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Abstract Proteases play a diverse role in health and

disease. An excessive concentration of proteases has been

found in the feces of patients with inflammatory bowel

disease or irritable bowel syndrome and been implicated in

the pathogenesis of such disorders. This study examined

the effect of the serine protease, trypsin, on intestinal epi-

thelial anion secretion when added to the luminal side. A

mucosal-submucosal sheet of the mouse cecum was

mounted in Ussing chambers, and the short-circuit current

(Isc) was measured. Trypsin added to the mucosal (luminal)

side increased Isc with an ED50 value of approximately

10 lM. This Isc increase was suppressed by removing Cl-

from the bathing solution. The Isc increase induced by

10–100 lM trypsin was substantially suppressed by tetro-

dotoxin, and partially inhibited by a neurokinin-1 receptor

antagonist, but not by a muscarinic or nicotinic ACh-

receptor antagonist. The trypsin-induced Isc increase was

also significantly inhibited by a 5-hydroxytryptamine-3

receptor (5-HT3) antagonist and substantially suppressed

by the simultaneous addition of both 5-HT3 and 5-HT4

receptor antagonists. We conclude that luminal trypsin

activates the enteric reflex to induce anion secretion, 5-HT

and substance P playing important mediating roles in this

secreto-motor reflex. Luminal proteases may contribute to

the cause of diarrhea occurring with some intestinal

disorders.
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Introduction

Intestinal fluid secretion is mainly derived from electro-

genic anion secretion that accompanies Na? and water [1].

Under physiological conditions, it is important for surface

lubrication in order to enable the luminal contents to pass

through smoothly and also for maintaining an appropriate

level of luminal fluidity for the digestion and absorption of

nutrients. It also plays a role in diseased conditions by

flushing out noxious luminal agents [2, 3]. Intestinal anion

secretion is regulated by a variety of luminal and subepi-

thelial substances (or by such a condition as mechanical

distortion) that may have been exogenously derived or

originated from the host itself. They may directly affect the

epithelium, but their effects may also be mediated in the

endocrine, paracrine and neurocrine fashion. The enteric

nervous system, particularly the submucosal neuron, plays

a central role in the neurocrine regulation of intestinal

anion secretion [2, 3].

Proteases are not merely protein-degrading enzymes but

are now viewed as signaling molecules that have vital roles

in a variety of physiological processes and are also asso-

ciated with multiple disease conditions [4, 5]. The
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signaling functions of proteases are often mediated by the

G-protein-coupled proteinase-activated receptors (PAR)

[6–8]. The role of proteases and PARs in regulating

intestinal anion secretion has been previously studied

in vitro in an Ussing chamber. Trypsin or thrombin, both

serine proteases, added to the serosal side modulated anion

secretion, and the response was at least partly mediated by

PARs on the epithelial cells or on the enteric nervous

system [9–20]. In contrast to the effects of protease when

added to the serosal side, those when applied to the luminal

surface on intestinal anion secretion are relatively little

known [9, 14]. It is well known, however, that the intestinal

lumen is rich in proteases derived either from secretions

from the gastrointestinal tract or from intestinal microflora

[21–28]. In addition, an excessive concentration of prote-

ases has been found in the feces of patients with inflam-

matory bowel disease or irritable bowel syndrome and have

been implicated in the pathogenesis of such disorders [29–

36].

We have previously reported in the mouse cecum

in vitro that the serine protease, trypsin, when applied from

the serosal side induced anion secretion by activating the

enteric secreto-motor nerves [19, 20]. This response was

partly initiated by activating PAR1 on the enteric nerves.

The purpose of this present study was, by using the same

preparation, to examine the effect of trypsin when applied

from the luminal side. We found that luminal trypsin

activated the enteric reflex to induce anion secretion, and

that 5-hydroxytryptamine (5-HT) played an important

mediating role in this reflex.

Materials and methods

Tissue preparation

All procedures used in this study were performed in

accordance with the Guidelines for the Care and Use of

Laboratory Animals of the University of Shizuoka, and

were approved by the University of Shizuoka Animal

Usage Ethics Committee.

Male mice (30–40 g, Std: ddY; Japan SLC, Hamamatsu,

Japan) were fed with standard food and water ad libitum until

the time of the experiments. The animals were then killed by

cervical dislocation and the cecum was excised. The resulting

tissue was opened into a flat sheet, and the musculature was

removed by blunt dissection. The tissue was divided into four

pieces of approximately equal size. One of them was used for

determining the trypsin-induced response under control con-

ditions, and the others for determining the trypsin-induced

response under various treatments.

