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Up-regulation of proteinase-activated receptor 1
and increased contractile responses to thrombin
after subarachnoid haemorrhage
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Background and purpose: The mechanism for the development of post-haemorrhagic cerebral vasospasm after subarachnoid
haemorrhage (SAH) still remains unknown.
Experimental approach: We investigated the role of thrombin and its receptor PAR1 in the development of hyper-contractility
of the basilar artery in a rabbit double haemorrhage model, which received two injections of autologous blood into the cisterna
magna.
Key results: In the basilar artery isolated from the control rabbits, thrombin, only at 10 units ml�1, induced a transient
endothelium-dependent relaxation and a slight smooth muscle contraction. In SAH, the contractile response to thrombin was
markedly enhanced, while the endothelium-dependent relaxant effect of thrombin remained unchanged. The enhancement
of the contractile responses was also observed in the absence of endothelium and thrombin induced an enhanced contraction
at concentrations higher than 0.3 units ml�1. The contractile response to PAR1-activating peptide was also enhanced after SAH.
However, the contractile responses to high Kþ and endothelin-1, and the myofilament Ca2þ -sensitivity remained unchanged
after SAH. An immunoblot analysis suggested the up-regulation of PAR1 in the smooth muscle of the basilar artery. The
heparinization of blood before injection prevented the enhancement of the contractile responses to thrombin and PAR1-
activating peptide.
Conclusions and implications: The present study demonstrated, for the first time, that the contractile response of the basilar
artery to thrombin was markedly enhanced after SAH. Mechanistically, our findings suggested that the activation of thrombin
following hemorrhage up-regulated the expression of PAR1, thereby inducing the hyper-responsiveness to thrombin.
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Introduction

Post-haemorrhagic cerebral vasospasm is a major cause of

death and disability in patients with subarachnoid haemor-

rhage (SAH) (Kassell et al., 1985). Prevention and treatment

of vasospasm thus plays an important role in the manage-

ment of SAH. However, the molecular mechanism for

development of vasospasm still remains to be elucidated.

The increased production of spasmogens (Macdonald and

Weir, 1991; Tosaka et al., 2001) and/or increased vascular

responsiveness (Harder et al., 1987; Todo et al., 1998; Sato

et al., 2000) is considered to contribute to the development

of vasospasm. A clinical study demonstrated that the

incidence of post-haemorrhagic vasospasm correlates with

the amount of peri-arterial blood clotting (Fisher et al.,

1980). The thrombin activity in the cerebrospinal fluid was

shown to correlate with the development of vasospasm in

SAH patients (Kasuya et al., 1998). An inhibition of the

thrombin activity was reported to prevent the development

of vasospasm in a rabbit SAH model (Zhang et al., 2001). It is

thus conceivable that thrombin plays a crucial role in the
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development of post-haemorrhagic vasospasm. Thrombin

activates proteinase-activated receptor 1, 3 and 4 (PAR1, PAR3

and PAR4) (Coughlin, 2000), and it induces an endothelium-

dependent vasorelaxation and contraction of the vascular

smooth muscle mainly via PAR1 (Dery et al., 1998; Macfarlane

et al., 2001; Hollenberg and Compton, 2002; Hirano and

Kanaide, 2003). The thrombin–PAR1 pathway is therefore

considered to play a critical role in the development of post-

haemorrhagic vasospasm. However, such a possibility still

remains to be examined.

In the present study, the role of the thrombin–PAR1

pathway in the development of hyper-contractility after

SAH was investigated by using a rabbit double haemorrhage

SAH model. We herein report, for the first time, that vascular

responsiveness to thrombin was markedly augmented after

SAH. Importantly, heparinization of blood before injection

prevented the enhancement of contractile response after

SAH. The present study thus proposes a novel mechanism

involving the thrombin–PAR1 pathway for the development

of post-haemorrhagic vasospasm after SAH.

Methods

Preparation of subarachnoid haemorrhage rabbit model

This study protocol was approved by the Committee of

Ethics on Animal Experiments in the Graduate School of

Medical Sciences, Kyushu University.

