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Abstract

Proteinase-activated receptor-2 (PAR-2) is a G protein—cou-
pled receptor that is cleaved and activated by trypsin-like
enzymes. PAR-2 is highly expressed by small intestinal en-
terocytes where it is activated by luminal trypsin. The loca-
tion, mechanism of activation, and biological functions of
PAR-2 in the colon, however, are unknown. We localized
PAR-2 to the muscularis externa of the rat colon by immu-
nofluorescence. Myocytes in primary culture also expressed
PAR-2, assessed by immunofluorescence and RT-PCR.
Trypsin, SLIGRL-NH, (corresponding to the PAR-2 teth-
ered ligand), mast cell tryptase, and a filtrate of degranu-
lated mast cells stimulated a prompt increase in [Ca®"]; in
myocytes. The response to tryptase and the mast cell filtrate
was inhibited by the tryptase inhibitor BABIM, and abol-
ished by desensitization of PAR-2 with trypsin. PAR-2 acti-
vation inhibited the amplitude of rhythmic contractions of
strips of rat colon. This response was unaffected by in-
domethacin, L-N¢-nitroarginine methyl ester, a bradykinin
B, receptor antagonist and tetrodotoxin. Thus, PAR-2 is
highly expressed by colonic myocytes where it may be cleaved
and activated by mast cell tryptase. This may contribute to
motility disturbances of the colon during conditions associ-
ated with mast cell degranulation. (J. Clin. Invest. 1997. 100:
1383-1393.) Key words: trypsin « ileus « inflammation
smooth muscle

Introduction

Certain proteases specifically regulate cells by cleaving mem-
bers of a new family of proteinase-activated receptors (PARs).!
PAR-1 and PAR-3, which are thrombin receptors, and PAR-2,
a trypsin receptor, are the three known members of this family
of G protein—coupled receptors (1-3). Thrombin and trypsin
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cleave within the extracellular NH, terminus of PAR-1 and
PAR-2, respectively, to expose tethered ligands that bind to
and thereby activate the cleaved receptors. Synthetic peptides
corresponding to the tethered ligands directly bind and acti-
vate the receptors, and are valuable reagents to investigate re-
ceptor functions (1, 3).

PAR-1 is expressed by platelets, endothelial cells, fibro-
blasts, and astrocytes where it mediates many of the biological
actions of thrombin (4). PAR-2 is expressed in the gastrointes-
tinal tract, pancreas, kidney, liver, airway, prostate, ovary, and
eye, and is found in enterocytes, keratinocytes, endothelial
cells, smooth muscle, T cell lines, and certain tumor cell lines
(3, 5-12). The proteases that cleave and activate PAR-2 in
these multiple locations and the physiological role of PAR-2
are unknown. Pancreatic trypsin may cleave and activate
PAR-2 in some tissues. For example, trypsin activates PAR-2
at the apical membrane of enterocytes, and thereby regulates
the intestinal mucosa (13). Other trypsin-like proteases may
activate PAR-2 in tissues that are not normally exposed to
pancreatic trypsin. One possibility is mast cell tryptase, a
prominent serine protease that is present in secretory granules
of human mast cells (14). Tryptase is mitogenic for epithelial
cells, fibroblasts, and smooth muscle cells, and stimulates
ICAM expression by epithelial cells, but the receptor that me-
diates these actions is unknown (15-18). Mast cell tryptase has
trypsin-like specificity, and cleaves and activates PAR-2 (19)
(Bohm et al., manuscript submitted for publication). Thus,
tryptase may activate PAR-2 in multiple locations when mast
cells degranulate.

The purpose of this investigation was to define mechanisms
of activation and the possible function of PAR-2 in the colon.
Although PAR-2 mRNA is highly expressed in the colon (3,
6), its cellular location, mechanism of activation, and biological
functions are unknown. Mast cells are normally present in the
colon (20), and intestinal manipulation and inflammation re-
sult in mast cell infiltration, degranulation, and tryptase re-
lease (21-23). Tryptase may activate PAR-2 and thereby con-
tribute to functional disturbances that accompany mast cell
infiltration and degranulation in the colon. We found that
PAR-2 is highly expressed in colonic muscle, and we examined
the hypothesis that mast cell tryptase cleaves and activates
PAR-2 on colonic myocytes, and thereby regulates colonic
motility. The aims were (a) to localize PAR-2 to colonic mus-
cle; (b) to determine if trypsin and mast cell tryptase activate
PAR-2 in myocytes; and (c) to evaluate the role of PAR-2 in
regulating colonic motility.

