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1 The present study examined the mechanical e�ects of agonist enzymes and receptor-activating
peptides for protease-activated receptor (PAR)-1 and PAR-2 on longitudinal and circular muscle of
rat isolated colonic segments in the attempt to clarify the PAR functional role in intestinal motility.

2 The responses to PAR-1 and PAR-2 activation were examined in vitro by recording
simultaneously the changes of endoluminal pressure (index of circular muscle activity) and of
isometric tension (index of longitudinal muscle activity).

3 Both PAR-1 agonists, thrombin (0.1 nM± 3 mM) and SFLLRN-NH2 (1 nM± 3 mM), and PAR-2
agonists, trypsin (0.1 nM± 10 mM) and SLIGRL-NH2 (1 nM± 10 mM), induced di�erent e�ects in the
two muscular layers: a reduction of the spontaneous contractions in the circular muscle and a
contractile e�ect or biphasic, relaxation followed by contraction, depending on the concentration, in
the longitudinal muscle.

4 The inhibitory e�ects were greatly reduced or abolished by apamin (0.1 mM) indicating that they
mainly occur via activation of Ca2+-dependent small conductance, K+-channels.

5 The responses to PAR-1 and PAR-2 were una�ected by tetrodotoxin (1 mM) or indomethacin
(1 mM) suggesting that are independent by products of cyclooxygenase or by neural action potentials.

6 These ®ndings indicate that both PAR-1 and PAR-2 are functionally expressed in rat colon.
PARs mediate changes of the mechanical activity of longitudinal and circular muscle which might
explain the alterations of colonic motility observed during in¯ammatory conditions.
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Introduction

Certain serin proteases are known to regulate multiple
cellular functions by activating speci®c receptors, called

`protease-activated receptors' (PARs). PARs are members
of a subfamily of G-protein-coupled receptors that play
important roles in responses to injury, including in¯amma-
tion and repair (DeÂ ry et al., 1998; Macfarlane et al., 2001).

Four members of this family have so far been identi®ed:
PAR-1 and PAR-3, both preferentially activated by throm-
bin, PAR-2, selectively activated by trypsin or mast-cell

tryptase and PAR-4, activated by thrombin or trypsin (Vu et
al., 1991; Nystedt et al., 1994; Ishihara et al., 1997; Molino et
al., 1997; Xu et al., 1998). The mechanism whereby proteases

activate PARs involves the proteolytic cleavage and the
unmasking of an N-terminal receptor sequence, that in turn
acts as a tethered ligand, which activates the receptor itself

(DeÂ ry et al., 1998). Short synthetic peptides (PAR-activating
peptides), which have the same aminoacidic sequence of the
tethered ligands of PAR-1, PAR-2 and PAR-4 are used to
selectively activate the respective receptors, whereas PAR-3

does not respond to the presumed receptor-activating

peptides (Ishihara et al., 1997). PARs are involved in di�erent
physiological or pathophysiological events including platelet

aggregation, in¯ammation, vascular contraction/relaxation,
neurodegeneration/neuroprotection (DeÂ ry et al., 1998; Mac-
farlane et al., 2001; Vergnolle et al., 2001).
The physiology and the pathophysiology of the gastro-

intestinal tract, including motility, have been suggested to be
under PAR modulation since in the alimentary system PAR-1
and PAR-2 are highly expressed and, at least PAR-2, appear

to be localized on the enterocytes, myocytes and on myenteric
neurons (Hollenberg, 1999; Vergnolle, 2000). However, it
remains to clarify the functional signi®cance of the presence

of di�erent PARs in the same tissue (Hollenberg, 1999). A
recent study in vivo has provided evidence for an increase of
the mouse gastrointestinal transit in response to PAR-1 and

PAR-2 activation (Kawabata et al., 2001). There is also in
vitro evidence that PARs modulate smooth muscle mechan-
ical activity throughout the gastrointestinal tract including
the oesophagus (Al-Ani et al., 1995; Corvera et al., 1997;