Adult male Japanese white rabbits (2.5–3.0 kg) were

anaesthetized with an intramuscular injection of ketamine

(40 mg kg�1) and an intravenous injection of sodium

pentobarbital (20 mg kg�1). A longitudinal, midline sub-

occipital incision (3.0 cm) was centred over the foramen

magnum, and the neck muscles were dissected until the

dura was visualized. With the use of a 23-gauge butterfly

needle, 0.5 ml of cerebrospinal fluid was aspirated from the

cisterna magna, and then 2.5 ml of autologous arterial blood

obtained from the middle branch of the ear artery was

injected immediately (day 0). The animal was then posi-

tioned on an inclined board at a 301 angle with the head

down in neutral position for 30 min. The second injection of

autologous blood was similarly performed on day 2. The

control animals received injections of the same volume of

saline. In the experiments with heparinization (Figure 2),

heparin was added to the autologous blood (final concentra-

tion of 100 U ml�1) before injecting the blood into the

cisterna magna.

Ring preparations of basilar artery

Seven days after the first injection of autologous blood,

unless otherwise specified, the rabbits were heparinized

(1000 U), given an intravenous injection of a lethal dose of

sodium pentobarbital (120 mg kg�1) and exsanguinated from

the carotid artery. The basilar artery was immediately excised

and arterial rings measuring 500 mm in width were prepared.

To remove the endothelium, the internal surface was rubbed

with a tungsten wire. Carbachol (1 mM) induced relaxation

in the preparations with an intact endothelium, but not in

those with the endothelium removed (data not shown). The

loss of the relaxant effect due to carbachol was thus used to

confirm the functional removal of endothelial cells. The ring

preparations were kept in normal physiological salt solution

(PSS; see below) at room temperature until use.

Measurement of tension in intact ring preparations of basilar

artery

The measurement of tension in the intact ring preparations

of basilar artery was performed as described previously

(Nakamura et al., 2001). In brief, the ring preparations were

mounted horizontally between two tungsten wires in an

organ bath containing 2 ml buffer. One of the wires was

connected to the force transducer U Gauge (Minebea,

Nagano, Japan), while the other was fixed. The preparations

were equilibrated in normal PSS at 37 1C for at least 60 min

before starting the experimental protocol. During the

60-min equilibration period, the rings were stimulated with

118 mM Kþ every 15 min, increasing the resting load in a

stepwise manner. The optimal resting load was finally

adjusted to 50 mg. Under such a resting load, the contractile

responses to thrombin and other stimulations were studied.

The data were expressed as a percentage, assigning the level

of tension obtained in normal PSS and that obtained during

the sustained phase of the 118 mM Kþ -induced contraction

at 5 min to be 0 and 100%, respectively, unless otherwise

specified.

Measurement of cytosolic Ca2þ concentration in intact ring

preparations

The arterial rings were loaded with the Ca2þ indicator dye

fura-2, as described previously (Maeda et al., 2003; Kanaide,

2006). The simultaneous measurement of tension and fura-2

fluorescence was performed as described previously (Naka-

mura et al., 2001; Maeda et al., 2003). The ring preparations

were mounted horizontally between two tungsten wires in

an organ bath, which was set on the stage of a TMD56

inverted fluorescence microscope (Nikon, Tokyo, Japan)

equipped with a CAM-220 fluorometer (JASCO, Tokyo,

Japan). The fluorescence intensities obtained with 340 and

380 nm excitation lights and their ratio were continuously

recorded. The values of fluorescence ratios obtained in

normal PSS and those obtained during the sustained phase

of the 118 mM Kþ -induced contraction at 5 min were 0 and

100%, respectively.

Tension measurement in a-toxin-permeabilized preparations

The arterial rings were permeabilized with 5000 U ml�1

staphylococcal a-toxin in Ca2þ -free cytosolic substitution

solution (CSS; see below) for 30 min at 25 1C, as described

previously (Nakamura et al., 2001). Treated rings were

mounted horizontally between two tungsten wires for

tension measurement, as described above for the measure-

ment of tension in intact ring preparations. The ring

preparations were stretched to twice their resting diameter,

and then they were allowed to completely relax in Ca2þ -free

CSS for 30 min before starting the experimental protocols.