Each piece was then mounted vertically between Us-

sing-type chambers that provided an exposed area of

0.2 cm2. The volume of the bathing solution on each side

was 5 ml, and the solution temperature was maintained at

37 �C in a water-jacketed reservoir. The bathing solution at

pH 7.4 contained (mM): NaCl, 119; NaHCO3, 21;

K2HPO4, 2.4; KH2PO4, 0.6; CaCl2, 1.2; MgCl2, 1.2; glu-

cose,10. A Cl–free solution was provided by respectively

using 119 mM Na-gluconate, 1.2 mM Mg-(gluconate)2

and 8 mM Ca-(gluconate)2 in place of 119 mM NaCl,

1.2 mM MgCl2 and 1.2 mM CaCl2. Each solution was

bubbled with 95 % O2/5 % CO2.

Electrical measurements

The experiments were performed under short-circuit con-

ditions. The short-circuit current (Isc) and transmucosal

conductance (Gt) were measured by using an automatic

voltage-clamping device (CEZ9100; Nihon Kohden,

Tokyo, Japan) that compensates for the solution resistance

between the potential measuring electrodes as previously

described [37]. The inhibitors were administered to the

indicated side 20 min before administering trypsin to the

mucosal side.

Immunohistochemistry

Cecal tissue was taken from the mice perfused with Zam-

boni’s fixative (2 % paraformaldehyde and 0.2 % picric

acid in a 0.1 M phosphate buffer at pH 7.4), and was fur-

ther immersed overnight in Zamboni’s fixative at 4 �C. The

fixed tissues were washed three times in PBS for 10 min,

and then stored at 4 �C in PBS containing 0.1 % sodium

azide, changing the PBS solution each day for 3 days.

After washing, the tissues were next stored at 4 �C in PBS

containing 30 % sucrose and 0.1 % sodium azide. The

cryoprotected tissues were finally rapidly frozen by liquid

nitrogen with a Tissue-Tek� optimal cutting temperature

(OCT) compound (Sakura Finetechnical, Tokyo, Japan),

and cut into 10-lm-thick sections with a cryostat. The

sections on glass slides were dried and then washed three

times in PBS for 10 min to remove the OCT compound.

The sections were next incubated for 30 min with 10 %

donkey normal serum and 0.3 % Triton X-100 in PBS at

room temperature to suppress non-specific binding of the

antibodies, and incubated overnight at 4 �C with the goat

anti-5-HT antibody (98,000 dilution; ImmunoStar, Hud-

son, WI, USA) with 0.3 % Triton X-100. The sections were

then washed three times in PBS for 10 min, and incubated

with donkey anti-goat IgG-Alexa Fluor 594 (9500 dilu-

tion; Molecular Probes, Eugene, OR, USA) and 0.1 lg/ml

of 40,6-diamidino-2-phenylindole (DAPI; Dojindo, Kuma-

moto, Japan) for 1 h at room temperature. After washing

three times in PBS for 10 min, the sections were covers-

lipped with a mounting medium (DakoCytomation,
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Glostrup, Denmark). The immunoreactivity was then

visualized and captured by using an Axio Observer Z1

fluorescence microscope, an AxioCam cooled CCD digital

camera and AxioVision digital imaging software (Hall-

bergmoss, Germany).

Reagents

Bumetanide, 3-tropanyl-3,5-dichlorobenzoate (bemesetron),

SB-204070 hydrochloride, atropine, hexamethonium, indo-

methacin, nordihydroguaiaretic acid (NDGA), 5-hydroxy-

tryptamine hydrochloride, pyrilamine, thrombin from bovine

plasma (T4648), trypsin from porcine pancreas (T0303), a

soybean trypsin inhibitor (T9003) and protease inhibitor

cocktail (4-(2-aminoethyl)benzenesulfonyl fluoride, pepstati-

nA, E-64, bestatin, leupeptin and aprotinin, in DMSO) were

purchased from Sigma (St. Louis, MO, USA.). Tetrodotoxin

(TTX) was purchased from Calbiochem (La Jolla, CA, USA).