Hollenberg et al., 1997; 1999; Zheng et al., 1998; Cocks et al.,
1999; Kawabata et al., 1999a 2000a, b). However, so far, the
investigations directed toward the evaluation of the intestinal

motor e�ects induced by PAR activation have been mainly
focused on the mechanical activity of longitudinal smooth
muscle strips (Al-Ani et al., 1995; Saifeddine et al., 1996;
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Corvera et al., 1997; Zheng et al., 1998; Hollenberg et al.,
1999; Kawabata et al., 1999b; Cocks et al., 1999; Tognetto et
al., 2000) or of the muscularis mucosae (Kawabata et al.,

2000a). Thrombin and trypsin, as well as PAR-1 and PAR-2
activating peptides, produce contraction of gastric long-
itudinal smooth muscle from rats or guinea pig (Hollenberg
et al., 1993; 1997; 1999; Saifeddine et al., 1996; Zheng et al.,

1998), an e�ect being blocked by the cyclo-oxygenase
inhibitor, indomethacin, and by the tyrosin kinase inhibitor,
genistein (Al-Ani et al., 1995; Saifeddine et al., 1996).

However specie-speci®c variations have been documented.
In fact, in longitudinal strips from mouse gastric fundus
PAR-1 and PAR-2 mediate biphasic responses: relaxation

followed by contraction. The relaxant component is
eliminated by apamin or ryanodine, indicating that the e�ect
is via ryanodine-sensitive and -insensitive activation of small-

conductance, Ca2+-activated K+ channels (Cocks et al.,
1999). Also in rat duodenal longitudinal smooth muscle the
response to activation to PAR-1 is biphasic: an apamin-
sensitive relaxation followed by contraction, which is partially

dependent on intracellular and extracellular Ca2+ (Kawabata
et al., 1999a; 2000b), while PAR-2 agonists elicit only
contraction (Kawabata et al., 1999a). Further, PAR-2

activation inhibits spontaneous rhythmic contractions of the
rat longitudinal colonic strips, but the mechanism of action is
not yet known (Corvera et al., 1997).

Information is lacking concerning the responses of the
intestinal circular smooth muscle to PAR-1 and PAR-2
activation. We have considered this aspect of study to be of

interest because the evaluation of the in¯uence of the PAR
activation on the mechanical activity of the circular smooth
muscle could contribute to de®ne the physiological role of
these receptors on the modulation of the intestinal motor

activity. We have used an in vitro experimental approach
which allows the simultaneous registration of the endolum-
inal pressure (index of the circular mechanical activity) and of

the isometric tension (index of the longitudinal mechanical
activity) from intestinal segments. Previously it has been
reported that the changes in isometric tension and endolum-

inal pressure re¯ect the mechanical activity of longitudinal
and circular muscle, respectively (MuleÁ et al., 1992; 1999a).
Therefore, the aim of the present study was to examine in rat
colon: (i) the di�erences in the mechanical responses induced

by PAR-1 or PAR-2 activation; (ii) the di�erences in the
PAR-evoked mechanical responses between longitudinal and
circular muscle and (iii) the nature of the evoked responses

evaluating, in particular, the possible involvement of an
indirect action due to neural activation and/or release of
prostanoids.

Methods

Experiments were authorized by the Ministero della SanitaÁ

(Rome, Italy). Adult male Wistar rats (250 ± 400 g) were
killed by cervical dislocation. The abdomen was immediately

opened and the colon was removed distally to the caecum.
The colonic lumen was cleaned with Krebs solution and
segments of about 2 cm in length were cut. The preparation

was then placed in a 5-ml horizontal organ bath continuously
perfused with Krebs solution with the following composition
(mM): NaCl 119, KCl 4.5, MgSO4 2.5, NaHCO3 25, KH2PO4

1.2, CaCl2 2.5 and glucose 11.1. The organ bath was bubbled
with 95% O2 and 5% CO2 and maintained at a temperature
of 378C.