Methods

Reagents. Trypsin was from Worthington Biochemical Corp. (Free-
hold, NJ). Tryptase was extracted and purified from the human
HMC-1 mast cell line (Dr. J. Butterfield, Mayo Clinic, Rochester, MN)
by variations of previously described techniques (18, 24). High—ionic
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strength extracts of cells (in buffer containing 2 M NaCl and 10 mM
bis-Tris, pH 6.1) were applied to a column of benzamidine Sepharose
(Sigma Chemical Co., St. Louis, MO), and eluted from the column in
the same buffer containing 150 mM benzamidine. The eluate was ap-
plied to a column of PD-10 (Pharmacia LKB Biotechnology Inc., Pis-
cataway, NJ) to remove benzamidine and to reduce the concentration
of NaCl to 0.2 M. The desalted eluate was loaded immediately onto a
Mono S column (Pharmacia LKB Biotechnology Inc.) and eluted with
a linear gradient of 0-200 pg/ml bovine lung heparin (Sigma Chemi-
cal Co.).The tryptase inhibitor bis(5-amidino-2-benzimidazolyl)meth-
ane (BABIM) was from Dr. R. Tidwell, University of North Caro-
lina (25). The tethered ligand of rat PAR-2 (activating peptide, AP;
SLIGRL-NH,) and the reverse peptide (RP; LRGILS-NH,) were
synthesized by solid phase methods. Fura-2/AM was from Molecular
Probes, Inc. (Eugene, OR). Bradykinin was from Bachem Bioscience
Inc. (King of Prussia, PA). The bradykinin B2 receptor antagonist
HOE 140 was from Dr. K. Wirth (Hoechst, Frankfurt, Germany).
PGE, was from DuPont-NEN (Boston, MA). An antibody to smooth
muscle actin was from Enzo Diagnostics (Long Island, NY). Goat
anti-rabbit IgG conjugated to fluorescein or Texas Red were from

Organon Teknika-Cappel (Durham, NC). Other reagents were from
Sigma Chemical Co. Tissues were obtained from male Sprague-Daw-
ley rats (200 g) anesthetized with 50 mg/kg i.p. sodium pentobarbital.

Isolation and culture of colonic myocytes. Myocytes were isolated
from the muscularis externa of the rat colon as described (26), with
the exception that tissue was placed in isolation buffer containing 50
pg/ml fungizone, 1,000 U/ml penicillin, 1,000 pg/ml streptomycin, so
that cells could be cultured. Dispersed cells were suspended in
Smooth Muscle Basal Medium (Clonetics, San Diego, CA) contain-
ing 5% FCS and 50 pg/ml gentamicin sulphate, plated onto plastic
plates coated with rat tail collagen, and maintained in 95% air, 5%
CO, at 37°C. After overnight culture, nonadherent myocytes were re-
moved by changing the medium. Myocytes were studied between pas-
sages 2-5, and were plated 48 h before use.

Localization of PAR-2 in tissue sections and cultured myocytes.
Rats were transcardially perfused with 4% paraformaldehyde in 100
mM PBS, pH 7.4, and 10-pum frozen sections were prepared. Colonic
myocytes were fixed in 4% paraformaldehyde for 20 min at 4°C. PAR-2
was localized by indirect immunofluorescence, as described (27), using
polyclonal antisera raised in rabbits to synthetic fragments of PAR-2

Figure 1. Localization of PAR-2 immunoreactivity in myocytes of the rat colon. A is a section of rat colon showing PAR-2 in the muscularis mu-
cosa (arrowheads) and muscularis externa (arrows) stained with antibody B5. muc, mucosa; sm, submucosa; cm, circular muscle. B-D show iso-
lated myocytes stained with an antibody to smooth muscle actin (B), PAR-2-N antibody (C), and PAR-2-N antibody preabsorbed with the re-

ceptor fragment used for immunization (D). Scale bar = 10 pm.
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coupled to keyhole limpet hemocyanin. Antiserum B5 (Dr. M. Hollen-
berg, University of Calgary) was raised to rat PAR-2: *GPNSKGR |
SLIGRLDT*P - YGGC (! trypsin cleavage site, YGGC for conjuga-
tion) (13). Antiserum PAR-2-C was raised to human PAR-2: |
YSLIGKVDGTSHVTGKG®V, and antiserum PAR-2-N was raised
to human PAR-2: GTNRSSKGR | SL*I (Dr. C. Derian, R.W.
Johnson Pharmaceutical Research Institute, Spring House PA).

