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ackground & Aims: The mechanisms underlying ab-
ominal pain perception in irritable bowel syndrome
IBS) are poorly understood. Intestinal mast cell infiltra-
ion may perturb nerve function leading to symptom
erception. We assessed colonic mast cell infiltration,
ediator release, and spatial interactions with mucosal

nnervation and their correlation with abdominal pain in
BS patients. Methods: IBS patients were diagnosed ac-
ording to Rome II criteria and abdominal pain quanti-
ed according to a validated questionnaire. Colonic mu-
osal mast cells were identified immunohistochemically
nd quantified with a computer-assisted counting
ethod. Mast cell tryptase and histamine release were
nalyzed immunoenzymatically. Intestinal nerve to mast
ell distance was assessed with electron microscopy.
esults: Thirty-four out of 44 IBS patients (77%) showed
n increased area of mucosa occupied by mast cells as
ompared with controls (9.2% � 2.5% vs. 3.3 � 0.8%,
espectively; P < 0.001). There was a 150% increase in
he number of degranulating mast cells (4.76 � 3.18/
eld vs. 2.42 � 2.26/field, respectively; P � 0.026).
ucosal content of tryptase was increased in IBS and
ast cells spontaneously released more tryptase

3.22 � 3.48 pmol/min/mg vs. 0.87 � 0.65 pmol/min/
g, respectively; P � 0.015) and histamine (339.7 �
9.0 ng/g vs. 169.3 � 130.6 ng/g, respectively; P �
.015). Mast cells located within 5 �m of nerve fibers
ere 7.14 � 3.87/field vs. 2.27 � 1.63/field in IBS vs.
ontrols (P < 0.001). Only mast cells in close proximity
o nerves were significantly correlated with severity and
requency of abdominal pain/discomfort (P < 0.001
nd P � 0.003, respectively). Conclusions: Colonic mast
ell infiltration and mediator release in proximity to
ucosal innervation may contribute to abdominal pain
erception in IBS patients.

rritable bowel syndrome (IBS) is one of the most
common gastrointestinal disorders seen in primary

are and specialist practice characterized by abdominal
iscomfort or pain and disturbed defecation that cannot
e explained by structural or biochemical abnormalities.1

Abdominal pain/discomfort is the hallmark symptom
f IBS,1 which correlates with the overall severity of the
isease.2 The pathogenesis of IBS symptoms is loosely
nderstood. Although gut motor abnormalities may ac-
ount for alterations in gut transit, they are poorly
orrelated with patients’ abdominal pain/discomfort.3

here is general agreement that increased sensitivity to
timuli arising from the gut wall (i.e., visceral hypersen-
itivity) contributes to abdominal pain/discomfort in at
east a subset of IBS patients.4 Several mechanisms are
hought to be involved in the visceral hypersensitivity of
BS patients,5 including (1) modulatory effect of the
entral nervous system in response to information con-
eyed from the gut, (2) hyperexcitability of dorsal horn
eurons in the central limb of the visceral afferent path-
ay, and (3) sensitization of sensory neural endings at the

nd-organ level.
The causes underlying the end-organ hypersensitivity

n IBS are only partially understood. It has been hypoth-
sized that a low-grade inflammatory response at the
evel of the gut wall could be involved.5,6 Consistent
ith this hypothesis is evidence that at least certain

ubsets of IBS patients have an increased number of
nflammatory cells in the colonic7 and ileal8 mucosa as
ell as in muscularis externa of jejunum.9 Also, IBS may
evelop after a bout of acute infectious gastroenteri-
is6,10,11 and during periods of remission from inflamma-
ory bowel disease.12 However, these previous studies do

Abbreviations used in this paper: BABIM, bis(5-amidino-2-benzimi-
azolyl)methane; BSA, bovine serum albumin; IBS, irritable bowel
yndrome; PAR, proteinase-activated receptors; SBTI, soybean trypsin
nhibitor.

© 2004 by the American Gastroenterological Association
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ot provide insights into the possible mechanisms in-
olved in the altered sensory-motor function of IBS.