Recording of mechanical activity

As previously described (MuleÁ et al., 1995) the distal end of

the intestinal segment was tied around the mouth of a J-tube,
which was connected via a T-catheter to a standard pressure
transducer (Ugo Basile, Biological Research Apparatus,

Varese, Italy) and to a syringe for ®lling the preparation
with Krebs solution. The ligated proximal end was secured
with a silk thread to an isometric force transducer (DY2 Ugo

Basile). Preparations, ®lled with 0.1 ml Krebs solution were
subjected to an initial tension of 1 g and were allowed to
equilibrate for at least 30 min before starting the experiment.

Colonic contractions were monitored as changes in endo-
luminal pressure and isometric tension, which are mainly
generated by circular or longitudinal muscle activity,
respectively. Mechanical activities were recorded on an ink

writer recorder (Gemini, Ugo Basile) (Figure 1).

Design of study

At the beginning of each experiment, the preparation was
challenged with carbachol until reproducible responses were

obtained, to ensure that a stable and acceptable level of
sensitivity had been reached before the experimental
procedure was begun. Agonists were added into the bath in

volumes of 50 ml after switching o� the perfusion. Thrombin
(0.1 nM± 3 mM) and trypsin (0.1 nM± 10 mM) were applied
only once to each tissue preparation for at least 5 min until
the response stabilized, because after a single application of

each protease, the response did not completely recover. In
another set of tissues, responses to cumulative concentrations
of PAR-1 (SFLLRN-NH2) (0.1 nM ± 10 mM) and PAR-2

(SLIGRL-NH2) (0.1 nM± 10 mM) activating peptides were
obtained, applying each concentration to the tissue for
2 min. Desensitization to either SFLLRN-NH2 or SLIGRL-

NH2 was performed repeatedly exposing the tissue to
cumulative concentrations of PAR-1 or PAR-2 activating
peptide over three consecutive periods (10 min interval
between each curve). Responses to SFLLRN-NH2 were

tested in SLIGRL-NH2 desensitized tissues and response to
SLIGRL-NH2 were tested in SFLLRN-NH2 desensitized
tissue. Moreover, we checked that the highly selective PAR-1

agonist TFLLR-NH2 mimicked the e�ects observed in
response to SFLLRN-NH2. In some experiments, to con®rm
the speci®city of the e�ect, the inactive control peptides,

FSLLRN-NH2 and LSIGRL-NH2 for PAR-1 and PAR-2,
respectively, were applied to the preparations. In experiments
to examine the nature of the PAR-induced responses, we

exclusively used the PAR-activating peptides, because their
e�ects were reversible and reproducible. The responses to
PAR-1 and PAR-2 activation were assessed in the absence
and in the presence of the following drugs, at concentrations

known to be e�ective in our and other systems (Serio et al.,
1996; Kawabata et al., 1999a; Cocks et al., 1999; Corvera et
al., 1997): apamin (0.1 mM), a small-conductance, Ca2+-

activated K+ channel blocker; indomethacin (1 mM), a
cyclo-oxygenase inhibitor; tetrodotoxin (TTX) (1 mM), a
Na2+ channel blocker. These agents were added to the
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perfusing solution at least 20 min before testing the PAR-
activating peptides. To prove that the TTX was e�ective the

preparation was stimulated through a pair of platinum ring
electrodes.

Data analysis and statistics

The inhibitory response of the circular muscle to PAR
activation was taken as the per cent change from the resting

spontaneous activity (e.g., 100% corresponds to the abolition
of spontaneous activity). In this view, the mean amplitude of
the pressure waves was determined for 10 min before and

after administration of agonists. The contractile response of
the longitudinal muscle was de®ned as change in the resting
tone (the bottom level of the tension oscillations) and was

expressed as a percentage of the contraction caused by 10 mM
carbachol. This concentration was demonstrated to induce a
maximal contraction (about 2.5 g) in our preliminary
experiments. All data obtained are expressed as means+
s.e.mean. n indicates the number of animals from which
intestinal segments were taken. The half-maximal contractile
concentration (EC50) and the half-maximal inhibitory con-

centration (IC50) of the agonists were calculated by
interpolation from the respective concentration-response
curves. Statistical analysis was performed by means of

Student's t-test or analysis of variance (ANOVA) followed
by Bonferroni-test, when appropriate. P50.05 was regarded
as signi®cant.