Detection of PAR-2 in myocytes by RT-PCR and Southern blot-
ting. Total RNA was reverse-transcribed and amplified using the Gene-
Amp RNA PCR kit (Perkin Elmer Cetus Instruments, Emeryville,
CA). Oligonucleotide primers to rat PAR-2 (sense, 5'-AAGTCT-
CAGCCTGGCGTGGC-3', +6 to +25; antisense, 5'-ACGACGAG-
CAGCACGTTGCT-3', +926 to +907) were chosen to bridge the in-
tron of PAR-2, and to amplify a 921-bp fragment. The PCR
amplification used 1.5 pg RNA according to the manufacturer’s di-
rections. PCR products were separated on a 1% agarose gel, trans-
ferred to a nylon membrane, cross-linked, and analyzed by Southern
blotting using a probe labeled with digoxigenin-11-dUTP according
to the manufacturer’s directions (Boehringer Mannheim, Mannheim,
Germany). A 162-bp digoxigenin-labeled probe was generated by
PCR using a vector containing a rat PAR-2 fragment as a template
(from Dr. Morley Hollenberg) and oligonucleotide primers to rat
PAR-2 (sense, 5'-TGCTGGGAGGTATCACCCTT-3', +26 to +45;
antisense, 5'-CATCAACGGAAAAGCCTGGT-3', +187 to +168).
The probe was purified using Chroma Spin X-100 columns (Clontech,
Palo Alto, CA). Membranes were prehybridized in 5X SSPE, 10X
Denhardt’s, 50% deionized formamide, 100 mg/ml salmon sperm
DNA, and 2% SDS for 3 h at 42°C, and hybridized with probe over-
night at 42°C. They were washed 40 min at room temperature in 2X
SSC with 0.05% SDS, and 20 min at 55°C in 0.1X SSC with 0.1%
SDS. Membranes were incubated with anti-digoxigenin antibody cou-
pled to alkaline phosphatase (Boehringer Mannheim) and developed
with BCIP/NBT substrate.

Ca** mobilization. Myocytes were incubated in physiological salt
solution with 2.5 uM Fura-2/AM for 20 min at 37°C (28). Fluores-
cence was measured in individual cells using an ICCD video camera
(Stanford Photonics, Stanford, CA) and a video microscopy acquisi-
tion program (Axon Industries, Foster City, CA.). Fluorescence was
measured at 340 and 380 nm excitation and 510 nm emission. The ra-
tio of the fluorescence at the two excitation wavelengths, which is
proportional to the [Ca?'];, was calculated. Fresh cells were studied
with each agonist, and a minimum of 10 cells were analyzed in 24 ex-
periments on different days.

Contraction of muscle strips. Strips (1-cm long) of rat proximal
colon were suspended in an organ bath containing 3 ml of Krebs-
Ringer-Bicarbonate gassed with 95% 0O,/5% CO, at 37°C to record
longitudinal contractions. Isometric contractions were recorded and
analyzed using AcqKnowledge 3.1 (BioPac, Santa Barbara, CA). A
basal tension of 1 g was applied to achieve maximal reproducible
spontaneous activity. Tissues were equilibrated for 1 h. The mean
amplitude of contraction was determined for 5 min before and after
administration of agonists. Data are representative of experiments
with at least four colon strips from at least three different animals.

Degranulation of mast cells. HMC-1 human mast cells (300 wl of
7 X 10° cells/ml in physiological salt solution containing 25 pg/ml hep-
arin) were incubated with 100 pM substance P for 5 min at room tem-
perature to induce degranulation. The suspension was filtered, di-
luted, and assayed for stimulation of Ca?* mobilization. Tryptase
release was maximal under these conditions.

Results

Localization of PAR-2 in the colon. We localized PAR-2 in
sections of rat colon and in cultured myocytes using antisera to
different epitopes, and obtained similar results with each anti-
serum. Immunoreactive PAR-2 was prominently localized to
the plasma membrane of muscle cells in the circular and longi-
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Figure 2. Expression of PAR-2 by colonic myocytes. A shows the am-
plification by RT-PCR of a product of the predicted 921 bp from
RNA prepared from cells expressing rat PAR-2 (colonic myocytes,
hBRIE 380 cells, KNRK cells) but not human PAR-2 (A549 cells). B
is a Southern blot showing that the products hybridize with a probe to
rat PAR-2.

tudinal muscle and the muscularis mucosa (Fig. 1 A). PAR-2
was also detected in colonocytes, especially in the apical re-
gions of cells (not shown). Cultured myocytes stained for
smooth muscle actin, and thus retained their smooth muscle
characteristics (Fig. 1 B). PAR-2 was detected at the plasma
membrane and in vesicles of cultured myocytes (Fig. 1 C).
Staining of tissues and cells was abolished by preabsorption of
the primary antisera with 1-10 uM of the receptor fragments
used for immunization (Fig. 1 D).