L-703,606 and 5-nitro-2-(3-phenylpropylamino)benzoic acid

(NPPB) were purchased from Research Biochemical Inter-

national (Natick, MA, USA). SKF-525A was purchased from

Biomol Research Laboratories (Plymouth Meeting, PA,

USA). Indomethacin was dissolved in 21 mM NaHCO3 (used

by 9100 dilution). Bumetanide, bemesetron, NDGA and

SKF-525A were dissolved in dimethyl sulfoxide before being

administered to the bathing solution, the final concentration of

dimethyl sulfoxide being 0.1 %. The administration of 10 and

100 lM of trypsin used a bathing solution respectively con-

taining 100 and 1 mM trypsin, replacing with 500 ll of the

mucosal solution (910 dilution; note that chamber volume

was 5 ml). The other chemicals were each applied from an

aqueous stock solution (9100–1,000 dilution).

Statistics

Results are expressed as a percentage of the control response

determined for each animal. Each value is presented as the

mean ± SE, with n representing the number of animals.

Statistical comparisons were made by Student’s paired t test,

significance being accepted at P \ 0.05.

Results

Electrical response to mucosal trypsin

Adding 100 lM (2.34 mg/ml) trypsin1 to the mucosal

solution resulted in changes to the Isc and Gt values

(Fig. 1a). The Isc value started to increase 2–3 min after the

addition, reached its peak 20–30 min later, and then

gradually decreased. The Gt value initially increased

slightly after adding trypsin in some but not all cases, and,

after 20–30 min, the second increasing Gt change became

apparent in some but not all preparations. The second Gt

increase was presumably a reflection of the epithelial dis-

integration caused by the proteolytic activity of trypsin.

Figure 1b shows the relationship between the concentration

of mucosal trypsin and the resulting Isc and Gt changes

(DIsc, peak increases; DGt, initial increases before the

second increase were apparent). Trypsin produced a dis-

tinct Isc response from a concentration of 0.1 lM, and a

maximal Isc response at about 100 lM. The trypsin-

induced increase in Gt was generally correlated with the

increase in Isc value at low-to-medium concentrations of

trypsin, although the increase at 100 lM was smaller than

that at 10 lM. This suggests that mucosal trypsin, partic-

ularly at 100 lM, had a decreasing effect on Gt, in addition

to the increasing effect (see later).

Ionic basis for the mucosal trypsin-induced Isc increase

We then examined whether the mucosal trypsin-induced Isc

increase was due to the activation of electrogenic Cl-

secretion (Fig. 2). Bumetanide, an Na/K/2Cl co-transporter

inhibitor, added to the serosal side (100 lM), substantially

suppressed the trypsin-induced Isc increase. In addition,

Cl--removal from both the mucosal and serosal bathing

solutions almost removed the trypsin-induced Isc increase.

Furthermore, mucosal 5-nitro-2-(3-phenylpropylami-

no)benzoic acid (NPPB; 100 lM), an anion channel/

transporter blocker, substantially suppressed the trypsin-

induced Isc increase. The trypsin-induced increase in Gt

value was not affected by bumetanide, but was significantly

suppressed by Cl- removal and NPPB (data not shown).

Accordingly, the trypsin-induced increases in Isc and Gt

values are likely to have been mainly due to the activation

of electrogenic Cl- secretion [1, 2].

Role of the proteinase-activated receptor

Proteinase-activated receptors (PAR1–PAR4) belong to a

family of G protein-coupled receptors that are activated by

a variety of serine proteases. In order to determine whether

PARs were present on the apical membrane and respon-

sible for the mucosal trypsin-induced Isc increase, we

applied PAR1-activating peptide TFLLRN-NH2 (300 lM),

PAR2-activating peptide SLIGRL-NH2 (300 lM), or

PAR4-activating peptide GYPGKF-OH (500 lM) to the

mucosal side along with the protease inhibitor cocktail

(1,000-fold dilution; to prevent a possible degradation of

peptides by tissue proteases). However, they failed to

1 The product information for trypsin (T0303) provided by Sigma

describes that ‘‘this enzyme is soluble in 1 mM HCl (1 mg/ml)’’

which corresponds to 43 lmol/l. There is thus a possibility that

trypsin was not completely soluble at 100 lmol in 1 liter of the

present experimental solution.
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evoke any noticeable change in the Isc and Gt values