The extent of developed tension was expressed as a

percentage, while assigning the values obtained in Ca2þ -
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free CSS and 10 mM Ca2þ -containing CSS to be 0 and 100%,

respectively, unless otherwise specified.

Immunoblot analysis of the expression of PAR1

The basilar artery, with endothelium removed, was homo-

genized in 50 mM Tris–HCl, pH 7.2, 0.5 M NaCl, 10 mM

MgCl2, 0.5% sodium deoxycholate, 0.1% sodium dodecyl

sulphate (SDS), 1% Triton X-100, 10 mg ml�1 leupeptin,

10 mg ml�1 aprotinin and 10 mM 4-aminidophenylmethane

sulphonyl fluoride. Fifteen micrograms of total protein was

separated on a 7.5–20% gradient polyacrylamide gel in SDS-

polyacrylamide gel electrophoresis, and then subjected to

an immunoblot analysis using anti-PAR1 antibody (sc-5605,

Santa Cruz Biotechnology, Santa Cruz, CA, USA). The

immune complex was detected using an enhanced chemilu-

minescence technique, and the light emission was detected

and analysed with a ChemiDoc XRS-J image analysis system

(BioRad, Tokyo, Japan). After immunoblot detection, the

membranes were stained with naphthol blue black to

visualize the band corresponding to actin. The optical

density of the PAR1 band was normalized to that of actin.

Solutions

The composition of the normal PSS was (in mM) NaCl 123,

KCl 4.7, NaHCO3 15.5, KH2PO4 1.2, MgCl2 1.2, CaCl2 1.25

and D-glucose 11.5, aerated with a mixture of 5% CO2 and

95% O2, with the resulting pH determined to be 7.4. High

Kþ -PSS (118 mM Kþ ) was prepared by equimolar substitution

of NaCl for KCl. The composition of Ca2þ -free CSS was (in mM)

potassium methanesulphonate 100, Na2ATP 2.2, MgCl2
3.38, EGTA 10 and creatine phosphate 10, and Tris-maleate

20 (pH 6.8). The CSS containing the indicated concentration

of free Ca2þ was prepared by adding an appropriate amount

of CaCl2, while assuming the Ca2þ -EGTA binding constant

to be 106
M

�1, as described previously (Nakamura et al.,

2001).

Data analysis

The data are expressed as the means7s.e.m. One strip

obtained from one animal was used for each experiment,

and, therefore, the number of experiments indicates the

number of animals. Student’s t-test was used to determine

statistical significance between the two groups and an

analysis of variance was used to determine the effects of

118 mM Kþ , endothelin, thrombin, PAR1-AP, Ca2þ and

GTPgS. Values of Po0.05 were considered to be statistically

significant.

Reagents. Heparin (Mr 3000) and thrombin (bovine plasma,

1050 U mg�1) were purchased from Sigma (St Louis, MO,

USA). High-affinity PAR1-activating peptide (PAR1-AP; Ala-

Phe(pF)-Arg-Cha-homoArg-Tyr-NH2) was from NEOSYSTEM

(Strasbourg, France). SLIGRL-NH2 (PAR2-AP) was obtained

from Bachem (Budendorf, Switzerland). AYPGKF-NH2 (PAR4-AP)

and FTLLR-NH2 (inactive control peptide of PAR1-AP) were

synthesized by Peptide Synthesis Service, University of

Calgary (Calgary, AB, Canada).

Results

Enhancement of the contractile response to PAR1 agonists after

SAH

In the presence of endothelium, the tension development in

arterial rings induced by 118 mM Kþ after SAH was similar to

that seen in the control (Figure 1b). The contractile response

to 118 mM Kþ was thus assigned to be 100%. In the control

rings, 1 U ml�1 thrombin did not induce any apparent effect

on the 118 mM Kþ -induced sustained contraction, while

10 U ml�1 thrombin induced a transient relaxation but no

apparent contraction (Figures 1a and c). This relaxation was

abolished by removing the endothelium (data not shown).

