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1 To investigate the mechanism underlying the trypsin-induced endothelium-dependent relaxation,
cytosolic Ca2+ concentration ([Ca2+]i) and tension development of smooth muscle were
simultaneously monitored in the porcine coronary artery, and [Ca2+]i of in situ endothelial cells
were monitored in the porcine aortic valvular strips, using fura-2 ¯uorometry.

2 During the contraction induced by 30 nM U46619, a thromboxane A2 analogue, 100 nM trypsin
induced a rapid transient signi®cant decrease in both [Ca2+]i (from 67.9+5.1 to 15.7+4.4%) and
tension (from 97.5+9.2 to 16.8+3.5%) of smooth muscle only in the presence of endothelium
(100% level was assigned to the level obtained with the 118 mM K+-induced contraction). [Ca2+]i
and the tension thus returned to the levels prior to the application of trypsin by 5 and 10 min,
respectively.

3 The initial phase of this relaxation was partly inhibited by 100 mM No-nitro-L-arginine (L-
NOARG), and was completely inhibited by L-NOARG plus 40 mM K+ or L-NOARG plus 100 nM
charybdotoxin and 100 nM apamin, while the late phase of the relaxation was inhibited by L-
NOARG alone.

4 Trypsin induced a transient [Ca2+]i elevation in the endothelial cells mainly due to the Ca2+

release from the intracellular stores, at the concentrations (1 ± 100 nM) similar to those required to
induce relaxation.

5 In conclusion, trypsin induced an elevation in [Ca2+]i mainly due to Ca2+ release in endothelial
cells, and thereby caused endothelium-dependent relaxation. The early phase of relaxation was due
to nitric oxide and hyperpolarizing factors, while the late phase was mainly due to nitric oxide in the
porcine coronary artery.
British Journal of Pharmacology (2001) 134, 815 ± 826

Keywords: Trypsin; porcine coronary artery; vasorelaxation; endothelial cells; protease-activated receptor; nitric oxide;
endothelium-derived hyperpolarizing factor

Abbreviations: [Ca2+]i, cytosolic Ca2+ concentration; DMEM, Dulbecco's modi®ed Eagle medium; EDHF, endothelium-
derived hyperpolarizing factor; fura-2/AM, acetoxymethyl ester form of fura-2; L-NOARG, No-nitro-L-
arginine; NO, nitric oxide; p-APMSF, 4-amidino-phenylmethane-sulphonyl ¯uoride; PAR, protease-
activated receptor; PAR2-AP, PAR2-activating peptide; PSS, physiological salt solution

Introduction

Trypsin is a protease and one of the digestive enzymes
excreted from the pancreas. Trypsinogen is a major
component of pancreatic juice and, once activated in the

intestinal lumen by enterokinase, trypsin digests dietary
proteins and activates other zymogens (Kong et al., 1997).
In addition to its role as a digestive enzyme, trypsin has also

been shown to exert various cellular e�ects including
endothelium-dependent relaxation and myometrial contrac-
tion (Hwa et al., 1996; Kawabata et al., 1999). The cellular

e�ects of trypsin have recently been shown to be mediated by
protease-activated receptor (PAR) which is a unique family
of G-protein coupled receptor (Dery et al., 1998). The
activation of PAR is initiated by the proteolytic cleavage of

its extracellular domain to create the new N-terminus that

functions as a tethered ligand (Dery et al., 1998). Four
members of PAR, PAR-1, PAR-2, PAR-3 and PAR-4, have
so far been isolated and cloned (Ishihara et al., 1997; Kahn et

al., 1998; Nystedt et al., 1994; Vu et al., 1991; Xu et al.,
1998). PAR-1, PAR-3 and PAR-4 serve as the receptor for
thrombin, while PAR-2 and PAR-4 serve as the receptor for

trypsin (Nystedt et al., 1994; Xu et al., 1998). The synthetic
peptides corresponding to the tethered ligand regions have
been shown to activate PARs without cleavage, and have also

been successfully used as a useful tool to investigate the
functional role of PARs in the cellular e�ects of thrombin
and trypsin (Dery et al., 1998).
Trypsin has been reported to cause endothelium-dependent

vasorelaxation in various types of blood vessels including the
porcine coronary artery (Hamilton & Cocks, 2000; Hamilton
et al., 1998; Hwa et al., 1996; Sobey et al., 1999). Hamilton &

Cocks (2000) have suggested that both NO and EDHF
involved in trypsin-induced relaxation in the porcine
coronary artery. However, the temporal relative contribution
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of NO and EDHF to the trypsin-induced relaxation and the
intracellular signal transduction in endothelial cells that
regulate the trypsin-induced relaxation remains to be

elucidated. In the present study, using front-surface ¯uoro-
metry, we investigated the mechanism of trypsin-induced
endothelium-dependent vasorelaxation, especially with re-
spect to Ca2+ signalling in both smooth muscle and

endothelial cells. We simultaneously determined the e�ect of
trypsin on the cytosolic Ca2+ concentration ([Ca2+]i) of
smooth muscle and tension development in the fura-2-loaded

strips of the porcine coronary artery. The temporal change in
the contribution of possible mediators of the endothelium-
dependent relaxation, nitric oxide (NO), endothelium-derived

hyperpolarizing factor (EDHF) and prostacyclin, were
examined using their speci®c inhibitors. We also determined
the e�ect of trypsin on [Ca2+]i of in situ endothelial cells in

strips of the porcine aortic valve.

Methods

Tissue preparation

Coronary arterial strips: The segments of the left circum¯ex
arteries (2 ± 3 cm from the origin) were excised from the
porcine hearts at a local slaughterhouse immediately after the

animals had been slaughtered. The segments were brought
back to the laboratory in ice-cold normal physiological salt
solution (PSS). After removing the adventitia, the segments

were opened longitudinally, and cut into circular strips
(approximately 1 mm wide, 5 mm long, and 0.1 mm thick).
Care was taken to avoid damaging the endothelial cells. The
strips without endothelium were prepared by rubbing o� the

inner surface with a cotton swab.
Aortic valvular strips: Porcine aortic valves were obtained

at a local slaughterhouse. The valve lea¯ets were cut into

strips in an axial direction (approximately 3 mm wide, 5 mm
long, and 0.18 mm thick). Care was taken to avoid damaging
the endothelial cells of the strips.