(n = 2 for each peptide). The PAR3 agonist was not

available. In addition, the mucosal addition of thrombin

(50 U/ml), an activator of PAR1, PAR3 and PAR4, but not

of PAR2 [6], had hardly any effect on the Isc and Gt values

(Fig. 3). Since PAR-activating peptides and thrombin were

applied at more than sufficient doses to activate PARs, it is

unlikely, although cannot be entirely excluded, that PARs

were present on the epithelial apical membrane and played

a role in activating the anion secretion induced by mucosal

trypsin [17, 19].
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Fig. 1 Changes in the short-circuit current (Isc) and transmucosal

conductance (Gt) induced by mucosal trypsin and the effect of the

tetrodotoxin (TTX) pretreatment. a Time-course characteristics of the

changes in Isc and Gt induced by 100 lM trypsin which was added to

the mucosal side at the arrowed time in the absence and presence of

TTX (300 nM, serosal side). A progressively increasing Gt change

was apparent 20–30 min after starting the trypsin treatment with some

but not all preparations. Mean values are presented, n = 6. b Con-

centration dependence of the trypsin-induced changes in Isc (DIsc,

peak increases) and Gt (DGt, initial increases before the second

increase were apparent). Each data value is presented as the

mean ± SE, with 5–7 animals being used
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Role of enteric nerves and other mediators

We next explored the role of the enteric nervous system in

trypsin-induced Cl- secretion. The Isc and Gt increases

induced by mucosal trypsin were largely suppressed by

serosal TTX, indicating that they were mediated, if not

totally, by the activation of secreto-motor neurons within

the enteric submucosal nervous system (Figs. 1, 4) [3].

It was notable that 100 lM mucosal trypsin clearly

decreased Gt in the presence of TTX, at least in some

tissues. Our previous study on the mouse cecum has

reported that trypsin added to the serosal side also

decreased Gt (cf. Fig. 2 of [19]). A serine protease-induced

decrease in paracellular permeability and tightening of the

epithelial barrier has been shown in other epithelial sys-

tems [38, 39].

Both acetylcholine (ACh)-containing neurons and sub-

stance P-containing neurons have been reported to be

present in the mouse large intestine [40, 41]. Accordingly,

we next elucidated the involvement of ACh and substance

P in trypsin-induced Cl- secretion (Fig. 4). Neither atro-

pine (a muscarinic ACh-receptor antagonist) nor hexame-

thonium (a nicotinic ACh receptor antagonist) suppressed

the trypsin-induced Isc increase, indicating that trypsin-

induced Cl- secretion was not mediated by ACh. In con-

trast, treating the tissue with L-703,606, a neurokinin-1

(NK1) receptor antagonist, partially suppressed the trypsin-

induced increase in Isc, suggesting that the response was

partially mediated by a release of substance P, resulting in

activation of the NK1.

A previous report has shown that histamine caused an Isc

increase in the mouse cecum which was partially inhibited

by TTX and almost completely suppressed by pyrilamine, a

histamine H1 receptor antagonist [42]. We therefore tested

the effect of pyrilamine on the trypsin-induced anion

secretion (Fig. 4). Pyrilamine slightly but significantly

suppressed the trypsin-induced increase in Isc value, indi-

cating that histamine via the histamine H1 receptor was

partially involved in the trypsin-induced Cl- secretion.

To explore the role of arachidonate metabolites in

mucosal trypsin-induced Cl- secretion, we next examined

the effects of pretreating the tissue with indomethacin (an

inhibitor for cyclooxygenase), nordihydroguaiaretic acid

(NDGA, an inhibitor for lipoxygenases), and SKF-525A

(an inhibitor for cytochrome P450 monooxygenases) on

mucosal trypsin-induced anion secretion [43]. The Isc

increase induced by trypsin was not significantly affected

by either indomethacin (10 lM) added to both the mucosal

and serosal sides or NDGA (50 lM, serosal side), but was

slightly but significantly inhibited by SKF-525A (30 lM,

serosal side) (data not shown). We have previously repor-

ted that SKF-525A inhibited the anion secretion induced by

serosal trypsin [19]. However, there was no further infor-

mation provided about epithelial regulation by the ara-

chidonate metabolites through the cytochrome P450

monooxygenase pathway in the intestines [43].

