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1 Agonists of protease-activated receptor-2 (PAR-2) trigger neurally mediated mucus secretion
accompanied by mucosal cytoprotection in the stomach. The present study immunolocalized PAR-2
in the rat gastric mucosa and examined if PAR-2 could modulate pepsin/pepsinogen secretion in
rats.

2 PAR-2-like immunoreactivity was abundant in the deep regions of gastric mucosa, especially in
chief cells.

3 The PAR-2 agonist SLIGRL-NH2, but not the control peptide LSIGRL-NH2, administered i.v.
repeatedly at 0.3 ± 1 mmol kg71, four times in total, signi®cantly facilitated gastric pepsin secretion,
although a single dose produced no signi®cant e�ect.

4 The PAR-2-mediated gastric pepsin secretion was resistant to omeprazole, NG-nitro-L-arginine
methyl ester (L-NAME) or atropine, and also to ablation of sensory neurons by capsaicin.

5 Our study thus provides novel evidence that PAR-2 is localized in mucosal chief cells and
facilitates gastric pepsin secretion in the rats, most probably by a direct mechanism.
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Introduction

Protease-activated receptors (PARs) are a family of G

protein-coupled seven trans-membrane domain receptors,
the activation of which occurs by proteolytic unmasking of
the cryptic receptor-activating sequence that binds to the

body of the receptor itself (Kawabata & Kuroda, 2000).
Among four members of this family (PARs 1 ± 4) that have
been cloned, PAR-2 is activated by trypsin, mast cell tryptase
and coagulation factors VIIa and Xa (Camerer et al., 2000;

Kawabata et al., 2001c; Molino et al., 1997; Nystedt et al.,
1994). PAR-2 can also be nonenzymatically activated by
synthetic peptides (i.e. SLIGRL±NH2) based on the N-

terminal sequence of the tethered ligand (Nystedt et al.,
1994). PAR-2 is unevenly distributed throughout the
mammalian body, especially in the alimentary tract (Kawa-

bata & Kuroda, 2000). PAR-2 modulates gastrointestinal
motility in vitro as well as in vivo (Cocks et al., 1999; Corvera
et al., 1997; Kawabata et al., 1999; 2001b). PAR-2 also

participates in regulation of alimentary exocrine secretion
such as salivary and pancreatic secretion (Kawabata et al.,
2000; Nguyen et al., 1999). Recently, we provided evidence
that a PAR-2 agonist, SLIGRL±NH2, given in vivo, induces

gastric mucus secretion accompanied by mucosal cytoprotec-
tion, via release of calcitonin gene related peptide (CGRP)
and tachykinins from sensory neurons (Kawabata et al.,

2001a). Thus, PAR-2 that is activated possibly during tissue

injury or in¯ammation (Kawabata & Kuroda, 2000), could
play a protective role in gastric mucosa under pathological
conditions. To clarify further the roles that PAR-2 plays in

gastric mucosa, we sought to immunolocalize PAR-2 in rat
gastric mucosa. The histochemical analysis showed abundant
expression of PAR-2 by mucosal chief cells, known to secret
pepsin/pepsinogen. We therefore turned our attention to the

role of PAR-2 in chief cells. Here, for the ®rst time, we show
that PAR-2 present in mucosal chief cells acts to facilitate
pepsin secretion in the rat stomach.

Methods

Animals

Male Wistar rats (7 weeks old, Japan SLC. Inc., Japan) were
used with approval the Kinki University School of
Pharmaceutical Sciences' Committee for the Care and Use
of Laboratory Animals.

Immunostaining of PAR-2 in the rat gastric mucosa

Rats were anaesthetized with urethane (1.35 g kg71, i.p.) and
perfused transcardially with 150 ml of physiological saline
and subsequently with 500 ml of 4% paraformaldehyde in a
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phosphate bu�er (pH 7.4). The stomach was removed,
post®xed and serially sectioned (at 10-mM thickness) on a
freezing microtome. Immunostaining of PAR-2 was per-

formed using a rabbit polyclonal antibody (B5) that
speci®cally recognizes PAR-2, targeted to a peptide corre-
sponding to the cleavage/activation site of rat PAR-2
(30GPNSKGR;SLIGRLDT46P-YGGC) (Kong et al., 1997).