Drugs

The following drugs were used: carbamylcholine chloride

(carbachol), apamin, tetrodotoxin (TTX), indomethacin,
isoprenaline hydrochloride, trypsin (all purchased from
Sigma, Chemical Corp. St Louis, MO, U.S.A.), thrombin

(Calbiochem, Darmstadt, Germany), SFLLRN-NH2 (Ba-
chem AG, Bubendorf, Switzerland). SLIGRL-NH2 and the
inactive control peptides FSLLRN-NH2 and LSIGRL-NH2

were synthesized and supplied by Dr D. McMaster of the
Peptide Synthesis Core Facility at the University of Calgary
(Canada). TFLLR-NH2 was a kind gift by Dr N. Vergnolle
(University of Calgary). The concentration, purity and

composition of the peptides were determined by high-
performance liquid chromatography, mass spectrometry and

quantitative amino acid analysis. Thrombin was dissolved in
5% acetic acid; indomethacin in 2% Na2CO3. All other
chemicals were dissolved in distilled water. Control tests
showed that the solvent had no e�ect on the preparation.

Results

As previously described (MuleÁ et al., 1999a), isolated rat
colon displayed spontaneous mechanical activity, consisting

of rhythmic phasic changes in both intraluminal pressure
(from 5 to 15 cm H2O) and isometric tension (from 0.5 to
1.5 g).

Thrombin (0.1 nM± 3 mM) produced di�erent e�ects on the
two muscular layers (Figure 2). In the circular muscle it
induced an inhibitory response consisting in a concentration-
dependent reduction in the amplitude of the spontaneous

rhythmic contractions. In the longitudinal muscle it produced
contractile e�ects, at least at the lowest concentrations tested.
Both the e�ects occurred within 60 s after addition of the

protease and were maintained until the washout. Thrombin,
at concentrations over 1 mM, caused a biphasic response,
relaxation followed by contraction, in the longitudinal

muscle. The relaxation lasted about 2 min and ranged from
0.5 to 1.5 g depending on the concentration. The PAR-1
activating peptide, SFLLRN-NH2 (0.1 nM± 10 mM), which
was added to the bath in a cumulative manner, mimicked the

e�ects of the endogenous agonist, inducing inhibitory e�ects
on circular muscle, longitudinal muscle contraction, which
became a biphasic response at the highest concentrations

(Figure 2). In order to con®rm the speci®city of the e�ect, we
applied to the preparations the inactive control peptide
FSLLRN-NH2 (0.01 ± 10 mM) and this was without any e�ect

(Figure 2).
Also trypsin (0.1 nM± 10 mM) produced di�erential e�ects

on the two muscular layers: a concentration-dependent

reduction of the spontaneous phasic contraction in the
circular muscle and contractile e�ects on the longitudinal
muscle (Figure 3). The e�ects appeared within 1 min and
persisted up to the washout. The PAR-2 selective agonist

Figure 1 Experimental set-up used for the simultaneous recording of the intraluminal pressure and the isometric tension of the rat
intestinal segments.
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SLIGRL-NH2 (0.1 nM± 10 mM) caused similar e�ects, even if
at the highest concentration (10 mM) it produced a biphasic
response, relaxation followed by contraction (Figure 3). Once

again, the inactive control peptide LSIGRL-NH2 (0.01 ±
10 mM) failed to modify the mechanical activity of the
preparation (Figure 3). Figure 4 shows the concentration-
response curves for the suppression of the spontaneous

contractions of the circular muscle and for the contractile
e�ects on the longitudinal muscle induced by PAR-1 and
PAR-2 agonists. Thrombin displayed more potency than

other agonists. Concerning the inhibitory e�ects, thrombin
and trypsin were more potent than the synthetic peptide, but
they were as e�cacious as the peptides, all drugs being able

to abolish the spontaneous contractions. Concerning the
contractile e�ects on the longitudinal muscle, thrombin and
trypsin were more potent and more e�cacious than the

respective PAR-activating peptides (Table 1).
In order to rule out any crossover between the PAR-1 and