In rings prepared after SAH, 1 U ml�1 thrombin induced

progressive contraction with no apparent relaxation, while

10 U ml�1 thrombin induced an initial transient relaxation

followed by a sustained contraction (Figures 1a and c). The

transient relaxation was also abolished by removing the

Figure 1 Effect of thrombin on tension during contractions
induced by 118 mM Kþ in rings of the basilar artery with an intact
endothelium. (a) Representative recordings showing the effects of 1
and 10 U ml�1 thrombin on the 118 mM Kþ -induced contraction in
the basilar artery with an intact endothelium obtained from control
and subarachnoid haemorrhage (SAH) rabbits. (b) The level of
tension induced by 118 mM Kþ depolarization in the basilar artery
with an intact endothelium in control and SAH. The data are the
mean7s.e.m. (n¼7). n.s., not significantly different. (c) Summary of
the maximal relaxation (R) and contraction (C) induced by 1 and
10 U ml�1 thrombin during the 118 mM Kþ -induced contraction in
the basilar artery with an intact endothelium in control and SAH. The
level of tension just prior to the application of thrombin during the
118 mM Kþ -induced contraction was assigned a value of 100%, and
it is indicated by a dashed line. The contractile response to thrombin
was evaluated 20 min after the application of thrombin. The data are
the mean7s.e.m. (n¼4). n.s., not significantly different. *Po0.05.
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endothelium (data not shown). The extent of endothelium-

dependent relaxation seen after SAH was similar to that seen

in the control (Figure 1c). The contractile response to

thrombin was thus characteristic of arterial rings after SAH.

Next, we directly examined the contractile response of

smooth muscle in the absence of the endothelium (Figure 2).

Under this condition, 118 mM Kþ depolarization also

induced a sustained contraction, and the extent of tension

development seen in the control was similar to that seen

after SAH (Figure 2a). Therefore, the contractile response to

118 mM Kþ was also assigned to be 100% in the absence of

the endothelium. Elevation of the extracellular Kþ concen-

tration induced a concentration-dependent contraction, and

maximal tension development was obtained at concentra-

tions over 80 mM in both control and SAH rings (Figure 2b).

The tension development seen with 60 and 80 mM Kþ as well

as endothelin-1 (1–100 mM) did not significantly differ

between control and SAH, while that seen with 20 and

40 mM Kþ after SAH was significantly greater than that in

the control (Figure 2b). On the other hand, 1 U ml�1

thrombin induced no apparent contraction in the control

artery (Figure 2c). However, it induced a large sustained

contraction after SAH, which progressively reached a peak at

30 min (Figure 2c). The analysis of concentration–response

curves revealed that thrombin induced a small but signifi-

cant contraction even in the control, but only at 10 U ml�1

(Figure 2e). However, after SAH, thrombin induced a

significant contraction at concentrations higher than

0.3 U ml�1 (Figure 2e). The contractile responses to 1 U ml�1

and higher concentrations of thrombin after SAH were

significantly augmented (Figure 2e). PAR1-AP (10 mM) failed

to induce any contraction in the control, while it induced

a substantial contraction after SAH (Figure 2d). An inactive

control peptide for PAR1-AP (FTLLR-NH2), a PAR2-AP

Figure 2 Enhanced contractile response to PAR1 agonists in the basilar artery, without endothelium after subarachnoid haemorrhage (SAH).
(a, b) The level of tension induced by high Kþ depolarization and endothelin-1 in the basilar artery of control and SAH, with the endothelium
removed. The data are the mean7s.e.m. (n¼15 in (a); n¼3 for control and n¼4 for SAH in (b)). *Po0.05, n.s., not significantly different.
(c, d) Representative recordings of contractions induced by 1 U ml�1 thrombin (c) and 10mM PAR1-AP (d) in the basilar artery of rabbits injected
with saline (control) or autologous blood (SAH). (e) The concentration–response curves for the thrombin-induced tension development in
control and SAH. The data are the mean7s.e.m. (n¼4–5). * and #Po0.05 vs the resting level and the control, respectively.
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(SLIGRL-NH2) and a PAR4-AP (AYPGKF-NH2) induced no

contractile response after SAH (data not shown).