Simultaneous measurement of [Ca2+]i and tension in the
coronary arterial strips

The arterial strips with and without endothelium were loaded
with fura-2 by incubating for 3 h at 378C in gassed (5% CO2

and 95% O2) Dulbecco's modi®ed Eagle medium (DMEM)

containing 5% foetal bovine serum and 25 mM fura-2/AM
(acetoxymethyl ester form of fura-2) as previously described
(Kuroiwa et al., 1993). The strips were then washed to

remove ¯uorescent dye remaining in the extracellular space,
and equilibrated in normal PSS for 1 h at room temperature.
The strips were mounted vertically to a force transducer, TB-

612T (Nihon Koden, Japan), in a quartz organ bath (378C)
®lled with normal PSS gassed with 5% CO2 and 95% O2.
The strips were stimulated with 118 mM K+ four times
during the equilibration period, and resting tension was

adjusted to 200 mg in normal PSS (5.9 mM K+). Two
hundred mg is minimum resting tension to obtain the
maximal tension development with 118 mM K+. The

response of each strip to 118 mM K+-depolarization was
then recorded as a control response before starting the
experimental protocols. The change in [Ca2+]i of smooth

muscle in the vascular strips monitored with a front-surface
¯uorometer, CAM-OF-3, (JASCO, Tokyo, Japan), as
previously described (Kanaide, 1999). The ¯uorescence

intensities (500 nm) at 340 nm (F340) and 380 nm (F380)
excitation and their ratio (F340/F380) were continuously
monitored. The ¯uorescence ratio and tension development
were expressed as a percentage, assigning the values in

normal PSS (5.9 mM K+) and those in 118 mM K+-PSS to be
0 and 100%, respectively. When the e�ects of No-nitro-L-
arginine (L-NOARG), indomethacin, apamin or charybdo-

toxin on the trypsin-induced relaxation were examined, the
control response to 118 mM K+-depolarization were recorded
in the presence of these regents, except for Figure 5, where

the levels of [Ca2+]i and tension at rest and those obtained
just prior to the application of trypsin during the precontrac-
tion under the each protocol were designated as 0 and 100%,

respectively. L-NOARG, indomethacin, apamin and charyb-
dotoxin, either separately or in combination, were applied
30 min before precontractions were induced by U46619 or
118 mM K+. Trypsin was applied 10 min after the initiation

of the precontraction. We previously showed that fura-2
¯uorescence of the vascular strips recorded as above
exclusively originated from smooth muscle cells despite the

presence of endothelium, and the ¯uorescence from endothe-
lial cells was, if any, negligible (Kuroiwa et al., 1993). All
simultaneous measurement of [Ca2+]i and force were carried

out at 378C.

Measurement of [Ca2+]i in endothelial cells in situ

The aortic valvular strips were loaded with fura-2 by
incubating in DMEM containing 50 mM fura-2/AM, 1 mM

probenecid, 5% foetal bovine serum for 90 min at 378C.
Probenecid was added to prevent the leakage of ¯uorescent
dye (Di Virgilio et al., 1989). After loading with fura-2, strips
were washed and equilibrated in normal PSS for 1 h at room

temperature. The strips were mounted vertically in a quartz
organ bath ®lled with normal PSS. Changes in [Ca2+]i in
endothelial cells of the valvular strips were monitored as

described above. We previously reported that endothelial cells
actively excrete fura-2 at 378C (Kuroiwa et al., 1995).
Fluorometry was thus performed at 258C to prevent any
leakage of ¯uorescent dye in the aortic valvular endothelial

cells. The ¯uorescence intensities (500 nm) at 340 and 380 nm
excitation and their ratio were continuously monitored. The
control response was obtained by exposing the strip to 10 mM
ATP for 1 min at the beginning of the experimental protocol.
The ¯uorescence ratio was expressed as a percentage,
assigning the value obtained in normal PSS and that obtained

with 10 mM ATP to be 0 and 100%, respectively.

Drugs and solutions

The normal PSS was composed of (mM): NaCl 123, KCl 4.7,
NaHCO3 15.5, KH2PO4 1.2, MgCl2 1.2, CaCl2 1.25 and D-
glucose 11.5, and aerated with a mixture of 5% CO2 and

95% O2, with the resulting pH determined to be 7.4. High
K+-PSS was prepared by equimolar substitution of KCl for
NaCl. Fetal bovine serum was obtained from Sanko Junyaku

(Tokyo, Japan). DMEM was purchased from Life Technol-
ogies (Rockville, MD, U.S.A.). Trypsin (10,900 units mg71,
bovine pancreas), probenecid, p-APMSF, charybdotoxin and
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apamin were obtained from Sigma (St. Louis, MO, U.S.A.).
Sodium salt of ATP was purchased from Boehringer
Mannheim (Germany). Fura-2/AM was obtained from

Dojindo (Kumamoto, Japan). L-NOARG and indomethacin
were purchased from Aldrich Chemical (U.S.A.) and Wako
(Osaka, Japan), respectively. PAR2-AP (SLIGRL) were
purchased from BACHEM (Bubendorf, Switzerland). NiCl2
were obtained from Katayama Chemical (Osaka, Japan).
Substance P was purchased from Peptide Inc. (Osaka,
Japan).

Data analysis

The data are the mean+s.e.mean of the number of
experiments as indicated. Signi®cant di�erences were statis-
tically analysed by the unpaired Student's t-test and by an

analysis of variance (ANOVA). A P value of less than 0.05
was considered to be statistically signi®cant. The concentra-
tions for a half maximal response (EC50 or IC50) were
determined by ®tting the concentration-response curves to a

four-parameter logistic model (Delean et al., 1978). All data
were collected at a sampling rate of 17 Hz using a
computerized data acquisition system (MacLab, Analog

Digital Instruments, Australia: Macintosh, Apple computer,
U.S.A.)