Involvement of 5-HT

In the intestinal mucosa, 5-HT is mainly present in epi-

thelial enterochromaffin cells and could be released to the

serosal side by a variety of mucosal and serosal stimulation

[44, 45]. Indeed, 5-HT-containing cells, probably entero-

chromaffin cells, were studded among epithelial cells in the

mouse cecal mucosa (Fig. 5). The apical membrane of the

5-HT-containing cells appeared to access the lumen with a

fine process.

To characterize the role of 5-HT in regulating the anion

secretion in the mouse cecum, we applied 5-HT (1 lM) to

the serosal side, and found that it caused increases in the Isc

and Gt values (Fig. 6). These 5-HT-induced responses were

partly inhibited by TTX, indicating that 5-HT receptors

were present on both the neuronal and non-neuronal cells.

The 5-HT-induced responses were almost completely

suppressed in the presence of both the 5-HT3 receptor

antagonist, bemesetron, and the 5-HT4 receptor antagonist,

SB-204070.

We then examined whether 5-HT played a role in

mediating the trypsin-induced stimulation of anion secre-

tion. Figure 7 shows that treating the tissue with bemese-

tron or SB-204070 significantly suppressed the mucosal

trypsin- induced increase in Isc. The simultaneous presence

of both antagonists further suppressed the Isc increase

induced by trypsin. Therefore, 5-HT played a major role in

mucosal trypsin-induced anion secretion through activation

of both the 5-HT3 and 5-HT4 receptors.
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Fig. 4 Role of enteric submucosal neurons in the 100 lM mucosal

trypsin-induced Cl- secretion. Tetrodotoxin (TTX, 300 nM), atropine

(10 lM), hexamethonium (10 lM), L-703,606 (10 lM), and pyrila-

mine (10 lM) were added to the serosal side 20 min before adding

trypsin (100 lM) to the mucosal side. The maximum values for the

increase in Isc (DIsc) induced by trypsin were determined and are

expressed as a percentage of the control response obtained in the

adjacent tissue. Each data value is presented as the mean ± SE, with

n = 4 for L-703,606, and n = 5 for the others. *0.01 \ P \ 0.05 and

**P \ 0.01, compared with the control response by using the paired

t test
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Similarity of the characteristics of the Isc responses

to 10 and 100 lM of mucosal trypsin

We used 100 lM of trypsin in all of the inhibitor experi-

ments just described. The solution containing this

concentration of trypsin became foamy when moderately

bubbled which might have caused experimental errors. In

addition, there is a possibility that trypsin was not com-

pletely soluble at this concentration (see footnote in

‘‘Electrical response to mucosal trypsin’’). We therefore

Fig. 5 5-Hydroxytryptamine (5-HT)-containing enterochromaffin

cells in the mouse cecal mucosa. Ten-lm-thick sections of the mouse

cecum were stained by using the goat anti-5-HT antibody and

Alexa594-labeled anti-goat IgG antibody as the secondary antibody

(red). 40,6-Diamidino-2-phenylindole (1 lg/mL) was used with the

secondary antibody for staining the nuclei (blue). a Images of whole

layers of the mouse cecal wall, including mucosa (Muc), submucosa

(SM), circular muscle (CM) and longitudinal muscle (LM) were taken

with a 920 objective lens (bar 20 lm). b Magnified image of the

rectangular region in image A taken with a 940 objective lens.

Arrowheads indicate the apical plasma membrane of the 5-HT-

immunoreactive enterochromaffin cells accessing the lumen with a

fine process (color figure online)
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Fig. 6 Changes in Isc and Gt induced by 5-HT. a Time-course

characteristics for the Isc and Gt changes induced by 5-HT (1 lM)

added to the serosal side (n = 8). b Effects of TTX (300 nM), or the

5-HT3 and 5-HT4 receptor antagonists (20 lM bemesetron and

10 lM SB-204070, respectively) on the Isc induced by 5-HT. Each

inhibitor was added to the serosal side 20 min before adding 5-HT.

Values for the maximum increase in Isc (DIsc) induced by 5-HT were

compared in the presence and absence of the inhibitors. Six animals

were used for TTX, and three for the 5-HT receptor antagonists.