Preventive effect of heparin on the enhancement of contractile

responses to thrombin and PAR1-AP after SAH

Since the thrombin activity has been shown to correlate with

the development of vasospasm after SAH (Kasuya et al.,

1998), we hypothesized that the thrombin activity of the

injected blood may be responsible for the development of

hyper-contractile responses to thrombin and PAR1-AP. We

thus examined the effect of injection of heparinized blood

on the development of hyper-contractility. In the basilar

artery isolated from rabbits that received two injections

of autologous blood containing 100 U ml�1 heparin

(SAHþheparin), thrombin induced an attenuated contrac-

tion compared to that seen after SAH (Figure 3). Similarly,

PAR1-AP also induced a significantly attenuated contraction

in SAHþheparin (Figure 3).

Contractile response in a-toxin permeabilized preparations

We investigated any possible alteration to the Ca2þ -

dependent contractile mechanism or the Ca2þ sensitivity

of the contractile apparatus after SAH, by using a-toxin

permeabilized preparations. A stepwise increase in Ca2þ

concentrations induced a similar stepwise development of

tension in control and SAH rings, reaching maximal tension

development at 10 mM Ca2þ (Figure 4a). The levels of tension

obtained at the rest and the sustained contraction induced

by 10 mM Ca2þ are thus assigned to be 0 and 100%,

respectively. After SAH, 1 U ml�1 thrombin and 10 mM PAR1-

AP induced a significant contraction during the 300 nM

Ca2þ -induced contraction, and elevated the level of tension

(Figures 4b and c). In the control, 1 U ml�1 thrombin and

10 mM PAR1-AP had no significant contractile effect (Figures

4b and c). However, the higher concentration of thrombin

(10 U ml�1) and PAR1-AP (100 mM) induced significant con-

tractions even in the control, but these contractions were

significantly lower than those seen after SAH (Figures 4b and

c). On the other hand, the application of 10 mM GTPgS or

100 nM endothelin-1 during the 300 nM Ca2þ -induced

sustained contraction induced a further development of

tension and these contractile effects were similar in rings

from control animals and those after SAH (Figures 4d and e).

GTPgS was used to directly stimulate the G proteins, thereby

increasing the Ca2þ sensitivity of the contractile apparatus

(Smigel et al., 1984; Nishimura et al., 1988).

Upregulation of the PAR1 expression

The contractile responses to thrombin and PAR1-AP were

augmented depending on the day after SAH, reaching a

maximum on day 7 (Figure 5a). Thereafter, the contractile

responses were slightly attenuated in comparison to those

seen on day 7. However, a significant augmentation of

contractile responses was still observed on day 15 (Figure 5a).

This time course is consistent with that seen with the

development of post-haemorrhagic vasospasm in SAH

patients (Cook, 1995). The change in the expression of

PAR1 after SAH was evaluated with an immunoblot analysis

(Figures 5b and c). We used a rabbit femoral artery obtained 1

week after balloon injury as a positive control, as PAR1 was

markedly upregulated after balloon injury (Fukunaga et al.,

2006). In the femoral artery, one major band of B50 kDa was

detected, while a minor band of B62 kDa was also detected

(Figure 5b). In the basilar artery, a single major band of

B48 kDa as well as a minor B62-kDa band, which is similar

to that seen in the femoral artery, was detected. The major

band was thus considered to represent PAR1 in the basilar

artery, although a slight difference in molecular weight was

noted between the femoral and basilar arteries. The density

of this band seen on day 7 appeared to be higher than that

seen on day 0 (Figure 5b). We thus performed a quantitative

evaluation of this band and found that the level of PAR1

expression was significantly increased on days 5 and 7

(Figure 5b). The level of PAR1 seen on day 15 was less than

that seen on day 7 (Figure 5c). We also attempted to evaluate

the changes in the mRNA level. However, the yield of total

RNA from the basilar artery was too low to perform

quantitative evaluation of mRNA. In contrast, mRNA for

PAR1 was successfully evaluated in samples of rabbit liver

(data not shown).