Results

Trypsin-induced endothelium-dependent relaxation of the
porcine coronary arterial strips

U46619, a thromboxane A2 analogue, induced sustained

contractions in the porcine coronary arterial strips with an
endothelium (Figure 1). Upon exposure to 30 nM U46619, the
[Ca2+]i and tension of smooth muscle rapidly increased

reaching steady state within 10 min ([Ca2+]i=59.5+7.8%,
tension=102.5+12.5%; n=8), and remained at this level for
more than 15 min. When 100 nM trypsin was applied during

the steady state of U46619-induced contraction, a rapid and
transient decrease in [Ca2+]i and tension was observed (Figure
1A). [Ca2+]i decreased signi®cantly from 67.9+5.1 to
15.7+4.4% (P50.05) (Figure 1E), and the tension decreased

signi®cantly from 97.5+9.2 to 16.8+3.5% (P50.05) (Figure
1E). After the maximal decrease, [Ca2+]i returned to the level
seen during the U46619-induced precontraction within 5 min

(Figure 1E), while tension required slightly longer period for
recovery. The level of tension obtained at 10 min after
application did not signi®cantly di�er from that obtained just

prior to the application of trypsin (Figure 1E). As a result, the
late phase of the relaxation seen at 5 min and thereafter was
not accompanied by a decrease in [Ca2+]i (Figure 1E). Trypsin

pretreated with 30 mM 4-amidino-phenylmethane-sulfonyl
¯uoride (p-APMSF) failed to induce a relaxation in the strips
with endothelium, while the subsequent application of the un-
treated trypsin caused relaxation (Figure 1B). The removal

of the endothelium had no signi®cant (P50.05) e�ect on
the U46619-induced precontraction ([Ca2+]i=62+8.0%,
tension=105.5+18.5%, n=5), but it completely abolished

the trypsin-induced relaxation (Figure 1C). Trypsin had no
e�ect on [Ca2+]i and tension during the U46619-induced
precontraction.

Substance P induced an initial rapid relaxation and a

subsequence sustained relaxation in the porcine coronary
artery (Figure 1D). The [Ca2+]i level decreased rapidly
reaching the maximal level in 1 min, and then returned

within 10 min to the level seen just prior to the application of
substance P. The tension also rapidly decreased and reached
a maximal level at 1 min, and then increased to the level
lower than that seen just prior to the application of substance

P. The initial phase of the relaxation was thus associated with
the decrease in [Ca2+]i, while the sustained phase was not
associated with the decrease in [Ca2+]i. The maximal

decreases in [Ca2+]i and tension obtained with 10 nM

Figure 1 Endothelium-dependent relaxation induced by trypsin in
the porcine coronary arteries. (A ±D) Representative recordings of
[Ca2+]i (upper trace) and tension (lower trace) of smooth muscle
showing the trypsin-induced relaxation in the strips with endothelium
(A), the e�ect of trypsin pretreated with 30 mM 4-amidino-
phenylmethane-sulfonyl ¯uoride (p-APMSF) in the strips with
endothelium (B), the abolishment of the trypsin-induced relaxation
in the strips without endothelium (C) and the Substance P-induced
relaxation in the strips with endothelium (D). In (B), the p-APMSF-
pretreated trypsin failed to induce a relaxation, while the subsequent
application of the un-treated trypsin caused a relaxation. (E)
Summary of time course of the endothelium-dependent changes in
[Ca2+]i and tension induced by 100 nM trypsin (n=5) and 10 nM
Substance P (n=5). Time course of the control contraction induced
by U46619 without trypsin treatment was also shown (n=5). The
data represent the mean+s.e.mean. The level of [Ca2+]i and tension
at rest and during the sustained phase of the contraction induced by
118 mM K+-depolarization were assigned values of 0 and 100%,
respectively.
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substance P was comparable to those obtained with 100 nM
trypsin, while the sustained relaxation obtained with
substance P was signi®cantly greater than that obtained with

trypsin (Figure 1E). We previously reported that the initial
phase of the substance P-induced relaxation was mediated by
NO and EDHF, while the sustained phase of the relaxation
was mainly mediated by NO (Kuroiwa et al., 1995).

The endothelium-dependent decreases in [Ca2+]i and
tension induced by trypsin were concentration-dependent
(Figure 2A,B). A signi®cant decrease in [Ca2+]i was induced

by 3 nM and higher concentrations, while a signi®cant
decrease in tension was induced by 1 nM and higher
concentrations. The maximal decreases (Emax) in [Ca2+]i

(15.7+4.4%, n=4) and tension (16.8+4.4%, n=4) were
both obtained at 100 nM. A further increase in the trypsin
concentration did not cause further any decrease. The

concentrations of trypsin required to induced a 50% maximal
decrease (EC50) in [Ca2+]i and tension were 4.2+1.3 and
2.7+0.6 nM (n=4), respectively. On the other hand, in the
absence of an endothelium, trypsin (up to 10 mM) had no

e�ect on [Ca2+]i and tension of smooth muscle during the
U46619-induced precontraction (Figure 2A,B) and at a
resting state (data not shown). We also determined the

concentration-response curve for the trypsin-induced relaxa-
tion in the presence of 100 nM L-NOARG (Figure 2A,B). In
the presence of L-NOARG, the signi®cant decrease in both

[Ca2+]i and tension were observed at 10 nM and higher
concentrations, and the maximal e�ect obtained with 100 nM
trypsin was attenuated. Emax for the decrease in [Ca2+]i and

tension were 28.2+5.2 and 53.1+4.9% (n=4), and EC50 for
the decrease in [Ca2+]i and tension were 4.3+1.1 and
3.3+0.9 nM (n=4), respectively.

The [Ca2+]i-tension relationship of the trypsin-induced

relaxation was evaluated by plotting the levels of tension as
a function of [Ca2+]i (Figure 2C). The [Ca2+]i-tension
relation curve for the maximal relaxation induced by trypsin

was reconstructed from data shown in Figure 2A,B. The
control [Ca2+]i-tension relationship of the contraction
induced by U46619 was constructed from the levels of

[Ca2+]i and tension obtained during the contraction induced
by the cumulative and stepwise applications of extracellular
Ca2+ (0.0125, 0.25, 0.5, 1.25 and 2.5 mM) under the

stimulation with 30 nM U46619 (Figure 2C). This procedure
caused stepwise increase in [Ca2+]i and tension when the
extracellular Ca2+ concentration was increased in a step wise
manner (data not shown). The [Ca2+]i-tension relationship of

the maximal relaxation overlapped with the control relation
curve at 0.1 and 1 nM trypsin, and shifted slightly downward
at 3 and 10 nM and markedly 100 nM and 1 mM (Figure 2C).