Sections were ®rst incubated in 1% normal goat serum for
30 min, and then in the B5 antibody at a dilution of 1 : 1000
for 16 h at 48C. Sections were then incubated with

biotinylated goat antiserum against rabbit IgG for 1 h and
subsequently treated with a peroxidase-conjugated avidin ±
biotin complex (Vectastain ABC kit, Vector Laboratories

Inc., U.S.A.) for 30 min at 48C. The labelled cells were
visualized by 0.05% 3,3'-diaminobenzidine-tetra HCl solution
including 0.4% nickel ammonium sulphate and 0.035%

hydrogen peroxide.

In vivo assay of pepsin secretion

Under urethane anaesthesia, secretagogues, the speci®c
PAR-2-activating peptide SLIGRL±NH2 and the inactive
control peptide LSIGRL±NH2, were administered i.v.

from one to four times at 1-h intervals to the rat with
a pylorus ligation. Amastatin, an inhibitor of aminopepti-
dase, at 2.5 mmol kg71 was given i.v. once 1 min before

the ®rst dose of secretagogues, in order to reduce
degradation of peptides. After 0, 30, 120 or 240 min, the
rat was sacri®ced by decapitation and the luminal liquid in

the stomach was collected. If the time points of
administration and collection coincided (at time 0 and
120 min), the ®nal dose was not given. The assay of
pepsin/pepsinogen in the samples was performed according

to the previously described method (Anson & Mirsky,
1933) with modi®cations. Brie¯y, the gastric content was
incubated with 2.5% haemoglobin, for 10 min at 378C,
and the reaction was then stopped by adding 5%
trichloroacetic acid. After centrifugation (48C, 2190 g,
10 min), the soluble hydrolysis products in the supernatant

were collected and the optical density was measured at
280 nM. The amount of pepsin/pepsinogen secreted was
calculated from a standard curve of authentic pepsin, and
is expressed as mg of pepsin.

Inhibition experiments

Omeprazole, a proton pump inhibitor, at 60 mg kg71

(Tashima et al., 1998) was administered s.c. 30 min before
the ®rst dose of four repeated administrations of

SLIGRL±NH2. N
G-nitro-L-arginine methyl ester (L-NAME),

an NO synthase inhibitor, at 20 mg kg71 (Handy & Moore,
1998; Kawabata et al., 2001a) and atropine at 3 mg kg71

(Bentley et al., 1999) were given s.c., 5 min before each of
four doses of SLIGRL±NH2, four times in total. For
ablation of sensory neurons, rats received three doses of
capsaicin (25, 50 and 50 mg kg71, s.c.) over 32 h (at 0, 6,

32 h, respectively) under pentobarbital (40 mg kg71, i.p.)
anaesthesia (Kawabata et al., 2001a), 10 days before
experiments. The e�cacy of the capsaicin treatment was

veri®ed by the eye-wiping test, as described elsewhere
(Steinho� et al., 2000). All control animals received
administration of vehicle.

Drugs

PAR-2-related peptides were prepared by a standard solid

phase synthesis procedures. The concentration, purity and
composition of the peptides were determined by high-
performance liquid chromatography, mass spectrometry and
quantitative amino acid analysis. L-NAME hydrochloride

and capsaicin were purchased from Sigma (St. Louis, MO,
U.S.A.); atropine and omeprazole were from Wako Pure
Chemicals (Osaka, Japan). Amastatin was from the Peptide

Institute, Inc. (Minoh, Japan). Omeprazole was suspended in
0.5% sodium carboxymethylcellulose, and capsaicin was in a
saline solution containing 10% ethanol and Tween 80.

Statistics

Data are expressed as mean+s.e.mean. Statistical analysis
was performed using the Tukey's multiple comparison test or
Student's t-test, and set at a P50.05 level.

Results

Immunolocalization of PAR-2 in rat gastric mucosa

PAR-2-like immunoreactive cells were found mainly in the

deep regions of gastric mucosa (Figure 1a). Observation with
greater magni®cation showed strong staining in chief cells,
but not clear staining in parietal cells (Figure 1c). The

PAR-2-immunostaining was abolished by preabsorption of
antibody with 20 mg ml71 of the antigen peptide (Figure
1b,d). Histochemical analysis using the serum from a non-
immunized rabbit also provided no positive immunostaining

in the mucosa (data not shown).