Expression of PAR-2 in colon myocytes. We examined the
expression of PAR-2 mRNA in cultured myocytes by RT-PCR
using primers to rat PAR-2. We also used two rat cell lines
(KNRK and hBRIE 380 cells) as positive controls that are
known to express PAR-2, and one human cell line (A549) as a
negative control that also expresses PAR-2 (6). A PCR prod-
uct of the predicted 921 bp was amplified using RNA from
myocytes, KNRK cells, and hBRIE 380 cells, but not from
A549 cells (Fig. 2 A). Amplification products from myocytes,
KNRK cells, and hBRIE 380 cells hybridized with a probe to
rat PAR-2, confirming the identity of the amplified fragment
as PAR-2 (Fig. 2 B).

Ca?* mobilization by colonic myocytes. We assessed the
activation of PAR-2 in myocytes by measuring Ca?* mobiliza-
tion. Trypsin and AP stimulated a prompt increase in [Ca™];
(Fig. 3). Trypsin (ECsy, ~ 1 nM) was 1,000-fold more potent
than AP (ECsy, ~ 1 wM), although trypsin and AP had the
same efficacy (Fig. 4). There was no Ca?* response to 1 nM
trypsin that was preincubated with 10 mg/ml SBTI for 60 min
at 37°C before assay, and RP had no effect on [Ca?*]; (Fig. 3).

Tryptase stimulated an increase in [Ca’*']; in myocytes
(Figs. 5 and 6). In contrast to trypsin and AP, which induced an
almost immediate increase in [Ca?*]; in all cells, tryptase stimu-
lated Ca?* mobilization after a delay of 10-30 s (Fig. 6).
Tryptase (ECsy, ~ 100 nM) was 100-fold less potent than
trypsin (ECsy, ~ 1 nM), but was similarly efficacious (Fig. 4).
There was no Ca?* response to 40 nM tryptase that was prein-
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Figure 3. Effects of trypsin (leff) and AP and RP (right) on [Ca®"]; in
colonic myocytes. Results are from individual cells, and are represen-
tative of observations > 10 cells.

cubated with 1 uM of BABIM, a selective and potent tryptase
inhibitor (25), or with 1 WM leupeptin, a serine protease inhib-
itor, for 5 min at room temperature before assay. Thus, the ef-
fect of tryptase depends on its enzymatic activity.

We induced degranulation of HMC-1 cells with substance
P and assayed a filtrate for Ca>* responses in myocytes, to de-
termine if mast cells release proteases that cleave and activate
PAR-2. Application of HMC-1 mast cell filtrate (10 ul of a 1:500
dilution, i.e., 0.02 pl filtrate) to myocytes (1-ml assay volume)
stimulated a rapid and large increase in [Ca?*]; in myocytes
(Figs. 5 and 6). The response was inhibited by 46.5+1% by
BABIM, and 46.5+4% by leupeptin, and is thus dependent to
a large extent on tryptase. We examined whether substance P
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Figure 4. Effects of graded concentrations of trypsin, purified
HMC-1 tryptase, and AP on [Ca?']; in myocytes. Results are ex-
pressed as change from basal and are mean+SE of observations of
> 10 cells. Filled circles, trypsin; filled triangles, HMC-1 Tryptase;
open circles, AP.
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could induce Ca?* mobilization in myocytes. Since the filtrate
(containing 100 wM substance P) was diluted before assay, the
final concentration of substance P to which myocytes were ex-
posed was only 2 nM. Even very high concentrations of sub-
stance P (100 uM), however, did not stimulate Ca>" mobiliza-
tion in myocytes (Fig. 6).

Desensitization of Ca?* mobilization. Exposure of cells to
trypsin desensitizes Ca?* responses to subsequent challenges
with trypsin and AP due to cleavage of PAR-2 and uncoupling
of the receptor from signaling mechanisms (29). We examined
desensitization of Ca?* responses by trypsin to verify that
tryptase stimulates Ca?* mobilization in myocytes by cleaving
and activating PAR-2. Exposure of myocytes to 1 nM trypsin
for 2 min almost completely desensitized the Ca?* response to
a second challenge with 1 nM trypsin or 40 nM tryptase (Fig. 7,
Table I). This suggests that trypsin and tryptase induce Ca**
mobilization by cleaving and activating the same receptor on
myocytes. Exposure of myocytes to 40 nM tryptase for 2 min
partially desensitized the Ca?* response to a second challenge
with 40 nM tryptase or 1 nM trypsin (Fig. 7, Table I). This di-
minished desensitization by tryptase compared to trypsin may
reflect the reduced effectiveness with which tryptase cleaves
and activates PAR-2. Bradykinin (1 wM) stimulated an in-
crease in [Ca%"]; in myocytes after trypsin and tryptase, indicat-
ing that depletion of the intracellular Ca?* pools is not the
mechanism of desensitization.