On the other hand, the [Ca2+]i-tension relationship of the
maximal relaxation obtained in the presence of L-NOARG
overlapped with the control relation curve at all concentra-

tions examined.

Effects of L-NOARG, indomethacin and depolarization on
the trypsin-induced relaxation in the coronary arterial
smooth muscle

The relative contribution of NO, prostacyclin and EDHF in the

trypsin-induced relaxation, was evaluated by examining the
e�ects of 100 mM L-NOARG, 10 mM indomethacin and high
K+-depolarization, respectively, as previously reported (Mizu-

no et al., 1998). Representative recordings are shown in Figure
3. A summary of the time course of changes in [Ca2+]i and
tension of ®ve independent experiments is shown in Figure 4. In

the presence of L-NOARG, 100 nM trypsin decreased [Ca2+]i
and tension of the 30 nM U46619-induced contraction from
55.8+1.5 to 30.5+2.0% (at the maximal decrease) and from
98.1+4.6 to 55.0+5.7% (at the maximal decrease), respectively

(n=5) (Figures 3A and 4). The maximal decrease in [Ca2+]i and
tension in the presence of L-NOARG was signi®cantly smaller
than that in the absence of L-NOARG (P50.05). After the

maximal decrease, [Ca2+]i returned to the precontraction level
within 5 min (Figure 4), as observed in the absence of L-
NOARG (Figure 1E). However, tension returned to the

Figure 2 The concentration-response curves of [Ca2+]i and tension,
and the [Ca2+]i-tension relationship during the trypsin-induced
relaxations in porcine coronary artery. (A,B) Concentration-depen-
dent e�ects of trypsin were evaluated at the maximal decrease in
[Ca2+]i (A) and tension (B) during the U46619-induced contraction in
arterial strips with and without endothelium. In the presence of
endothelium, the e�ect of trypsin was examined both in the presence
and absence of L-NOARG. The level of [Ca2+]i and tension at rest
and during the sustained phase of the contraction induced by 118 mM

K+-depolarization were assigned to be 0 and 100%, respectively.
Data are the mean+s.e.mean (n=4). *P50.05 compared with the
control value. (C) The [Ca2+]i-tension relationship during the trypsin-
induced relaxation, reconstructed from the data shown in (A) and
(B). The control [Ca2+]i-tension relationship was obtained based on
the contraction induced by the cumulative application of extracellular
Ca2+ (0.0125, 0.25, 0.5, 1.25 and 2.5 mM) during stimulation with
30 nM U46619 in the absence of trypsin. The data are the
mean+s.e.mean (n=4).
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precontraction level by 5 min in the presence of L-NOARG,
which was signi®cantly earlier than in its absence (P50.05),
and the level of tension obtained at 5 min after the application

of trypsin (99.0+4.0%) did not signi®cantly (P40.05) di�er
from the precontraction level (Figure 4). On the other hand,
pretreatment with 10 mM indomethacin had no e�ect on the
decrease in [Ca2+]i and tension induced by 100 nM trypsin

during 30 nM U46619-induced contraction (Figures 3C and 4).
The trypsin-induced relaxation was next examined during

the contraction induced by 118 mM K+-depolarization

(Figure 3D). The tension development induced by 118 mM

K+ was similar to that obtained with 30 nM U46619, while
[Ca2+]i elevation was signi®cantly greater. During the steady

state of contraction induced by 118 mM K+-depolarization,
100 nM trypsin decreased [Ca2+]i and tension from
87.0+2.8 to 65.2+5.8% and from 99.2+4.7 to

41.8+3.8%, respectively (n=5) (Figure 4). As a result,
the extent of the decrease in tension induced by trypsin
during the 118 mM K+-induced contraction was signi®-
cantly (P50.05) smaller than that during 30 nM U46619-

induced contraction. After the maximal decrease, [Ca2+]i
returned to the level just prior to the application of trypsin
within 5 min (Figure 4), while tension returned by 10 min.

The level of tension (85.0+7.0%, n=5) obtained at 10 min
after the application of trypsin did not signi®cantly

(P40.05) di�er from the level just prior to the application
of trypsin (Figure 4). This trypsin-induced transient

relaxation during the contraction induced by 118 mM K+

was completely abolished by treatment with 100 mM L-
NOARG (Figures 3E and 4).

The contribution of NO and EDHF to the trypsin-induced
relaxation was further investigated as shown in Figure 5. In
this experiment, the e�ects of L-NOARG and elevation of

external K+ concentration on the trypsin-induced relaxation
was examined during the U46619-induced sustained contrac-
tion in the presence of 10 mM indomethacin. The levels of

[Ca2+]i and tension during the U46619-induced precontrac-
tion were augmented by elevating the external K+ concentra-
tion. In this case, therefore the 100% level of [Ca2+]i and
tension was assigned to the level obtained just before the

application of trypsin in these experiments. Indomethacin had
no signi®cant e�ect on the trypsin-induced relaxation as
shown in Figures 3C and 4. Figure 5A shows the control

trypsin-induced relaxation observed in the presence of
indomethacin, and the level of [Ca2+]i and tension obtained
at the maximal decrease was 24.0+2.8 and 20.0+3.3%

(n=5), respectively. Addition of 100 mM L-NOARG to
indomethacin partially inhibited this relaxation similarly to
that observed with L-NOARG alone as shown in Figures 3B
and 4 (data not shown). However, the relaxation observed in

Figure 3 The e�ects of L-NOARG, indomethacin and depolariza-
tion on the trypsin-induced relaxation in the porcine coronary artery.
Representative recordings of [Ca2+]i (upper trace) and tension (lower
trace) of smooth muscle showing the e�ects of trypsin during the
contractions induced by U46619 in the absence (A), and in the
presence of 100 mM L-NOARG (B) and 10 mM indomethacin (C), and
during the contractions induced by 118 mM K+-depolarization in the
absence (D) and the presence of 100 mM L-NOARG (E). The control
response to 118 mM K+-depolarization was recorded at the
beginning of each experimental protocol to obtain the 100% level
of [Ca2+]i and tension. Similar results were obtained in ®ve
independent experiments.