PAR-2-triggered secretion of gastric pepsin in rats

Given the abundant expression of PAR-2 in the chief cells,
known to secrete pepsin, we next examined if PAR-2 could

modulate gastric pepsin secretion in the anaesthetized rat
with a pylorus ligation in vivo. No secretion of pepsin was
detected 30 min after a single dose of SLIGRL±NH2, a
speci®c PAR-2-activating peptide, at 1 mmol kg71, in combi-

nation with amastatin. However, signi®cant increase in the
amount of luminal pepsin was detected for 2 and 4 h in the
rats that had received two and four doses of the peptide at

1 mmol kg71, respectively, compared with the administrating
vehicle after amastatin (Figure 2a). The amount of luminal
pepsin at 4 h in the rats that had received only ®rst two doses

at 0 and 1 h (data not shown) was equivalent to the data at
2 h in the rats that had received two doses (Figure 2a). The
dose-response study was performed for four repeat doses of

SLIGRL±NH2, in order to obtain steady e�ects at distinct
doses. The e�ect of SLIGRL±NH2 in combination with
amastatin 2.5 mmol kg71 on the accumulation of luminal
pepsin over 4 h was dose-dependent in a range of

0.1 ± 1 mmol kg71 (64), although the largest dose,
5 mmol kg71 (64), produced decreased e�ect, resulting in a
bell-shaped dose-response curve (Figure 2b, right), as seen in

our previous study concerning the PAR-2-mediated salivation
(Kawabata et al., 2000). In contrast, LSIGRL±NH2, a
PAR-2-inactive peptide, administered at 1 mmol kg71 (64)
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following amastatin, had no such e�ect (Figure 2b, right).
Amastatin itself, at the dose employed, did not a�ect the

pepsin secretion; the amount of luminal pepsin (mg per 4 h)
was 1.156+0.146 (n=5) and 1.120+0.131 (n=8) in the rats
treated with vehicle and amastatin, respectively.

SLIGRL±NH2 at 1 mmol kg71 (64), when administered
without pre-administration of amastatin, produced a sig-
ni®cant but smaller e�ect than that of the same dose of

SLIGRL±NH2 in combination with amastatin (Figure 2b).

Characterization of PAR-2-mediated gastric pepsin
secretion

The pepsin secretion by the PAR-2 agonist over 4 h remained
una�ected, even when acid output was blocked by

omeprazole (Figure 2c). The PAR-2-mediated pepsin secre-
tion was resistant to L-NAME or atropine (Figure 3a), each
of which, by itself, did not a�ect the pepsin secretion (the

value (mg per 4 h) was 1.11+0.18, 1.36+0.16 and 1.12+0.01
in the rat treated with vehicle, L-NAME and atropine alone,
respectively (n=4)). Moreover, ablation of sensory neurons

by pretreatment with capsaicin did not alter the secretory
e�ect of the PAR-2 agonist (Figure 3b).

Discussion

The present study demonstrates that PAR-2 is expressed

abundantly in the chief cells in rat gastric mucosa, and
further indicates that activation of PAR-2 induces secretion
of pepsin. This secretion most likely occurs via a direct action

on the chief cells, although a humoral mechanism cannot be
entirely ruled out. It is clear that the PAR-2-mediated pepsin

secretion is not secondary to acid output, because omeprazole
did not modify the pepsin secretion following repeated
administration of the PAR-2 agonist. Our data also show

that the e�ect of the PAR-2 agonist is independent of sensory
neurons, NO formation and muscarinic receptors. Taken
together, PAR-2 expressed in chief cells is considered to

mediate pepsin secretion, while PAR-2 present in sensory
neurons, upon stimulation, triggers release of neuropeptides,
leading to mucus secretion (Kawabata et al., 2001a). PAR-2
would thus appear to function as a double-edged sword in

the stomach, since luminal pepsin and mucus could have
opposing e�ect on the gastric mucosa.

It was of our surprise that the PAR-2 agonist triggered

delayed pepsin secretion only after 2 ± 4 repeated administra-
tions. This unusual characteristic of the e�ect might imply the
existence of multiple steps in the mechanisms underlying the

PAR-2-mediated pepsin secretion, although the detailed
analysis is now in progress in our laboratory. It is also
noteworthy that the dose-response curve for the pepsin

secretion due to the PAR-2 agonist was bell-shaped, as seen
previously for the salivation by the PAR-2 agonist
(Kawabata et al., 2000), which might predict the feedback
mechanism for PAR-2-mediated exocrine secretion.