Effects of PAR-2 agonists on colonic motility. Our results
indicate that colonic muscle expresses PAR-2, and that trypsin,
AP, and tryptase activate PAR-2 on myocytes. We examined
the functional consequences of PAR-2 activation by measur-

HMC-1 Tryptase, 40 nM HMC-1 Filtrate, 0.02 pl

ol No inhibitor oy No inhibitor
05 05
0.4 04
03 03
0.2 0.2
0.1 0.1
g 0 21 41 61 81 101 121 141 0 21 41 61 81 101 12t 141
[ =3
& 07 y BABIM, 1 uM 07 BABIM, 1 uM
g 06 oe] ¥
< 05
5 05
5 0.
£ 02 g;
5 .
9_; 0.1 0.1
S o 0
T 21 41 61 &1 101 121 141 21 41 61 81 101 121 141
8; \l/ Leupeptin, 1 UM 8; ‘l’ Leupeptin, [ pM
0.5 0.5
0.4 04 \
0.3 0.3
02 0.2
0.1 0.1
0 21 41 61 81 101 121 141 01 21 41 61 81 101 121 141
Time (s) Time (s)

Figure 5. Effects of tryptase (left) and of a filtrate of degranulated
HMC-1 cells (right) on [Ca®*]; in colonic myocytes. The HMC-1 fil-
trate was obtained as described in Methods, and 10 pl of a 500-fold
dilution of filtrate (0.02 wl filtrate) was assayed in a volume of 1 ml.
BABIM and leupeptin were incubated with tryptase or HMC-1 fil-
trate for 5 min at room temperature before assay. Results are from in-
dividual cells, and are representative of observations of > 10 cells.
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results from individual myocytes. The right panels show pseudocolor images of the same cells as those in the left panels. *Indicates the time at
which these images were taken. HMC-1 cells were degranulated as described in Methods.
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Figure 7. Effects of desensitization of PAR-2 with trypsin (left) or tryptase (right) on Ca®* responses to trypsin and tryptase in myocytes. Cells
were exposed to 1 nM trypsin or 40 nM tryptase for 2 min, and were then challenged again with 1 nM trypsin or 40 nM tryptase. 2 min later they
were exposed to 1 pM bradykinin. Cells were not washed between challenges. Results are from individual cells, and are representative of obser-
vations of > 10 cells in 24 experiments.

ing contraction of muscle strips. 92% of colon strips (mucosa
plus muscle) were spontaneously active. The frequency of con-
traction was 3.7+0.15/min, the mean amplitude was 1.8£0.2 g,
and the maximal amplitude was 2.5 g. Activation of PAR-2

trypsin (3 M) inhibited the mean amplitude by 60%, and the
highest concentration of AP (30 wM) inhibited the mean am-
plitude by 49%, indicating that trypsin is slightly more effica-
cious than AP. Trypsin (1 pM) inhibited contraction after a

with trypsin and AP caused a concentration-dependent reduc-
tion in the mean amplitude of spontaneous contractions (Figs.
8 and 9). The threshold for inhibition was 300 nM for trypsin
and 3 pM for AP. Trypsin (ECsp, ~ 500 nM) was 10-fold more
potent than AP (ECsy, ~ 5 pM). The highest concentration of

delay of 31+5 s, whereas inhibition by AP occurred after a de-
lay of 153 s. When tissues were exposed to 1 uM trypsin or
100 nM AP for 5 min, and then washed extensively, spontane-
ous activity did not fully recover to basal levels even 6 h after
trypsin, whereas activity recovered 5.4*+0.34 min after AP.

Table I. Desensitization of the Ca** Response of Colonic Myocytes

First agonist Response Second agonist Response Desensitization
%
Trypsin (1 nM) 0.30+0.02 Trypsin (1 nM) 0.03+0.001* 90
Trypsin (1 nM) 0.30+0.02 Tryptase (40 nM) 0.02+0.001* 93
Tryptase (40 nM) 0.33+0.02 Trypsin (1 nM) 0.07=0.01* 77
Tryptase (40 nM) 0.33%0.02 Tryptase (40 nM) 0.15+0.01* 55

Myocytes were challenged with trypsin or tryptase (first agonist), and then challenged with the same dose of protease (second agonist) 2 min later
without an intervening wash. Values are expressed as the difference between the basal and the maximal [Ca**]; (determined as the 340/380 nm ratio)
and are the mean=*SE of observations of > 10 cells. Desensitization of the response to the second agonist challenge is expressed as a percentage of the
response to the first challenge with the same agonist. *P < 0.05 for cells exposed to the second agonist compared to cells exposed to the same first ag-
onist (Student’s 7 test).
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Figure 9. Effects of graded concentrations of trypsin and AP on the
mean amplitude of spontaneous contractions of strips of rat colon.