Figure 4 Summary of the time course of the e�ects of L-NOARG,
indomethacin and depolarization on the [Ca2+]i (A) and tension (B)
during the trypsin-induced relaxations. The trypsin-induced relaxa-
tion was evaluated in the time course of the experimental protocols
(0, 1, 3, 5, 10, 15 min) as shown in Figure 3. The levels of [Ca2+]i and
tension at the rest and those obtained during the 118 mM K+-
depolarization in each experimental protocol were designated as 0
and 100%, respectively. Precontractions were induced by 30 nM
U46619 or 118 mM K+-depolarization in the absence or presence
of 100 mM L-NOARG or 10 mM indomethacin. When the e�ects of L-
NOARG and indomethacin were examined, the reference contraction
was induced in their presence. *P50.05 compared to the value
obtained with the trypsin-induced control relaxation in the absence of
L-NOARG and indomethacin; {P50.05 compared to the levels
obtained during precontraction. The data are the mean+s.e.mean
(n=5).
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the presence of indomethacin and L-NOARG became smaller
as the external K+ concentration was elevated. When the
external K+ concentration reached 25 mM, trypsin induced

signi®cant (P50.05) but attenuated decrease in [Ca2+]i
(80.0+6.0%, n=3) and tension (78.2+5.0%, n=3). At
30 mM K+, trypsin still induced signi®cant (P50.05) but

attenuated decrease in [Ca2+]i (82.5+3.0%, n=3) and tension
(87.2+3.8%, n=3). However, when the external K+

concentration reached 40 mM, the relaxation was completely

abolished as shown in Figure 5B,D. The removal of 100 mM
L-NOARG from this condition caused a re-appearance of a
transient relaxation (Figure 5C). However, the maximal

Figure 5 Involvement of NO and EDHF in the trypsin-induced relaxation during the U46619-induced contraction in the porcine
coronary artery. (A ±C) Representative recordings of the trypsin-induced changes in [Ca2+]i and tension during the contraction
induced by 30 nM U46619 (A) or U46619 plus 40 mM K+ in the presence (B) and absence (C) of 100 mM L-NOARG. All
experiments were performed in the presence of 10 mM indomethacin. (D) Summary of the level of [Ca2+]i and tension obtained at 1,
3, 5, 10 and 15 min after the application of trypsin as shown in A±C. The levels of [Ca2+]i and tension at rest and those obtained
just prior to the application of trypsin during the precontraction under the each protocol were designated as 0 and 100%,
respectively. *P50.05 compared to the value obtained with the trypsin-induced control relaxation during U46619-induced
contraction only in the presence of indomethacin; {P50.05 compared to the levels obtained during precontraction. The data are the
mean+s.e.mean (n=5).
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decrease in tension (47.9+1.1%, n=5) during this relaxation
was signi®cantly (P50.05) smaller than that seen in the
control relaxation, while the tension returned to a level just

prior to the application of trypsin by 10 min, and the level of
tension obtained at 10 min (91.0+0.5%, n=5) did not
signi®cantly (P40.05) di�er from the control relaxation
(84.5+1.2%, n=5) (Figure 5D).

Effect of K+ channel blockers on the trypsin-induced
L-NOARG-resistant relaxations

The contribution of EDHF to the trypsin-induced L-
NOARG-resistant relaxation was further investigated by

using K+ channel blockers as shown in Figure 6. In this
experiment, the e�ects of charybdotoxin and apamin on the
trypsin-induced L-NOARG-resistant relaxation were exam-

ined during the U46619-induced sustained contraction in the
presence of 10 mM indomethacin and 100 mM L-NOARG.
Figure 6A shows the control trypsin-induced L-NOARG-
resistant relaxation observed in the presence of indomethacin

and L-NOARG. The addition of 100 nM charybdotoxin
signi®cantly (P50.05) but partially attenuated the reduction
of [Ca2+]i induced by trypsin, while it had no signi®cant

(P40.05) e�ect on the decrease in tension (Figure 6B,E).
Similarly, 100 nM apamin signi®cantly (P50.05) attenuated
the reduction of [Ca2+]i induced by trypsin, while having no

signi®cant (P40.05) e�ect on the decrease in tension (Figure
6C,E). However, the combination of 100 nM charybdotoxin
and 100 nM apamin completely abolished the trypsin-induced

L-NOARG-resistant decrease in [Ca2+]i and tension during
the U46619-induced contraction (Figure 6D,E). During the
118 mM K+-induced contraction, the combination of char-
ybdotoxin and apamin had no e�ect on the trypsin-induced

relaxation (data not shown). We previously reported that the
L-NOARG-resistant component of the substance P-induced
relaxation was not inhibited by 1 mM iberiotoxin or 1 mM (d)-

tubocurarine (Kuroiwa et al., 1995). However, a combination
of 100 nM charybdotoxin and 100 nM apamin completely
abolished the substance P-induced L-NOARG-resistant

relaxation, although charybdotoxin or apamin alone had no
signi®cant e�ect. As a result, the sensitivity of the L-
NOARG-resistant component of the trypsin-induced relaxa-
tion was similar to that seen with the substance P-induced L-

NOARG-resistant relaxation.

Effects of L-NOARG, high K+ depolarization, and
K+ channel blockers on the concentration-response
curves of the trypsin-induced relaxations

We examined the e�ects of L-NOARG, high K+ depolariza-
tion, and K+ channel blockers on the relaxations induced by
di�erent concentrations of trypsin (Figure 7). In this

experiment, we cumulatively applied trypsin from 1 nM to
1 mM, and evaluated the e�ects of the same treatments as
performed in Figures 3 ± 6 on the concentration-response
curves of the trypsin-induced decreases in [Ca2+]i and tension.