PAR-2 activating peptides some experiments of desensitiza-
tion were performed. The preparation desensitized to

SLIGRL-NH2 remained fully responsive to SFLLRN-NH2

and vice versa. Data are shown in Table 2.
In order to examine the mechanism of action responsible

for the PAR-induced responses, we exclusively used the PAR-
activating peptides, since their e�ects were reversible and
reproducible, testing them in the presence of di�erent

antagonists. Firstly, we examined the involvement of Ca2+-
dependent K+ channels in the PAR-1- and PAR-2-mediated
inhibitory e�ects. Apamin, an inhibitor of the small-

conductance, Ca2+ activated K+, at a concentration of
0.1 mM, by itself, strongly augmented the spontaneous
contractions of the circular muscle, as previously described
(MuleÁ et al., 1999b). Apamin signi®cantly reduced, but not

abolished, the inhibitory responses on the circular muscle to
PAR-1 and PAR-2 activating peptides. Apamin also
abolished the relaxation in response to the highest concentra-

tions of SFLLRN-NH2 (1 ± 10 mM) and of SLIGRL-NH2

Figure 2 Representative recordings of the e�ects induced by
thrombin and PAR-1 related peptides on the pressure waves (upper
tracings) and on the tension oscillations (lower tracings) of an
isolated segment of rat colon. The arrow indicates the application of
the agonist. Only the more signi®cant concentrations are shown. The
PAR-1 agonist, SFLLRN-NH2, and the PAR-1 inactive control
peptide, FSLLRN-NH2, were cumulatively added to the bath.

Figure 3 Representative recordings of the e�ects induced by trypsin
and PAR-2 related peptides on the pressure waves (upper tracings)
and on the tension oscillations (lower tracings) of an isolated segment
of rat colon. The arrow indicates the application of the agonist. Only
the more signi®cant concentrations are shown. The PAR-2 agonist,
SLIGRL-NH2, and the PAR-2 inactive control peptide, LSIGRL-
NH2, were cumulatively added to the bath.

Figure 4 Concentration-response curves for e�ects evoked by PAR-
1 and PAR-2 agonists on the pressure waves (left panel) and on the
tension oscillations (right panel) of an isolated segment of rat colon.
The inhibitory responses on circular muscle are expressed as the per
cent change from the resting spontaneous activity (7100%
corresponds to the abolition of spontaneous activity). The contractile
e�ects on longitudinal muscle are expressed as a percentage of the
maximal response to carbachol (10 mM). Each value is the mean+
s.e.mean of 5 ± 9 experiments.
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(10 mM). It signi®cantly enhanced the contractile e�ects

induced by PAR-1 or PAR-2 activating peptides (Figure 5).
However, apamin failed to a�ect the inhibitory e�ects of
isoproterenol (1 mM) or the contraction to carbachol (1 mM),
concentrations that had been reported to be submaximal in

our previous studies in the same preparation (MuleÁ & Serio,
1997; MuleÁ et al., 1999b).
We treated also colonic segments with TTX to assess the role

of enteric nerves in the responses evoked by PAR-1 or PAR-2
activation. As previously reported (MuleÁ et al., 1999a, b) TTX
(1 mM) resulted in an increase in the amplitude of spontaneous

contractions of the circular muscle. However, TTX failed to
a�ect both the inhibitory response of circular muscle and the
contractile response of longitudinal muscle induced by PAR-1

or PAR-2 activating peptide (Figure 5). Lastly, to determine if
the e�ects of PAR-1 and PAR-2 agonists were due to the
release of prostanoids, we tested the response to SFLLRN-
NH2 and SLIGRL-NH2 in the presence of indomethacin, an

inhibitor of cyclooxygenase. Indomethacin (1 mM), which did
not a�ect the spontaneous motility by itself, did not alter the
inhibitory or the contractile responses to PAR-1 or PAR-2

activating peptide (Figure 6).