The histochemical detection of strong PAR-2-immuno-
reactivity on the mucosal chief cells led us originally to
hypothesize that PAR-2 might function to suppress pepsin

secretion in chief cells, based on our recent evidence that
PAR-2 agonists exhibited strong mucosal cytoprotection in
rat gastric injury models (Kawabata et al., 2001a). In

Figure 1 Immunolocalization of PAR-2 in rat gastric mucosa. (a) and (b) Microphotographs of immunostaining of PAR-2 in rat
gastric mucosa (original magni®cation: 6100). (c) and (d) Microphotographs of areas corresponding to the square in (a) and (b),
respectively (original magni®cation: 6400). (a) and (c) were stained with the anti-PAR-2 antibody; (b) and (d) were treated with the
antibody pre-absorbed with a peptide (20 g ml71) used for immunization. Arrow heads show chief cells, and allows indicate parietal
cells.
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contrast, we found that the PAR-2 agonist unexpectedly
facilitated pepsin secretion. Therefore, it is likely that PAR-2

may play a pro-in¯ammatory/pro-ulcerative role, in addition
to a neurally mediated cytoprotective role, in the gastric
mucosa. This dual role might rationalize our previous
®ndings that the PAR-2 agonist produced dose-dependent

cytoprotection at low doses, but showed relatively in¯amma-
tory/aggravating e�ects at high doses, in two distinct gastric
injury models (Kawabata et al., 2001a). The physiological

meaning of the dual role that PAR-2 plays in the gastric
mucosa is still open to question. PAR-2 can be activated by
multiple proteases such as trypsin, mast cell tryptase and

coagulation factors VIIa and Xa that might be activated and/
or accessible to mucosal tissues including chief cells and
sensory neurons during in¯ammation or tissue injury

(Camerer et al., 2000; Kawabata & Kuroda, 2000; Kawabata
et al., 2001c). In the future, other proteases in the stomach
may also be discovered as novel endogenous agonists for
PAR-2. PAR-2 is primarily protective in the gastric mucosa

and considered a novel target for development of therapeutic
drugs for gastric injury (Kawabata et al., 2001a), whereas the
PAR-2-mediated pepsin secretion by chief cells found in the

present study may counteract the cytoprotective e�ect.
Substance P and neurokinin A that can be released from

the sensory neurons following PAR-2 activation (Kawabata

et al., 2001a; Steinho� et al., 2000) are capable of stimulating
secretion of pepsin in the stomach (Schmidt et al., 1999).
However, our experiments using capsaicin indicate that the

PAR-2-triggered secretion of pepsin is independent of sensory
neuronal activation. Neither muscarinic receptors nor NO,
known to mediate pepsin secretion (Blandizzi et al., 1999),
were found to contribute to the PAR-2-mediated pepsin

secretion. The signal transduction mechanisms in chief cells
for the PAR-2-mediated secretory response remains to be
investigated. In summary, the present study would add the

PAR-2-mediated pepsin secretion in gastric mucosal chief
cells to the list of the roles that PAR-2 may play in the
alimentary tract.

Figure 2 Secretion of gastric pepsin produced by repeated admin-
istration of the PAR-2 agonist in rats. (a) The PAR-2 agonist
SLIGRL±NH2 at 1 mol kg71 or vehicle (V) was administered i.v.,
repeatedly at 1-h intervals, to the rat pretreated with amastatin at
2.5 mol kg71, and gastric luminal content was collected 0, 30, 120 or
240 min after the ®rst dose. Arrows show the time point at which
SLIGRL±NH2 was administered. (b) Dose-related e�ects of four
repeated doses of SLIGRL±NH2 and the inactive control LSIGRL±
NH2 for 4 h in the rat without (left panel) or with (right panel) pre-
administration of amastatin. (c) E�ect of SLIGRL±NH2 at
1 mol kg71 (64) following amastatin in the rat pretreated with s.c.
omeprazole at 60 mg kg71 or vehicle. Data show means with
s.e.mean from 5 ± 8 rats. *P50.05; **P50.01; }P50.05 vs each
vehicle; {{P50.01 vs LSIGRL±NH2. ns, not signi®cant.

Figure 3 Lack of e�ects of L-NAME, atropine and capsaicin of the
PAR-2-mediated pepsin secretion in the rat. (a) L-NAME at
20 mg kg71 or atropine at 3 mg kg71 was repeatedly administered
s.c. 5 min before each of four doses of i.v. SLIGRL±NH2 at
1 mol kg71. Data show the mean with s.e.mean from six ± seven
(vehicle) and four (treated) rats. (b) SLIGRL±NH2 at 1 mol kg71

was administered i.v. four times to the rats pretreated with vehicle or
capsaicin for ablation of sensory neurons. Data show the mean with
s.e.mean from seven rats. ns, not signi®cant.
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