The reason for the prolonged inhibition of motility by trypsin
is unknown, although it could be related to cleavage of other
receptors that mediate spontaneous colonic contractions. Ap-
plication of tryptase to the organ bath at concentrations of up
to 90 nM did not alter the amplitude of spontaneous contrac-
tions. The reason for the lack of inhibition by tryptase is not
known, but may be related to its slow rate of diffusion in tis-
sues (30) and difficulties in obtaining sufficiently large amounts
of tryptase.

We used agonists and antagonists of various signaling path-
ways, at concentrations known to be effective in other systems,
to investigate the mechanism by which PAR-2 activation in-
hibited spontaneous contractions of the colon. Activation of
PAR-2 stimulates arachidonic acid release and secretion of
PGE, from enterocytes (13), and the effects of PAR-2 agonists
on gastric muscle are blocked with indomethacin (11). Al-
though 30 nM PGE, (31) inhibited colonic motility, preincuba-
tion of tissues with 1 uM indomethacin (cyclooxygenase inhib-
itor, [11]) for 15 min had no effect on the response to trypsin

Results are mean=*SE of observations of colon strips from at least
four rats. Responses are expressed as a percent reduction from base-
line mean amplitude (100%). Filled circles, trypsin; open circles, AP.
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Figure 10. The left panels show the effects of PGE,, sodium nitroprusside, and bradykinin on spontaneous contractions of strips of rat colon.
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140. The traces are from individual strips, but are representative of experiments on strips from at least four rats.

and AP (Fig. 10, Table II). Nitric oxide, which is generated in
neurons and muscle cells in the intestine, is an established in-
hibitor of colonic motility (32), and the inhibitory effects of
PAR-2 agonists on contraction of vascular smooth muscle is
mediated by nitric oxide from the endothelium (11). Although
1 uM sodium nitroprusside (nitric oxide donor, [33]) inhibited
colonic motility, preincubation of tissues with 100 uM L-NAME
(L-NC-nitro arginine methyl ester, inhibitor of nitric oxide syn-
thase, [34]) for 15 min, did not prevent the effects of trypsin
and AP (Fig. 10, Table II). Trypsin may cleave tissue kinino-
gens to generate kinins, which could inhibit colonic motility.
When colonic strips were exposed to 100 nM bradykinin, there

was a marked inhibition of spontaneous contractions that was
abolished by preincubation with 100 nM HOE-140 (B, recep-
tor antagonist, [35]) for 5 min (Fig. 10, Table II). HOE-140,
however, had no effect on the inhibition of colonic motility by
trypsin and AP.

We treated colonic strips with tetrodotoxin (blocks neu-
ronal Na* channels) to assess the role of neurotransmission in
the inhibitory effects of PAR-2 agonists. Treatment with 1 uM
tetrodotoxin (36) resulted in an immediate and sustained in-
crease in the amplitude and frequency of contractions (Fig.
11). Both trypsin and AP, however, inhibited this elevated mo-
tility of tetrodotoxin-treated tissues.

Table I1. Effects of Agonists and Antagonists on the Mean Amplitude of Spontaneous Contractions of Strips of Rat Colon

Na nitroprusside ~ Bradykinin Bradykinin
Agonist PGE, (30 nM) (1 M) (100 nM) (100 nM) Trypsin (1 pM)
Antagonist None None None HOE-140 None  Indomethacin L-NAME HOE-140
(100 nM) 1 pM) (100 uM) (100 nM)
Mean amplitude (% decrease
from basal [100%]) 55.3+4.0 62.5£2.9 25.0%£1.3 24*1.3 56.6£3.2 64.5+12.6 57.9+2.1 45.5%11.5

Results are mean=SE of observations of colon strips from at least three rats. Responses are expressed as a percent reduction from baseline mean am-
plitude (100%). Exposure of tissues to PGE,, sodium nitroprusside, bradykinin, and trypsin reduced the mean amplitude of contractions. The re-
sponse to bradykinin was abolished by preincubation of tissues with HOE-140. Preincubation of tissue with indomethacin, L-NAME, or HOE-140
had no effect on the response to trypsin.