Discussion

The present study demonstrates that both PAR-1 and PAR-2
play a dual role in the control of the rat colonic motility,

producing mainly contraction of the longitudinal muscle and
suppression of contractility in the circular muscle.
So far, the studies concerning the intestinal mechanical

e�ects induced by PAR-1 and PAR-2 activation have looked

at the longitudinal muscle and the results have indicated that

the responses can be relaxant, contractile or biphasic
(relaxation followed by contraction) depending on the
considered intestinal segment and on the animal species. In
particular, PAR-1 and PAR-2 activating peptides induce

contraction in rat gastric muscular strips (Al-Ani et al., 1995;
Saifeddine et al., 1996), whereas they cause a biphasic
response in mouse stomach (Cocks et al., 1999). PAR-1

activation evokes relaxation followed by contraction of rat
duodenal longitudinal smooth muscle, while PAR-2 activa-
tion elicits muscular contraction (Kawabata et al., 1999a).

This is the ®rst study indicating that the mechanical e�ects
due to PAR activation are di�erent on the two muscular
layers: suppression on the circular muscle and facilitation on

the longitudinal one. The correspondence of the endoluminal
pressure and tension recordings to the mechanical activity of
circular and longitudinal muscle, respectively, was previously
demonstrated (MuleÁ et al., 1992; 1999a). Because the two

muscular layers show di�erent behaviour during the
propulsive activity, circular relaxation coupled with long-
itudinal contraction (Wood, 1998), our results might suggest

a role of PAR-1 and PAR-2 in the facilitation of the
intestinal transit. This hypothesis is consistent with the recent
report of Kawabata et al. (2001), which demonstrated that

activation of either PAR-1 or PAR-2 increases gastrointest-
inal transit in mice in vivo. It is likely that in physiological
conditions the presence of the endogenous proteases is low,
but during tissue trauma with plasma exudation or

in¯ammatory events with mast-cell degranulation, the
concentration of the endogenous ligands, thrombin and
tryptase, enhances becoming su�cient to activate PAR-1

and PAR-2. The PAR-1 and PAR-2-mediated mechanical

Table 1 Potency and e�cacy of PAR-1 and PAR-2 agonists for inducing inhibitory e�ects on circular muscle or contractile e�ects on
longitudinal muscle in rat colonic segments

Pressure Tension
Enzyme or peptide IC50 (M) Emax (%) EC50 (M) Emax (%)

Thrombin 1.4+0.6610710 7100 1.4+0.661078 81.3+3.2
Trypsin 6.5+0.261079 797.0+2.5 7.4+5.061078 83.2+5.0
SFLLRN-NH2 2.4+0.861077 793.5+2.1 2.1+0.461077 64.7+5.1
SLIGRL-NH2 8.9+2.461077 791.5+2.0 1.9+0.461077 54.0+5.0

Data are mean values+s.e.mean of at least six experiments. Emax for inhibitory response is expressed as the per cent change from the
resting spontaneous activity (7100% corresponds to the abolition of spontaneous activity). Emax for contractile responses is expressed
as a percentage of the maximal contraction to carbachol (10 mM).

Table 2 Potency and e�cacy of PAR-1 and PAR-2 activating peptides for inducing inhibitory e�ects on circular muscle or contractile
e�ects on longitudinal muscle before and after cross-desensitization in rat colonic segments

Pressure Tension
Peptide IC50 (M) Emax (%) EC50 (M) Emax (%)

SFLLRN-NH2 2.5+0.661077 793+4.4 2.3+0.861077 66.0+6.2
After PAR-2 2.3+1.061077 790+5.5 2.4+0.761077 63.3+5.6
desensitization

SLIGRL-NH2 9.0+1.561077 790+6.4 2.1+0.661077 55.0+7.2
After PAR-1 8.8+0.961077 787+5.4 2.0+0.961077 59.3+6.6
desensitization

