of contractile response in the pregnant
myometrium was not speci®c to thrombin or PAR1 but also
observed with other contractile stimuli including K+

depolarization, oxytocin, PGF2a, endothelin, carbachol, and

neurokinin A (Osada et al., 1997; Riemer & Heymann, 1998;
Shintani et al., 2000; Taggart & Wray, 1998; Tuross et al.,
1987). Oxytocin induced approximately 3.6 and 6.4 fold

greater contraction in the pregnant rat and human
myometrium, respectively, than in the non-pregnant myome-
trium (Izumi et al., 1995, 1990). In the present study, 40 mM

K+ depolarization induced about 1.5 fold greater contrac-
tion in the pregnant myometrium than in the non-pregnant
myometrium. The myometrium hypertrophy due to preg-

nancy may thus partly contribute to the enhancement of
myometrium contraction (Riemer & Heymann, 1998).
However, the enhancement of thrombin-induced contraction
was about 6 fold, and even after normalization by the

contraction induced by 40 mM K+, thrombin-induced
contraction in the pregnant myometrium was about 4 fold
greater than that observed in the non-pregnant myometrium,

It is thus conceivable that there is some mechanism speci®c
to the enhancement of the thrombin-induced contraction. In
case of oxytocin-induced contraction, the expression of

oxytocin receptor mRNA markedly (nearly 300 fold)
increased just before labour in the human myometrium
(Kimura et al., 1996), and thus this increase in the
expression of oxytocin receptor was considered to be linked

Figure 6 Expression of PAR1, PAR2 and PAR4 mRNA in the rat
myometrium during the pregnancy. (a) Representative photographs
showing the expression of PAR1, PAR2, PAR4 and b-actin mRNA
in the myometrium of non-pregnant (lane 1), pregnant day 11 (lane
2), pregnant day 18 (lane 3), pregnant day 22 (lane 4) and
postpartum rats (lane 5), as well as in the rat placenta (lane 6).
Lane M, HincII digest of fX174 as the DNA size marker. Lane B,
PCR product obtained with no addition of RT products. The
predicted size of the products is indicated on the side of the
photographs. (b) The changes in the expression of b-actin and PAR1
in the rat myometrium during pregnancy. The expression level was
expressed as the value relative to that seen in the non-pregnant
myometrium. The data are the mean+s.e.mean (n=5±6). *P50.05
as compared with the non-pregnant rats.
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to the enhancement of the oxytocin-induced contraction. In
the present study, the expression of PAR1 was up-regulated
about 10 fold in the pregnant myometrium, while the

expression of PAR1 was scarcely detected in the non-
pregnant myometrium. As a result, these ®ndings strongly
suggested that the enhancement of the thrombin-induced
contraction was mainly due to the up-regulation of PAR1.

However, the up-regulation of PAR1 was observed as early
as day 11, while the enhancement of the thrombin-induced
contraction was observed on days 18 and 22. It is thus

possible that other mechanisms such as post-transcriptional
or post-translational regulation, contributed to the enhance-
ment of the contraction.

The mechanism of the up-regulation of PAR1 in the
pregnant rat myometrium remains to be elucidated.
However, it is conceivable that the expression of PAR1 is

regulated by hormones which are involved in pregnancy. In
fact, the expression of the oxytocin receptor was shown to
be up-regulated by oestrogen and corticosterone as well as
cyclic adenosine monophosphate during pregnancy (Fang et

al., 1996; Fuchs et al., 1983; Hinko & Solo�, 1993; Solo� et
al., 1983; Uenoyama et al., 1997). The expression of
haemeoxygenase-1 was up-regulated by progesterone during

gestation (Acevedo & Ahmed, 1998). In addition to such
hormonal regulation, other mechanisms related to the
myometrium hypertrophy could contribute to the up-

regulation of PAR1 expression. The stretch-induced gene
expression is one of such mechanisms, and this was in fact
reported in rat cardiac hypertrophy (Komuro et al., 1990). It

is thus possible that the up-regulation of PAR1 is mediated
by either hormonal regulation or the mechanical stress in the
pregnant myometrium. However, these possibilities still
remain to be proved.

It has now been established that thrombin exerts its
various cellular e�ect by activating PARs. However, since the
activation of thrombin is limited to the pathological

conditions such as haemorrhage, in¯ammation or tissue
damage, the physiological role of PARs remains unclear.
Haemorrhage and subsequent activation of thrombin is a

physiological consequence of delivery. Since the activation of
thrombin is temporally and spatially speci®c to the placental
detachment site in post-parturition, the contraction induced
by thrombin is suggested to contribute to the biological

haemostasis in post-parturition, especially at the haemor-

rhage site of the uterus. The concentrations of thrombin
required to induce myometrial contraction have been
reported to be achievable in the haemorrhagic lesion,

assuming 1 u ml71 to be equivalent to 10 nM (Walz et al.,
1986). We propose that initiation of the post-parturitional
contraction of myometrium is one of the physiological
functions of PAR1. However, the contractile e�ects of

thrombin on the human myometrium remained to be
examined. Furthermore, the PAR1 gene knock-out mice
have not yet been reported to undergo post-delivery

intractable haemorrhaging, although it was reported that
about half of the tr7/7 embryos died at embryonic days 9 ± 10
and the other half survived to become grossly normal adult

mice with no bleeding diathesis (Connolly et al., 1996).
Further study is thus needed to establish the physiological
role of PAR1 in the post-partum myometrial haemostasis in

human, and to extend our discovery to the development of a
new therapeutic strategy for the post-partum uterine bleeding.

In conclusion, we demonstrated, for the ®rst time, that
thrombin induced a contraction both in the pregnant and

non-pregnant rat myometrium. In the pregnant rat myome-
trium, thrombin-induced contraction is mainly due to Ca2+

in¯ux, while having no e�ect on the Ca2+-sensitivity of the

contractile apparatus. Since the ¯uorimetry was not feasible
in the non-pregnant rat myometrium, the role of the Ca2+

signal during the thrombin-induced contraction remains to be

determined. The most important ®nding of the present study
is that the thrombin-induced contraction was greatly
enhanced during pregnancy. The up-regulation of PAR1

was considered to be linked to this enhancement of the
contractile response. The mechanism of such up-regulation of
PAR1, however, remains to be elucidated.
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