A number of reasons raise the hypothesis that mast
ells could be involved in the disturbed sensory-motor
unction of IBS. First, an increased number of these cells
as been detected in the colonic7,13 and ileal8 mucosa of
BS patients. Second, in the human intestine, mast cells
ie in close proximity to mucosal innervation.14,15 Third,
nimal studies demonstrated that, upon activation, mast
ells release mediators that cause increased excitability of
nteric16,17 and primary afferent neurons,18 leading to
isceral hypersensitivity19 and abnormal gut motor func-
ion.20

Tryptase and histamine are two major inflammatory
ediators released during mast cell degranulation.21

ryptase, like other proteases, signals to cells through
roteinase activated receptors (PARs).22 Proteases cleave
ithin the extracellular N-terminal tails of PARs to

xpose tethered ligand domains that bind and activate
leaved receptors.22 Of the 4 cloned PARs, tryptase
electively activates PAR-2.17,23 Mast cell tryptase in-
uces activation of PAR-2 located on enteric nerves and
isceral afferents causing long-lasting neuronal hyperex-
itability.16,17,24 Histamine can also activate visceral af-
erents18 and enteric neurons25 via interaction with H1 or

2 receptors.26,27 Thus, both tryptase and histamine are
andidate mediators for disturbed gut sensory-motor
unction.

The aims of the present study were to assess the
mpact of colonic mast cell infiltration and activation, as
ell as mast cell-to-mucosal innervation relationship on

he severity and frequency of abdominal pain/discomfort
f IBS patients.

Materials and Methods
Patients

IBS patients were all seen in the Department of Inter-
al Medicine and Gastroenterology of the University of Bolo-
na and met the Rome II criteria.1 Healthy controls were
ecruited by public advertisement and included in the study
fter thorough exclusion of gastrointestinal complaints. None
f the study participants were taking nonsteroidal anti-inflam-
atory drugs or other anti-inflammatory drugs (including
ast cell stabilizers, immunosuppressants, and steroids); had

ndergone major abdominal surgery; or had any organic syn-
rome, asthma, celiac disease (excluded by detection of anti-
ransglutaminase and anti-endomysial antibodies), allergic dis-
ases (including exclusion of a history of food allergies and, by
resence of food specific IgE antibodies), intestinal bacterial or
ycotic contamination, metabolic or psychiatric disease as

iagnosed by history taking, consultations, and appropriate
aboratory tests. They all gave written informed consent, and
he study was approved by the local Ethical Committee and
onducted in accordance with the Declaration of Helsinki.

All participants underwent left colonoscopy after cleansing
f distal colon with two 500-mL water enemas performed the
vening before and the morning of the procedure. In all cases,
mucosal biopsy specimens were obtained from the proximal

escending colon. Two biopsy specimens were used for routine
&E histology and immunohistochemistry and 2 for electron
icroscopy. In 36 unselected cases, 4 additional biopsy spec-

mens could be obtained for histamine and tryptase release
ssays and tryptase Western blotting.

Symptom Questionnaire

Each patient completed a modified version of the
owel Disease Questionnaire (BDQ) to evaluate symptoms.28

n Italian version of the questionnaire has been previously
sed in IBS studies in our country.29

Patients were asked to score frequency and severity of their
ymptoms over the last 2 weeks before interview. In fact,
ecollection is poor beyond this limit, and shorter periods
ight not appropriately reflect the usual clinical picture and

his time frame has been previously shown to be a reliable
redictor of average pain intensity.30 The severity of abdomi-
al pain/discomfort was graded 0–4 according to its influence
n patients’ usual activities: 0, absent; 1, mild (not influencing
sual activities); 2, relevant (diverting from, but not urging
odification of, usual activities); 3, severe (influencing usual

ctivities markedly enough to urge modifications); 4, ex-
remely severe (precluding daily activities). The frequency of
bdominal pain/discomfort was graded 0–4 according to the
ollowing scale: 0, absent; 1, up to 1 day/week; 2, 2 or 3
ays/week; 3, 4–6 days/week; 4, daily. Furthermore, the fol-
owing symptoms were assessed as present/absent: diarrhea,
onstipation, bloating/distention, flatulence, relief of abdomi-
al pain/discomfort by defecation or passage of air per rectum,
ucus in stool, onset of symptoms associated with a change in

requency (or form) of stool, hard or lumpy stool, loose or
atery stool, straining during a bowel movement, urgency,

nd feeling of incomplete bowel movement.