During the 118 mM K+-depolarization, trypsin induced a
signi®cant (P50.05) decrease in [Ca2+]i and tension at 3 nM
and higher concentrations (Figure 7A). The addition of 100 mM
L-NOARG completely abolished the trypsin-induced relaxa-
tion in an entire concentration range (Figure 7A). During the
30 nM U46619-induced contraction in the presence of 10 mM

indomethacin, trypsin induced a signi®cant (P50.05) decrease
in [Ca2+]i and tension at 3 nM and higher concentrations
(Figure 7B). The increase in the external K+ concentration to

40 mM partly inhibited these trypsin-induced relaxations in an
entire concentration range, and the remaining relaxations were
completely abolished by the addition of 100 mM L-NOARG
(Figure 7B). On the other hand, during the 30 nM U46619-

induced contraction in the presence of 10 mM indomethacin
and 100 mM L-NOARG, trypsin induced a signi®cant decrease
in [Ca2+]i and tension at 10 nM and higher concentrations

(Figure 7C). The addition of either 100 nM charybdotoxin or
100 nM apamin alone had no signi®cant (P40.05) e�ect on the
concentration-response curves (Figure 7C), but their combina-

tion completely inhibited the trypsin-induced relaxation in an
entire concentration range. As a consequence, these observa-
tions obtained with various concentrations of trypsin were

consistent with those observed with single dose experiments
shown in the Figures 3 ± 6. However, there is one slight
discrepancy between Figures 6 and 7. We observed the slight
but signi®cant inhibition of the decrease in [Ca2+]i induced by

100 nM trypsin with either charybdotoxin or apamin alone in
Figure 6. On the other hand, we did not see any signi®cant
e�ect of either charybdotoxin or apamin alone on the

concentration-response curves of the trypsin-induced decrease
in [Ca2+]i. This apparent discrepancy may be due to the
variation of the control relaxation or the di�erence in the

method of application of trypsin (single dose application vs
cumulative application). Despite this discrepancy, the most
important ®nding common to Figures 6 and 7 is that the

combination of charybdotoxin and apamin completely
inhibited trypsin-induced relaxation.

Effect of trypsin on [Ca2+]i in endothelial cells in situ of
the porcine aortic valve

After recording a reference response to 10 mM ATP in normal

PSS, trypsin was applied, which induced a rapid and transient
increase in [Ca2+]i in the valvular strips (Figure 8). A
signi®cant [Ca2+]i elevation was observed at 1 nM and higher

concentrations, and the maximal [Ca2+]i elevation
(56.5+7.5%, n=5) was obtained at 100 nM. The concentra-
tion of trypsin required to induce half the maximal [Ca2+]i
elevation was 10.2+2.5 nM (n=5). The concentration

required to induce [Ca2+]i elevation in endothelial cells
(Figure 8) was thus similar to that required to induce the
endothelium-dependent relaxation in the coronary artery

(Figure 2). To rule out the possibility that the inhibition of
trypsin-induced relaxation by L-NOARG and 40 mM K+ was
due to the inhibition of [Ca2+]i transient in endothelial cells,

we examined the e�ect of L-NOARG and 40 mM K+ on the
trypsin-induced [Ca2+]i transient in endothelial cells. The
concentration-response curve for the trypsin-induced [Ca2+]i
elevation obtained in the presence of 100 mM L-NOARG or
40 mM K+ did not di�er from that obtained in the absence of
both (Figure 8C), thus indicating that L-NOARG or 40 mM

K+ had no e�ect on the trypsin-induced [Ca2+]i elevation in

endothelial cells of aortic valve. In the presence of 3 mM

NiCl2, trypsin induced a transient elevation of [Ca2+]i similar
to that observed in the absence of NiCl2 (Figure 8B). The

peak [Ca2+]i level induced by 100 nM trypsin in the presence
of 3 mM NiCl2 (51.5+7.1%, n=4) did not di�er from that
obtained in its absence (52.5+5.2%, n=4) (Figure 8D).
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Effects of pretreatment of PAR2-AP on the subsequent
response to trypsin in endothelial cells of the porcine
aortic valve

To determin the involvement of PAR2 in the trypsin-induced

responses, we examined the e�ect of pre-treatment of PAR2-
AP on the subsequent response to trypsin in endothelial cells

of valvular strips. PAR2-AP induced a transient [Ca2+]i
elevation at the concentrations higher than 1 mM, while
causing the maximal elevation at 30 mM. As shown in Figure
9B, 30 mM PAR2-AP induced a transient elevation of [Ca2+]i,
which declined to the resting level within 5 min. The second

stimulation with PAR2-AP did not induce any elevation of
[Ca2+]i, suggesting the desensitization of PAR2. Under this

Figure 6 E�ect of K+ channel blockers on the L-NOARG-resistant component of the trypsin-induced relaxation during the
U46619-induced contraction in the porcine coronary artery. (A ±D) Representative recordings of the trypsin-induced L-NOARG-
resistant changes in [Ca2+]i and tension during the contraction induced by 30 nM U46619 in the absence (A) and the presence of
100 nM charybdotoxin (B), 100 nM apamin (C) and 100 nM charybdotoxin plus 100 nM apamin (D). All measurements were
performed in the presence of 10 mM indomethacin and 100 mM L-NOARG. (E) A summary of the e�ects of charybdotoxin and
apamin on the trypsin-induced L-NOARG-resistant decreases in [Ca2+]i and tension obtained at 0, 1, 3, 5, 10 and 15 min after the
application of trypsin. The levels of [Ca2+]i and tension at the rest and those obtained during the 118 mM K+-depolarization in each
experimental protocol were designated as 0 and 100%, respectively. *P50.05 compared to the value obtained with the control
relaxation induced by trypsin in the presence of L-NOARG and indomethacin; {P50.05 compared to the levels obtained during
precontraction just prior to the application of trypsin. The data represent the mean+s.e.mean (n=5).
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situation, trypsin-induced [Ca2+]i elevation was greatly
attenuated (Figure 9B) compared to that obtained without

pre-treatment with PAR2-AP (Figure 9A). The level of

[Ca2+]i elevation obtained with the pre-treatment with PAR2-
AP (8.5+4.6, n=4) was much lower than that obtained
without pretreatment (48.2+3.8, n=4). The most of the
trypsin-induced response was thus inhibited when the

response to PAR2-AP was desensitized.