*0.01 \ P \ 0.05 compared with the control response that was

determined in the adjacent tissue by using the paired t test
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repeated some of the key experiments with 10 lM of

trypsin. Figure 8 shows that the Isc increase induced by

10 lM trypsin added to the mucosal side was partially

inhibited by serosal bumetanide and almost completely so

by serosal TTX. In addition, the Isc response to 10 lM

trypsin was substantially suppressed in the presence of both

bemesetron and SB-204070, while not being inhibited by

indomethacin. It is therefore likely that the mechanisms

involved in stimulating the Isc increase induced by trypsin

were essentially similar whether 10 or 100 lM of trypsin

was used. Of particular note is that the Gt decrease in the

presence of TTX was not apparent by 10 lM of mucosal

trypsin, in contrast to 100 lM of trypsin (data not shown).

We finally examined the effect of a protease inhibitor

cocktail (5 ll) to corroborate that the trypsin-induced Isc

increase was due to the proteolytic activity of trypsin.

Although the Isc increase induced by trypsin (100 lM) was

not suppressed by the protease inhibitor cocktail, the

10 lM trypsin-induced Isc increase was partially sup-

pressed (Fig. 8). Furthermore, pretreating the tissue with a

soybean trypsin inhibitor (9.6 mg/ml on the mucosal side)

completely removed the effect of both 10 and 100 lM

mucosal trypsin (n = 2 for each trypsin concentration).

The stimulatory effect of mucosal trypsin on Isc therefore

required the proteolytic activity of trypsin.

Discussion

The present study has demonstrated with the mouse cecum

in vitro that the serine protease, trypsin, evoked an increase

in the Isc value when added to the mucosal (luminal) side in

an Ussing chamber. This Isc increase induced by trypsin

was substantially or partially inhibited in the absence of

Cl- from the medium, or in the presence of mucosal NPPB

or serosal bumetanide, suggesting that the Isc increase was

mainly due to the increased anion secretion [1, 2]. In

addition to this anion secretion, the large intestine has been

shown to have mechanisms for Na? and Cl- absorption,

K? absorption and secretion, and short-chain fatty acid

absorption [46]. The comprehensive features of the chan-

ges in nutrient and ion transport induced by luminal trypsin

therefore remain elusive. Nevertheless, the stimulation of

anion secretion may at least result in fluid secretion, and

thereby an increase in the fluid content of the intestinal

lumen [1, 2].

The present results suggest that the activation of anion

secretion by mucosal trypsin was mainly mediated by a

reflex pathway involving submucosal secreto-motor neu-

rons, since the responses were substantially suppressed by

the nerve conduction blocker, TTX (Figs. 1, 4). In addition,

the response was significantly inhibited by a 5-HT3

antagonist, 5-HT4 antagonist, NK1 antagonist, and hista-

mine H1 antagonist, but not by a muscarinic ACh receptor

antagonist or a nicotinic ACh receptor antagonist (Figs. 4,

7). These results suggest that the reflex pathway was

mediated by 5-HT, substance P, and histamine, but not by

ACh. 5-HT and substance P are possibly responsible as

neurotransmitters, since both have been demonstrated to be

present as neurotransmitters in the enteric nervous system

[41, 47], and that the exogenous application of 5-HT

(Fig. 6) and substance P (Fig. 4 of [17]) to the chamber-

mounted mouse cecum have been shown to evoke an

increase in the Isc value. On the other hand, the precise

source (enteric nerves vs. intestinal mast cells) and the

release mechanism of histamine involved in the trypsin-

induced reflex are not clear, although a previous report has

shown that histamine in the mouse cecum can cause a

TTX- and pyrilamine-sensitive Isc increase [42]. It is

intriguing that intestinal mast cells has been reported to be
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Fig. 7 Effects of inhibitors of 5-HT receptors type 3 and type 4 on

the Isc increase induced by 100 lM of mucosal trypsin. The 5-HT3-

receptor antagonist, bemesetron (20 lM; n = 5), or 5-HT4-receptor

antagonist, SB-204070 hydrochloride (10 lM; n = 7), or both

(n = 3) were added to the serosal side 20 min before adding trypsin

(100 lM) to the mucosal side. Each data value is presented as the

mean ± SE. **P \ 0.01, compared with the control response using

the paired t test

Fig. 8 Effect of inhibitors on the Isc changes induced by 10 lM of

mucosal trypsin. A protease inhibitor cocktail was added to the

mucosal solution with a 1,000-fold dilution. The other inhibitors were

treated as described in the foregoing experiments using 100 lM of

mucosal trypsin. Each data value is presented as the mean ± SE, with

n = 4 for the protease inhibitor cocktail, and n = 5 for the others.