The simultaneous measurement of cytosolic Ca2þ concentrations

and tension

Although 10 mM PAR1-AP failed to induce an apparent

contractile response in the control arteries (Figure 2),

100 mM PAR1-AP induced a transient increase in both [Ca2þ ]i
and tension in the control (Figure 6a). After SAH, both the

extent and the duration of the PAR1-AP-induced contraction

progressively increased with time after the initial injection of

autologous blood, resulting in the conversion of a transient

contraction in the control to a more sustained contraction

Figure 3 Preventive effect of heparinization of autologous blood on
the contractile response to thrombin. Summary of the contractile
response to 1 U ml�1 thrombin and 10mM PAR1-AP in the basilar
artery of rabbits injected with saline (control) or autologous blood,
without (subarachnoid haemorrhage (SAH)) or with heparinization
(SAHþheparin), before injection. The contractile response was
evaluated in the absence of endothelium. The data are the
mean7s.e.m. (n¼4–5). *Po0.05.
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after SAH (Figure 6a). The sustained contraction was

associated with a sustained increase in [Ca2þ ]i. Such a

conversion of the contractile response to PAR1-AP was

supported by the observation that the degree of enhance-

ment of the contraction as evaluated by the area under the

tension trace (4.0-fold increase) was greater than that

evaluated by the peak tension development (1.7-fold

increase) (Figure 6b). Terminating the PAR1-AP stimulation

by washing it out during the sustained phase of the

contraction caused the tension to revert to a resting level

(Figure 6a). On the other hand, the sustained contraction

induced by 1 U ml�1 thrombin persisted even after removing

the thrombin, in rings after SAH (Figure 6c). In contrast, in

the control, the contraction induced by 10 U ml�1 thrombin

gradually declined even in the continuous presence of

thrombin (data not shown).

Discussion and conclusions

The present study demonstrated, for the first time, that SAH

induced a hyper-contractile response to thrombin in a rabbit

Figure 4 Contractile responses in rings of rabbit basilar artery, without the endothelium and permeabilized by a-toxin. (a) The pCa2þ -tension
curves of the contraction induced by stepwise increment of Ca2þ concentrations in a-toxin-permeabilized rabbit basilar artery of control and
subarachnoid haemorrhage (SAH) animals. The extent of tension development was expressed as absolute value. The data are the mean7s.e.m.
(n¼4–5). (b–e) Representative recordings and summary of tension development induced by 1 U ml�1 thrombin (b), 10mM PAR1-AP (c), 10mM

GTPgS (d) and 100 nM endothelin-1 (e) during contraction induced by 300 nM Ca2þ in control and SAH. The contractile response was
evaluated at maximal tension development or at 30 min after induction of precontraction by 300 nM Ca2þ . The data are the mean7s.e.m.
(n¼4–5). *Po0.05 compared to that seen with no addition of thrombin or PAR1-AP; #Po0.05.
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double haemorrhage model. A thrombin-induced endothe-

lium-dependent relaxation was similarly observed in control

arterial rings and those taken after SAH. However, the

contractile responses to thrombin and PAR1-AP were sub-

stantially augmented after SAH both in the presence and

absence of an endothelium. These observations suggest that

the augmented contractile response could be attributed to

the enhancement of the responsiveness of smooth muscle in

SAH, but not to endothelial denudation or dysfunction. The

observations with the activating peptides of PAR1, PAR2 and

PAR4 suggested that thrombin contracted the basilar artery

rings mainly by activating PAR1. On the other hand, the

observations with other contractile stimulations (high Kþ

depolarization, endothelin-1 and GTPgS) in both intact and

permeabilized preparations ruled out the general augmenta-

tion of the contractile mechanism or any changes in the

myofilament Ca2þ sensitivity after SAH. As a result, the

hyper-contractile response to thrombin seen after SAH was

suggested to be mainly due to enhancement of the function

of PAR1 in smooth muscle.