Discussion

It has recently been reported that trypsin activates protease-

activated receptor and also exerts various cellular e�ects
(Dery et al., 1998). Trypsin has been reported to cause an
endothelium-dependent vasorelaxation in various types of

blood vessels including the porcine coronary artery (Hamil-
ton & Cocks, 2000; Hamilton et al., 1998; Hwa et al., 1996;

Figure 7 E�ects of L-NOARG, high K+ depolarization and K+

channel blockers on the concentration-response curves of the trypsin-
induced relaxation in the porcine coronary artery. (A) Trypsin was
cumulatively applied during the 118 mM K+-induced contraction in
the absence or presence of 100 mM L-NOARG, and the concentra-
tion-response curves of the relaxation were constructed. The
experimental protocol was the same as Figure 3E, except for that
trypsin was applied in a cumulative manner. (B) Trypsin was
cumulatively applied in the absence or presence of either 40 mM K+

or 100 mM L-NOARG during the 30 nM U46619-induced contractions
in the presence 10 mM indomethacin. The experimental protocol was
the same as Figure 5, except for that trypsin was applied in a
cumulative manner. (C) Trypsin was cumulatively applied in the
absence or presence of 100 nM charybdotoxin or 100 nM apamin
during the 30 nM U46619-induced contraction in the presence of
10 mM indomethacin and 100 mM L-NOARG. The experimental
protocol was the same as Figure 6, except for that trypsin was
applied in a cumulative manner. In A and C, the levels of [Ca2+]i and
tension at the rest and those obtained during the 118 mM K+-
depolarization in each experimental protocol were designated as 0
and 100%, respectively. In B, the levels of [Ca2+]i and tension at rest
and those obtained just prior to the application of trypsin during the
precontraction under the each protocol were designated as 0 and
100%, respectively. *Signi®cantly di�erent (P50.05) from the control
relaxation; {Signi®cantly di�erent (P50.05) from the levels obtained
during precontraction just prior to the application of trypsin. The
data are the mean+s.e.mean (n=4).

Figure 8 [Ca2+]i transient induced by trypsin in the in situ
endothelial cells of the porcine aortic valve. (A,B) Representative
recordings of changes in [Ca2+]i induced by 10 mM ATP and 100 nM
trypsin in the normal PSS (A) and in the presence of 3 mM NiCl2 (B).
(C) The concentration-response curves for the trypsin-induced [Ca2+]i
transients in the absence and presence of 40 mM K+ or 100 mM L-
NOARG in the endothelial cells. The data are the mean+s.e.mean
(n=4). The ¯uorescence ratio was expressed as a percentage,
assigning the level obtained in normal PSS and that at the maximum
elevation induced by 10 mM ATP to be 0 and 100%, respectively. (D)
The e�ect of 3 mM NiCl2 on the trypsin-induced [Ca2+]i elevation.
The bottom and top of the columns indicate the [Ca2+]i level
obtained just before the application and at the peak response to
trypsin, respectively. The data are the mean+s.e.mean (n=4). n.s.,
not signi®cant (P40.05).
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Sobey et al., 1999). An endothelium-independent direct
contractile e�ect on the rabbit aorta (Komuro et al., 1997)
and the endothelium-dependent contraction in the human

umbilical vein (Saifeddine et al., 1998) were also reported.
However, there has so far been no report on direct
relaxation. The present study elucidated the mechanism of

the trypsin-induced relaxation in the porcine coronary artery,
especially in terms of Ca2+ signalling in both smooth muscle
and endothelial cells. The major novel ®ndings of the present
study are as follows. (1) We clari®ed the temporal change in

the contribution of NO and EDHF to the trypsin-induced
relaxation. The initial phase of the relaxation was due to both
NO and EDHF, while the late phase of the relaxation was

mainly due to NO. The mechanism of the trypsin-induced
relaxation was similar with di�erent concentrations of
trypsin. (2) We demonstrated the correlation between the

trypsin-induced Ca2+ signalling in endothelial cells and the
endothelium-dependent relaxation. Furthermore, we found
that the Ca2+-sensitivity of the contractile apparatus of

smooth muscle decreased during trypsin-induced relaxation,
especially in the late phase of the relaxation.
Previous reports have demonstrated the contribution of

NO to the trypsin-induced relaxation by using L-arginine

analogues such as L-NOARG (Hamilton et al., 1998; Hwa et
al., 1996). However, their inhibition was only partial, and
therefore relaxing factors other than NO have been suggested

to be involved in trypsin-induced relaxation. Prostacyclin and
EDHF are candidates for such additional factors. Hamilton
& Cocks (2000) reported that that elevating external K+

concentration abolished the L-NOARG-resistant component
of the trypsin-induced relaxations, and suggested involvement
of EDHF. In the present study, we also observed that the
inhibition of NO production by L-NOARG was not su�cient

for the complete inhibition of the trypsin-induced relaxation
during the U46619-induced contraction, which thus suggested
the involvement of additional relaxing factors. We thus

clearly demonstrated the contribution of EDHF to the
trypsin-induced relaxation in the porcine coronary artery.
First, a combination of charybdotoxin and apamin com-
pletely abolished the L-NOARG-resistant component of the

trypsin-induced relaxation. Second, the L-NOARG-resistant
relaxation was also inhibited by elevating the external K+

concentration. The observation that the trypsin-induced

relaxation during the 118 mM K+-induced contraction was
signi®cantly smaller than that seen during the U46619-
induced contraction also supports the involvement of EDHF.

As a result, we concluded that NO and EDHF account for
most, if not all, of the trypsin-induced relaxation. Further-
more, the close examination of the e�ect of these inhibitors

on the duration of the relaxation revealed the temporal
change in the relative contribution of NO and EDHF to the
trypsin-induced relaxation. It was a consistent observation
that the trypsin-induced relaxation returned to the precon-

traction level faster in the presence of L-NOARG than that
seen in its absence or in the presence of K+-depolarization.
These observations suggested that the initial relaxation was

mediated by both NO and EDHF, while the later phase of
the relaxation was mediated by NO.