Data are mean values+s.e.mean of four experiments. Emax for inhibitory response is expressed as the per cent change from the resting
spontaneous activity (7100% corresponds to the abolition of spontaneous activity). Emax for contractile responses is expressed as a
percentage of the maximal contraction to carbachol (10 mM).
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responses could have the purpose to expel the hypothetical

novice agent from the intestinal lumen and might contribute
to the alterations of colonic motility observed during
in¯ammatory conditions. In fact, it is well known that the

major changes in motility involved in the diarrhoea induced
by in¯ammation are the suppression of spontaneous phasic
contractions and increased ultrarapid propulsion (Jouet et al.,

1995).
In addition, our study demonstrates for the ®rst time that

PAR-1, besides PAR-2, is functionally expressed in rat colon.
Although SFLLRN-NH2 is reported to have a weak agonistic

activity toward PAR-2 (Kawabata et al., 1999b), in our
preparation an action of SFLLRN-NH2 on PAR-2 can be
ruled out because the sensitivity and the maximum response

to SFLLRN-NH2 were una�ected by prior desensitization of
the tissue to SLIGRL-NH2. Moreover, the PAR-1 agonist
analogue, TFLLR-NH2, known to be highly speci®c for

PAR-1 with no PAR-2 activity (Hollenberg et al., 1997;
Kawabata et al., 1999b), mimicked the SFLLRN-NH2-
induced e�ects (data not shown). The speci®city of

SLISRL-NH2 as PAR-2, which is supported by previous
evidence (Nystedt et al., 1994; Bohm et al., 1996), has been

con®rmed in our experiments. Taken together with the lack
of activity of the control peptide analogues, FSLLRN-NH2

and LSIGRL-NH2, the response to SFLLRN-NH2 and
SLIGRL-NH2 in the present study is considered to result
from activation of PAR-1 and PAR-2, respectively.

Of interest is the observation that the PAR-1 and PAR-2
activating peptides induced also a relaxation of longitudinal
muscle at the highest concentrations used. Several hypotheses

could explain this observation. One possible explanation is
that the relaxation is unmasked only when the tissue shows a
signi®cant tone, but this appears unlikely because isoproter-

enol was able to induce relaxation even in the resting
conditions. Alternatively, contractile activity induced by
PAR-1 and PAR-2 activating peptides at low concentrations
could mask relaxant activity. This could be supported by a

recent study in mouse in vivo indicating that the inhibitory
e�ects due to PAR-1 and PAR-2 activation are overcome by
excitatory e�ects (Kawabata et al., 2001). Moreover, a

suggestive hypothesis is that another type of PAR might be
present and mediate the relaxation of the longitudinal muscle.
For example, it is known that PAR-4 responds to a higher

concentration of thrombin. Kawabata et al. (2000a) reported
that thrombin produces contraction via PAR-1 and relaxa-
tion at higher concentration via PAR-4 in the rat esophageal
muscularis mucosae. On the other hand in human platelets

PAR-4 is less sensitive to thrombin than PAR-1 (Kahn et al.,
1998; 1999). PAR-4 can be activated also by trypsin (Kahn et
al., 1998; Xu et al., 1998). Therefore future experiments using

the PAR-4 activating peptide GYPGKF-NH2 may be useful
to explain the present results.

Why are there more types of PARs in the same tissue? In

our preparations PAR-1 and PAR-2 mediate the same e�ects,
therefore the possibility that they are arranged to cause a
di�erent response can be ruled out. It has been suggested that

Figure 5 Concentration-response curves to PAR-1 and PAR-2
activating peptides, SFLLRN-NH2 and SLIGRL-NH2, respectively,
in rat colonic segments in the absence or in the presence of apamin
(0.1 mM). The suppression of spontaneous contractions of circular
muscle (left panel) is expressed as the percent change from the resting
spontaneous activity (7100% corresponds to the abolition of
spontaneous activity). The contractile response on longitudinal
muscle (right panel) is expressed as a percentage of the contraction
to carbachol (10 mM). Each value is the mean+s.e.mean of six
experiments. Apamin signi®cantly antagonized the inhibitory re-
sponses and signi®cantly enhanced the contractile e�ects induced by
the highest concentration of PAR-1 agonist. *P50.05, compared to
the control value.