*0.01 \ P \ 0.05 and **P \ 0.01, compared with the control

response that had been determined in the adjacent tissue by using

the paired t test
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closely associated with enteric nerves, suggesting that they

closely communicate with each other to regulate a variety

of intestinal functions [48, 49].

What could be the target of mucosal trypsin, whose

activation eventually leads to the secretory reflex? One

possible candidate is proteinase-activated receptors. PARs

have been shown to be present in the intestinal mucosal

tissues, and trypsin has been a strong activator of some

PAR subtypes [6, 7]. However, we failed to reproduce the

mucosal trypsin-induced Isc changes by applying a high

concentration of the PAR1-, PAR2-, or PAR4-activating

peptide to the mucosal side. In addition, thrombin, an

activator of PAR1, PAR3, and PAR4, but not of PAR2 [6],

had hardly any effect on the Isc and Gt values. These

findings suggest, although it cannot be entirely excluded,

that PARs were not involved in the trypsin-induced

secretory reflex. The initial target molecule of trypsin

acting from the luminal side remains to be elucidated.

We could not determine whether trypsin added to the

mucosal side acted on the luminal border of the epithelium

or on the subepithelial tissue after it had penetrated across

the epithelium. In the latter case, trypsin may well stimu-

late anion secretion, since we have previously shown that

subepithelial trypsin could induce the secreto-motor reflex

at a concentration two orders of magnitude lower than

mucosal trypsin [19]. In the former case, a component may

have been required that transduced the activation of the

putative receptor on the luminal border into the

subepithelial secreto-motor reflex. One possible candidate

is enteroendocrine cells, particularly 5-HT-containing

enterochromaffin cells [45, 50]. Indeed, 5-HT-containing

enterochromaffin cells were studded among other epithelial

cells with the apical plasma membrane accessing the lumen

in the present mouse cecal tissue (Fig. 5). Previous studies

have shown that a variety of luminal stimuli could release

5-HT from enterochromaffin cells [44, 45, 50, 51]. In

addition, morphological and functional evidence has indi-

cated that 5-HT3 was present on the enteric sensory nerve

and that a 5-HT3 agonist could induce TTX-sensitive

intestinal secretion [34, 52–56]. Whether 5-TH release

from the enterochromaffin cells is stimulated by trypsin

remains to be confirmed in the future.

In summary, the present results for the mouse cecum

have demonstrated that luminal protease could induce fluid

secretion through the activation of submucosal secreto-

motor neurons (Fig. 9). Certain levels of protease activities

derived from digestive secretion as well as from enteric

microflora are likely to be maintained under normal con-

ditions in the lumen of the large intestine [21–28]. The

fluid secretion induced by these luminal proteases could

serve to maintain the level of luminal fluidity necessary for

certain physiological functions. Otherwise, it may con-

tribute to host defense by eliminating the aggravating

proteases from the lumen. The protease activity in the

lumen of the large intestine has been reported to increase

under such pathological conditions as inflammatory bowel

5-HT

IPAN

Cl-

Proteases

Histamine
5-HT3 / 4 receptor

SP

SP?

VIP?

H2O

Fluid secretion

SMN

EC cell

Mast cell

H1receptor

Histamine

Pancreatic
Bacterial
IBD or IBS

Luminal fluidity
Diarrhea

Fig. 9 Schematic drawing

showing the neural loop

involved in anion secretion

induced by luminal proteases.

Modified from Karaki and

Kuwahara [57]. See the text and

[57] for details. IBD

inflammatory bowel disease,

IBS irritable bowel syndrome,

EC cell enterochromaffin cell,

IPAN intrinsic primary afferent

neuron, SMN secretomotor

neuron, SP substance P, VIP

vasoactive intestinal

polypeptide. Most of the non-

cholinergic secretomotor

neurons have been suggested to

be VIP-containing neurons [3]
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disease, irritable bowel syndrome, and infectious colitis

[29–36]. It is therefore likely, although it remains to be

determined, that the secretory reflex induced by luminal

proteases contributed to the diarrhea observed under these

diseased conditions. Additionally, the diarrhea observed

under certain antibiotic treatments could be partially due to

the increased level of trypsin resulting from abating the

bacterial breakdown of pancreatic trypsin in the large

intestine [21, 22, 26].
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