The present study demonstrated, for the ®rst time, the

decrease in the Ca2+-sensitivity of the contractile apparatus
during the trypsin-induced relaxations. Most of the relaxa-
tion, especially at maximal relaxation, was accompanied by a

decrease in [Ca2+]i, however, a dissociation between the
decreases in [Ca2+]i and tension was also noticed in the
following situations: (1) In the time course of the trypsin-
induced relaxation (Figure 1D), [Ca2+]i returned to the

precontraction level faster than tension, and therefore the
late phase of the relaxation was not associated with decrease
in [Ca2+]i. (2) In the concentration-response curves (Figure

2A,B), trypsin at 1 nM induced the relaxation without any
signi®cant reduction of [Ca2+]i. (3) The [Ca2+]i-tension
relation curve obtained at the maximal relaxation induced

by 100 nM and 1 mM trypsin (Figure 2C) apparently was
placed below the control relationship of the U46619-induced
contraction. These results suggested that the Ca2+-sensitivity
of the contractile apparatus apparently decreased during the

trypsin-induced relaxation under these situations. Therefore,
the decrease in the Ca2+-sensitivity as well as the decrease in
[Ca2+]i contributes to the trypsin-induced relaxation, espe-

cially in the late phase. NO activates guanlylate cyclase and
increases cellular cyclic GMP level (Ignarro et al., 1987). The
increase in cyclic GMP was reported to be associated with the

decrease in the Ca2+-sensititivy (Abe et al., 1990; Nishimura
& van Breemen, 1989). It is thus conceivable that the
decrease in the Ca2+-sensitivity was mediated by NO. In fact,

the [Ca2+]i-tension relationship obtained in the presence of L-
NOARG overlapped with the control relationship, thus
supporting the contribution of NO to decrease in the Ca2+-
sensitivity. The decrease in the Ca2+-sensitivity in the late

phase of relaxation is thus consistent with the contribution of
NO in this phase.

The Ca2+ signal in the endothelial cells is a primary

determinant of production of NO and EDHF (Fleming et al.,
1997; Fukao et al., 1997). We demonstrated that trypsin
induced a transient elevation of [Ca2+]i in in situ endothelial

Figure 9 E�ects of pretreatment of PAR2-AP on the subsequent
response to trypsin in endothelial cells of the porcine aortic valve. (A,
B) Representative recordings of changes in [Ca2+]i induced by 10 mM
ATP and 100 nM trypsin without (A) and with (B) the preceding
stimulation by PAR2-AP. (C) The summary of the level of [Ca2+]i
obtained with 100 nM trypsin without (control) and with the
preceding stimulation by PAR2-AP. The ¯uorescence ratio was
expressed as a percentage, assigning the level obtained in normal PSS
and that at the maximum elevation induced by 10 mM ATP to be 0
and 100%, respectively. The data are the mean+s.e.mean (n=4).
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cells of the porcine aortic valve, and found that the
concentrations of trypsin required to induce the endothe-
lium-dependent relaxation was similar to those required to

induce [Ca2+]i elevation in endothelial cells. This ®nding
suggested that the Ca2+ signal induced by trypsin related to
the production of NO and EDHF in the endothelial cells. In
the present study, the trypsin-induced transient [Ca2+]i
elevation seen in the presence of Ni2+ did not signi®cantly
di�er from that seen in its absence. The level of Ca2+

transient seen in the Ca2+-free media was also similar to that

seen in the normal media containing 1.25 mM Ca2+ (data not
shown). These observations suggest that the trypsin-induced
[Ca2+]i elevation was mediated mainly by the Ca2+ release. In

the non-excitable cells including endothelial cells, depolariza-
tion of the membrane potential is considered to decrease a
driving force of Ca2+ and thereby inhibit the Ca2+ in¯ux

(Adams et al., 1989). The observation in the present study
that 40 mM K+ depolarization had no e�ect on the trypsin-
induced [Ca2+]i transient in the endothelial cells supports the
negligible contribution of the Ca2+ in¯ux in the trypsin-

induced transient [Ca2+]i elevation. Hamilton & Cocks (2000)
showed that trypsin-induced relaxation of porcine coronary
artery was not a�ected by L-type-voltage-operated calcium

inhibitor nifedipine. As a consequence, we concluded that the
trypsin-induced [Ca2+]i elevation was mainly due to Ca2+

release in the endothelial cells of the porcine aortic valve, and

that the Ca2+ in¯ux played, if any, a negligible role. An
important implication from these conclusions is that the Ca2+

release maybe su�cient to induce the production of relaxing

factors in endothelial cells.
The present study suggested that PAR2 played a major

role in the trypsin-induced [Ca2+]i elevation in endothelial
cells. The physiological role of the PAR2 (trypsin receptor)-

mediated vasorelaxation remains to be determined as trypsin
does not exist in plasma under physiological conditions,
although human umbilical vein endothelial cells in culture

have been shown to produce trypsin in response to
enterokinase (Koshikawa et al., 1997). Acute pancreatitis is
one of pathological conditions where trypsin is found in

plasma (Temler & Felber, 1976). The plasma level of trypsin
increased to a level (0.87 mM) high enough to induce

endothelium-dependent relaxation according to the concen-
tration-dependent curve obtained in the present study
(Temler & Felber, 1976). Severe pancreatitis causes circula-

tory shock, and therefore the trypsin-induced vasorelaxation
may play an important role in the pathogenesis of such
shock. The PAR2 activation may also contribute to the
pathogenesis of the septic shock (Cicala et al., 1999).

Lipopolysaccharide was shown to upregulate the expression
of PAR2 mRNA up to 5 ± 10 fold in human umbilical vein
endothelial cells (Nystedt et al., 1996), and to augment

vasorelaxation induced by trypsin and PAR2-activating
peptide (Cicala et al., 1999).
In conclusion, trypsin was shown to induce an endothelial-

dependent relaxation in the porcine coronary artery, and a
transient elevation of [Ca2+]i in situ endothelial cells of the
porcine aortic valves. Trypsin had no direct e�ect on [Ca2+]i
and tension of smooth muscle. The initial phase of the
relaxation was due to both NO and EDHF, while the late
phase of the relaxation was mainly due to NO. The
relaxation was linked to a decrease in the [Ca2+]i of smooth

muscle and a decrease in the Ca2+-sensitivity of the
contractile apparatus. The contribution of the decrease in
the Ca2+-sensitivity was apparent in the late phase of

relaxation. The trypsin-induced production of relaxing factors
closely correlated with the [Ca2+]i elevation in the endothelial
cells. Since the [Ca2+]i transient in the endothelial cells was

considered to be mainly due to the Ca2+ release from the
intracellular stores, these ®ndings suggested that the Ca2+

release was su�cient to induce the production of relaxing

factors in endothelial cells.
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