1390 Corveraetal.



1 min

3%
]

\yTetrodotoxin, 1 uM

VTrypsin, 1 uM

Tension

4( Trypsin, 1 pM (no mucosa)

\y AP, 10 uM (no mucosa)

Time

Figure 11. The upper panel shows the effects of trypsin on spontane-
ous contractions of a strip of rat colon that has been treated with tet-
rodotoxin. The middle and lower panels show the effects of trypsin
and AP on spontaneous contractions of strips of rat colon from which
the mucosa has been removed. The traces are from individual strips,
but are representative of experiments on strips from at least four rats.

To determine if the effects of PAR-2 agonists on colonic
motility were due to release of mediators from the mucosa, we
examined their effects on colonic strips from which the mucosa
had been removed by dissection. Removal of the mucosa di-
minished the spontaneous activity of the colon, so that only
65% of muscle strips were spontaneously active (Fig. 11). The
frequency of contraction of spontaneously active strips was
1.5+0.2/min, the mean amplitude was 1.2+0.2 g, and the maxi-
mal amplitude was 2.3 g. Both trypsin and AP, however, inhib-
ited spontaneous contractions of colonic strips in the absence
of the mucosa.

Discussion

PAR-2 is highly expressed by colonic smooth muscle, and
trypsin and mast cell tryptase activate PAR-2 on myocytes.
Activation of PAR-2 by trypsin and a peptide corresponding
to the tethered ligand inhibits spontaneous contractions of co-
lonic muscle. Thus, tryptase from degranulated mast cells may
suppress colonic motility by cleaving and activating PAR-2.
PAR-2 is expressed by myocytes. Several observations in-
dicate that PAR-2 is highly expressed by smooth muscle in the
colon. Firstly, immunoreactive PAR was specifically localized
to myocytes in tissue sections and in primary culture using an-
tisera raised to different epitopes of PAR-2. Although we can-
not exclude the possibility that the antisera crossreact with an-
other protein, the results suggest that PAR-2 is expressed in
colonic smooth muscle. Secondly, PAR-2 was detected in myo-
cytes in primary culture using RT-PCR. PAR-2 has similarly
been detected in gastric muscle, which supports our results
(11). Thirdly, trypsin, tryptase, and AP stimulated Ca?* mobi-
lization in myocytes, confirming expression of functional
PAR-2. PAR-2 couples to generation of inositol(1, 4, 5)tris-

phosphate and mobilization of Ca** in transfected cell lines
and in cells that naturally express PAR-2, which supports our
results (13, 29). Finally, trypsin and AP inhibited spontaneous
contractions of strips of rat colon. This inhibition was still ob-
served after treatment of tissue with tetrodotoxin and removal
of the mucosa, suggesting that these agonists affect motility by
a direct action on myocytes. Trypsin and AP also affect motil-
ity of gastric muscle, although here contraction is stimulated
(11).

Trypsin and tryptase activate PAR-2 on myocytes. An impor-
tant question in our experiments is whether the responses of
myocytes to trypsin, tryptase, and AP are mediated by PAR-2
or are caused by activation of a different receptor. The po-
tency with which trypsin stimulated Ca>* mobilization in myo-
cytes is similar to that in other cell lines (6), which argues that
trypsin stimulates myocytes by activating PAR-2. Although
trypsin also activates PAR-1, it is considerably less potent than
thrombin (37), and other trypsin receptors have not been iden-
tified. The effect of trypsin on [Ca?*]; in myocytes was repro-
duced by a peptide corresponding to the tethered ligand of
PAR-2. Although we cannot be sure that AP only activates
PAR-2, SLIGRL does not activate PAR-1 (38). Therefore, it is
probable that trypsin and AP activate PAR-2 on colonic myo-
cytes.

Mast cell tryptase stimulated Ca?* mobilization in myo-
cytes with a similar efficacy, but reduced potency compared to
trypsin. The Ca?* response to tryptase in myocytes was abol-
ished by desensitization of PAR-2 with trypsin. Thus, the most
straightforward explanation of our results is that tryptase
cleaves and activates PAR-2, although tryptase may also acti-
vate other receptors. Tryptase also cleaves and activates PAR-2
in transfected cells, keratinocytes, endothelial cells, and en-
terocytes, but with a reduced potency and efficacy than trypsin
(19) (Bohm et al., manuscript submitted for publication). The
reduced efficiency with which tryptase cleaves PAR-2 may ex-
plain the consistent delay we observed between addition of
tryptase and detection of increased [Ca?*]. Trypsin cleaves
PAR-2 at SKGR 1 SLIGK to expose a tethered ligand
(SLIGK) that binds and activates the cleaved receptor. Exper-
iments with synthetic peptides indicate that tryptase prefers
the sequence KGR in the P3, P2, and P1 positions, which are
identical to the sequence of PAR-2 (39). Indeed, tryptase
cleaves synthetic peptides corresponding to the amino termi-
nus of PAR-2 at the same site as trypsin (19).