The immunoblot analysis detected one major band of

B48 kDa in the basilar artery, as well as a minor band of

B62 kDa. Since the band of B48 kDa was the major band

noted by inspection of the wide range of molecular weight,

and its molecular size was not far from the estimated value

based on the amino-acid sequences of human, rat and mouse

PAR1, we took this band to represent PAR1 in the rabbit

basilar artery. Accordingly, our observations suggest that

PAR1 was upregulated after SAH and that this receptor

upregulation played a major role in the enhancement of the

contractile response to thrombin seen after SAH. However,

this conclusion still needs some additional support. First, the

specificity of the antibody used in the present study remains

to be established, although only one major band was

detected in both the basilar and femoral arteries. The

detection of one major band may be inconsistent with the

previous reports on the existence of glycosylated forms of

PAR1, for example by Leger et al. (2006). Second, changes, if

any, in the expression of the PAR1 mRNA still remain to be

clarified.

There was some discrepancy in the time course between

enhancement of the contractile response and PAR1 upregula-

tion. This discrepancy may be due to the difference in the

sensitivity of the assay for PAR1 expression. The sensitivity of

the immunoblot assay is considered to be lower than that of

the bioassay, with the contractile response as an indication

Figure 5 Time course of enhancement of contractile responses and
changes in PAR1 expression in the basilar artery without the
endothelium. (a) The changes in the maximal tension developed
by 1 U ml�1 thrombin and 10mM PAR1-AP over 15 days after the
initial injection of autologous blood. *Po0.05 vs day 0. (b),
Representative immunoblot of PAR1 in rabbit femoral artery obtained
1 week after balloon injury as reported (Fukunaga et al., 2006) and in
rabbit basilar artery obtained on days 0 and 7 after subarachnoid
haemorrhage (SAH). The molecular weight is indicated on the left.
(c) Immunoblot analysis of the change in the expression of PAR1

protein in the basilar artery after SAH. The level of expression seen on
day 0 was assigned to be 100%. The data are the mean7s.e.m.
(n¼4–5 for (a), n¼3 for (c), *Po0.05 vs day 0.

Figure 6 The simultaneous measurement of cytosolic Ca2þ

concentrations and tension in the basilar artery without the
endothelium. (a) Representative recordings of [Ca2þ ]i and tension
induced by 100mM PAR1-AP in the basilar arteries in control and
subarachnoid haemorrhage (SAH) rabbits (days 5 and 7). (b) The
contractile response to 100mM PAR1-AP was evaluated by
the maximum tension development (peak) and the area under the
tension trace for the initial 10 min (area), while assigning the values
obtained with 118 mM Kþ -induced contraction to be 100%. The
data are the mean7s.e.m. *Po0.05 vs the control. (c) Representa-
tive recordings of contraction induced by 1 U ml�1 thrombin in rings
taken 7 days after SAH.

Enhanced PAR1-mediated contraction after SAH
Y Maeda et al 1137

British Journal of Pharmacology (2007) 152 1131–1139



of the functional expression of PAR1. However, it is also

possible that the PAR1 upregulation may not account for all

the mechanism of the enhanced response to thrombin, and

this possibility remains to be evaluated.