Figure 6 Histograms showing the suppression of spontaneous
contractions of circular muscle (left panel) and the contractile e�ects
on longitudinal muscle (right panel) exerted by the PAR-1 agonist,
SFLLRN-NH2 (10 mM), or by the PAR-2 agonist, SLIGRL-NH2

(10 mM), in the absence or in the presence of TTX (1 mM) or
indomethacin (1 mM). The inhibitory responses were expressed as the
percent change from the resting spontaneous activity (7100%
corresponds to the abolition of spontaneous activity). The contractile
responses are expressed as a percentage of the maximal response to
carbachol (10 mM). Each value is the mean+s.e.mean of ®ve
experiments. TTX and indomethacin failed to a�ect the inhibitory
and the contractile responses to PAR-1 or PAR-2 activation at all
concentrations tested (data not shown).
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multiple PARs might be present in a single tissue to serve as
a backup system that could respond e�ectively to di�erent
levels of protease (Kahn et al., 1998). Alternatively, the PARs

might respond selectively to site-targeted proteases (Hollen-
berg, 1999). The observation that in rat colon the endogenous
and exogenous agonists of PAR-1 were more potent than the
PAR-2 agonists, but showed the same e�cacy, could suggest

that they, besides responding to protease of di�erent origin,
are set to signal a di�erent degree of tissue injury, as
proposed elsewhere (Cocks & Mo�att, 2000). Moreover,

consistent with other reports (Saifeddine et al., 1996), in our
preparation, proteases were more potent than the respective
synthetic peptides. Di�erences in potency can be due to the

ine�cient presentation of the peptide to the binding domains
of the receptor, compared with the tethered peptide (DeÂ ry et
al., 1998) or to a more rapid inactivation by proteolysis

(Godin et al., 1994).
Our results also suggest that PAR-1 and PAR-2 inhibitory

e�ects on circular muscle and relaxation on longitudinal
muscle involve the activation of the small-conductance Ca2+-

activated, K+ channels, that are apamin-sensitive. Apamin
also facilitated the contractile e�ects. The speci®city of the
e�ect of apamin on PAR-mediated responses is demonstrated

by the observation that the toxin did not a�ect the
contraction induced by carbachol and the relaxation induced
by isoproterenol at submaximal concentrations. These

®ndings are in agreement with other observations in vivo
(Kawabata et al., 2001) and in vitro preparations (Kawabata
et al., 1999a; 2000b; Cocks et al., 1999).

Although the mechanical e�ects induced by PAR-1 and
PAR-2 activation are reported to be TTX-insensitive

(Saifeddine et al., 1996; Corvera et al., 1997; Cocks et al.,
1999; Kawabata et al., 1999a; Tognetto et al., 2000), recent
studies indicate that PAR-1 and PAR-2 can be present in the

enteric neurons in guinea-pig and porcine small intestine
(Corvera et al., 1999; Green et al., 2000). Therefore, we
treated the tissue with TTX to verify a neural involvement in
the PAR-1 and PAR-2 responses. Our results concerning

TTX indicate that both inhibitory and contractile responses
to PAR-1 and PAR-2 are independent by propagation of
neural action potential. Moreover, because activation of

PAR-1 and PAR-2 can induce release of products of
arachidonic acid in other gastrointestinal preparations
(Saifeddine et al., 1996; Kong et al., 1997; Vergnolle et al.,

1998; Tognetto et al., 2000) we tested the PAR-1 and PAR-2
response in the presence of indomethacin. The inhibitory or
contractile responses to PAR-1 and PAR-2 were una�ected

by the inhibitor of cyclooxygenase indicating that in our
preparation they do not depend on products of cyclooxy-
genase.
In conclusion, both PAR-1 and PAR-2 are functionally

expressed in rat colon. They play a dual role in the control of
the rat colonic motility, producing mainly contraction of the
longitudinal muscle and suppression of contractility in the

circular muscle. This might contribute to the alterations of
colonic motility observed during in¯ammatory conditions.
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(University of Calgary) for supplying TFLLR-NH2.
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