Our results show that substance P induces degranulation of
HMC-1 mast cells and release of tryptase. A filtrate of the de-
granulated cells stimulated Ca?* mobilization in myocytes,
which was inhibited by ~ 50% by the tryptase inhibitor
BABIM, and is thus attributable in large part to tryptase. Sub-
stance P, which was used to degranulate mast cells, was not re-
sponsible for the BABIM-insensitive component, since even
high concentrations of substance P did not stimulate Ca?* mo-
bilization. This is surprising since the neurokinin-2 receptor,
which is activated by substance P, is expressed by the muscu-
laris externa of the rat colon (27). The lack of responsiveness
to substance P suggests that colonic myocytes lose functional
neurokinin receptors in culture. Thus, substance P does not
contribute to the BABIM-insensitive response, and the media-
tors of this response are unknown. A filtrate of degranulated
mast cells also stimulates Ca>* mobilization in transfected cells
expressing PAR-2, but not in nontransfected control cells,
which supports our results (Bohm et al., manuscript submitted
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for publication). Thus, tryptase released from mast cells in the
colon wall upon degranulation may regulate myocytes in a
paracrine manner through PAR-2.

Functional role of PAR-2 in colonic muscle. Activation of
PAR-2 by trypsin and AP inhibited spontaneous contraction
of the colon, whereas tryptase had no effect. In contrast,
tryptase, trypsin, and AP activated PAR-2 on isolated myo-
cytes, as assessed by measurement of [Ca**];. The reason for
the different effects of tryptase in muscle strips and isolated
myocytes is unknown. One possibility is that tryptase, which
exists as a high molecular weight tetramer bound to proteogly-
cans (40), is too large to effectively penetrate tissues from the
organ bath and affect colonic motility. The slow diffusion of
tryptase is illustrated by the observation that tryptase is not de-
tected in the circulation within 15-30 min of a systemic ana-
phylactic reaction, and does not reach maximal levels until 1-2 h,
whereas histamine, which is highly diffusable, peaks within
5-10 min (30). In addition, we were unable to purify sufficient
quantities of tryptase to use concentrations in excess of 90 nM
in the organ bath. High concentrations of trypsin were also re-
quired to inhibit colonic motility, and the potency with which
trypsin inhibited motility was less than that with which it stim-
ulated Ca?>" mobilization. This too may be related to the slow
penetration of colon strips by trypsin, and to the production of
trypsin inhibitors by intestinal tissues. In contrast, AP, which
has a low molecular weight and is probably highly diffusable,
had similar potency in both bioassays.

The mechanism by which PAR-2 activation inhibits colonic
motility remains to be defined. PAR-2 agonists inhibited con-
traction of strips of colon after suppression of neurotransmis-
sion with tetrodotoxin and after removal of the mucosa, sug-
gesting a direct inhibitory effect of PAR-2 agonists on muscle
cells. Contractile responses were unaffected by indomethacin
and L-NAME, and do not depend on products of cyclooxygen-
ase or nitric oxide synthase. In contrast, indomethacin blocks
the stimulation of gastric motility by PAR-2 agonists (11), and
the inhibition of aortic contraction by PAR-2 agonists depends
on the release of nitric oxide from the endothelium (11). The
signaling pathway responsible for the inhibition of motility
that follows activation of PAR-2 remains to be elucidated.

Our results indicate that PAR-2 is highly expressed by co-
lonic muscle and that mast cell tryptase potently activates
PAR-2 on isolated myocytes. Although tryptase did not inhibit
motility of strips of colon, other PAR-2 agonists strongly in-
hibited contraction. Thus, it is possible that tryptase released
from mast cells within colonic muscle acts in a paracrine man-
ner to inhibit motility. It is also possible, however, that limited
diffusion of tryptase within tissues could limit the extent of its
effects in vivo.Tryptase may have other effects in the colon
that are mediated by PAR-2. Tryptase is mitogenic for epithe-
lial cells, fibroblasts, and smooth muscle cells, and stimulates
ICAM expression by epithelial cells (15-18). The receptor that
mediates these effects has not been identified, but one candi-
date is PAR-2. Indeed, PAR-2 agonists stimulate proliferation
of endothelial cells (8).

Mast cells are abundant in the normal colon (20), and intes-
tinal manipulation and inflammation are associated with an in-
flux and degranulation of mast cells (21-23). Further experi-
ments are required to determine if activation of PAR-2 by
tryptase contributes to disorders of intestinal motility, such as
postoperative ileus (41), that accompany mast cell infiltration
and degranulation.
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