Under physiological conditions, PAR1 is mainly expressed

in vascular endothelial cells, while its expression in smooth

muscle is limited (Hirano, 2007). However, the expression of

PAR1 in smooth muscle has been shown to be upregulated in

vascular lesions such as those seen in atherosclerosis (Nelken

et al., 1992; Ku and Dai, 1997) and balloon injury models

(Wilcox et al., 1994; Fukunaga et al., 2006). Such upregula-

tion of PAR1 expression in smooth muscle is thus considered

to play a critical step in the development of vascular lesions

and hyper-contractile state (Hirano, 2007). In this respect,

the present study provides the first evidence that the

expression of PAR1 was upregulated after SAH. Our observa-

tion of the preventive effect of heparin suggested the

activation of thrombin or other heparin-sensitive protei-

nases following haemorrhage to be responsible for the

enhancement of responsiveness to thrombin after SAH. As

a result, we propose that the production of thrombin after

SAH plays a critical role in upregulating the expression of

PAR1 in smooth muscle cells, thereby inducing PAR1-

mediated hyper-contraction in SAH. The proposed mechan-

ism for PAR1 upregulation is consistent with a previous

report showing that thrombin upregulated the expression of

PAR1 in endothelial cells (Ellis et al., 1999).

The coagulation cascade was reported to be activated on

the onset of SAH (Vermeulen et al., 1985; Kasuya et al., 1988)

and higher thrombin activity was detected in the cerebro-

spinal fluid of patients who developed vasospasm, than in

those without vasospasm (Kasuya et al., 1998; Suzuki et al.,

1999). Proteinase inhibitors including a thrombin inhibitor,

argatroban, were reported to reduce the incidence of post-

haemorrhagic vasospasm and to attenuate its severity

(Yanamoto et al., 1992; Zhang et al., 2001). All these reports

support the critical role of thrombin in the pathogenesis of

post-haemorrhagic cerebral vasospasm after SAH. It is thus

possible that the thrombin-induced upregulation of PAR1

and the resultant hyper-responsiveness to thrombin, as

suggested in the present study, may play a key role in the

development of post-haemorrhagic vasospasm. However,

this possibility still remains to be evaluated in SAH patients.

We found that the contractile response to PAR1-AP was

converted from a transient response in the control to a

sustained response in SAH. The sustained contractile re-

sponse was associated with a sustained elevation of [Ca2þ ]i.

Such sustained PAR1 signalling after SAH may be due to the

impairment of desensitization of PAR1. As PAR1 is proteoly-

tically, that is irreversibly, activated, receptor desensitization

and endocytosis are considered to play an important role in

terminating PAR1 signalling (Brass, 1992; Inglese et al., 1993;

Brass et al., 1994; Macfarlane et al., 2001; Hollenberg and

Compton, 2002). Otherwise, the proteolytically activated

PAR1 would irreversibly elicit a cellular response. Our

observations that thrombin induced a sustained contraction

in arterial rings after SAH, which persisted even after removal

of thrombin, may also support the impairment of receptor

desensitization after SAH. Although receptor upregulation

plays a major role in the augmentation of PAR1 function

after SAH, impairment of receptor desensitization may play a

supplemental role.

It should be noted that the inhibitory effect of heparin on

the enhancement of contractile response to thrombin and

PAR1-AP was still partial. Since the heparinized blood

(containing 100 U ml�1 heparin) can be assumed to be

almost completely devoid of the activity of thrombin and

other heparin-sensitive proteinases, the heparin-sensitive

proteinases could not account for all mechanisms for the

induction of hyper-responsiveness. Known spasmogens such

as platelet products (Yanamoto et al., 1992; Tosaka et al.,

2001) and free radicals (Macdonald and Weir, 1991) could be

other factors contributing to induction of the upregulation

of PAR1 and hyper-contractile responsiveness. Such factors,

however, remain to be identified.

In conclusion, we herein demonstrated for the first time

that a cerebral artery exhibited hyper-responsiveness to

PAR1 agonists after SAH. The enhanced responsiveness was

suggested to be mainly due to the upregulation of PAR1

expression in smooth muscle cells, while impairment of

receptor desensitization also played a supplemental role. Our

observations suggested that the production of thrombin

following haemorrhage plays a key role in the upregulation

of PAR1 and the enhanced contractile response to thrombin.

Thrombin has been suggested to play a critical role in the

pathogenesis of post-haemorrhagic cerebral vasospasm after

SAH. The present study thus suggests a novel mechanism

involving the thrombin–PAR1 pathway for development of

vasospasm after SAH. Our proposal, however, remains to be

investigated in SAH patients.
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