Histology and Immunohistochemistry

Biopsy specimens were fixed in buffered 10% formalin
nd processed for either H&E histology or immunohistochem-
stry. For the latter, paraffin-embedded specimens were cut
ith a microtome at 3–4 �m, mounted on to gelatin-coated

lides, and processed either for immunohistochemistry or in-
irect immunofluorescence using widely applied methods.
riefly, for single-labeling immunohistochemistry, following
ntigen unmasking, randomly selected sections were incubated
ith mouse monoclonal antibodies directed against tryptase

mast cell marker; diluted at 1:2000; Dakopatts Glostrup,
enmark) overnight at 4°C. Following thorough washing
ith PBS, slides were reincubated for 2 hours at room tem-
erature with secondary biotinylated anti-mouse-rabbit anti-
odies (1:200; Dakopatts Glostrup, Denmark) followed by
treptavidin-horseradish peroxidase conjugate. For immuno-



fl
o
r
s

p
e
Q
i
(
fi
u
C
m
s
a
c
s
t
p
t

2
1
e
t
p
R
o
t
a
t
e
l
e
t
m
(
g
n

g
h
t
E
T
f
a
t
w

w
a
u
t
B
p
m
a
T
m
a
J
w
n
R

m
o
m
p
c
i
S
d
m
c
w
o
w
s
T
c
n
h
m
a
e
�
i
t
a
t

v
m
t
o
C
t
I
T
s

March 2004 NEUROIMMUNE INTERACTIONS AND IBS 695
uorescence, slides were processed as described above with the
nly difference that sections were reincubated for 2 hours at
oom temperature with rhodamine or fluoresceine-conjugated
econdary antibodies (1:100; Dakopatts Glostrup).

Mast Cell Counts

All histologic sections were evaluated by an expert
athologist (D.S.), who was unaware of the diagnosis, for
xclusion of overt mucosal inflammation or microscopic colitis.
uantification of inflammatory cells was performed on sections

mmunostained for mast cells with a Leitz Dialux microscope
equipped with a Ploem epi-illumination system with “N2”
lter cube to detect rhodamine fluorescence) in blind fashion
sing a computer-assisted analysis system (Cytometrica@software;
&V, Bologna, Italy). Measurements were performed using a
odification of a previously published method.31 Briefly, micro-

copic fields were digitized and randomly sampled with the aid of
grid (0.5 mm2) located below the slide. A stereological grid

ontaining cross-shaped points was overlaid on the digitized
ampled fields by the computer software and used to determine
he area occupied by mast cells over that occupied by lamina
ropria (i.e., number of points hitting the cells divided by the
otal number of cross-shaped points in the lamina propria).

Electron Microscopy

Biopsy specimens were fixed in cacodylate-buffered
.5% glutaraldehyde for 4 to 6 hours at 4°C and postfixed in
% osmium tetroxide for 1 hour at 4°C. After dehydration and
mbedding in araldite, semithin sections were stained with
oluidine blue and examined under a light microscope. A
athologist (G.P.) performed a blind analysis of all sections.
epresentative portions of the intestinal mucosa (i.e., absence
f artifacts) were selected for ultrathin sectioning. Thin sec-
ions were collected on 200 mesh grids, stained with uranyl
cetate and lead citrate, and observed with a Philips 410 T
ransmission electron microscope. After exclusion of fields
xclusively comprising epithelial structures, 10 randomly se-
ected fields of the intestinal mucosa measuring 90 �m2 were
xamined for each sample. In each field (�9100 magnifica-
ion), the following parameters were recorded: total number of
ast cells, number of mast cells with degranulation features

i.e., labyrinthic membranous arrays or clearing of individual
ranules), and number of mast cells located within 5 �m of
erve fibers.

Tryptase Western Blotting

Mucosal biopsy specimens were frozen in liquid nitro-
en and then rinsed in PBS. Biopsy specimens were then
omogenized in Camiolo buffer (75 mmol/L potassium ace-
ate, 300 mmol/L NaCl, 100 mmol/L L-arginine, 10 mmol/L
DTA, 0.25% Triton X-100, pH 7.4) for 1 minute at 4°C.
he homogenized sample was then centrifuged at 3000 rpm

or 15 minutes at 4°C. The supernatant was then transferred to
fresh tube and assayed for protein content. Protein concen-

rations were determined using the bicinchoninic acid assay,32

ith bovine serum albumin (BSA) as standard. The method
as adapted for use in 96-well microtiter plates. Equal
mounts of protein (15 �g) from each patient were separated
sing a 7%–17% PAGE. After electrophoresis, proteins were
ransferred to a polyvinylidene fluoride membrane (Millipore,
illerica, MA) and then blocked (1X PBS, 2% BSA, 5% milk
owder, 0.1% Tween 20) for 1 hour at room temperature. The
embrane was then incubated overnight at 4°C with an

nti-human mast cell tryptase antibody (1:5000; Chemicon,
emecula, CA). After washing (1X PBS, 0.1% Tween 20), the
embrane was incubated for 1 hour at room temperature with
goat anti-mouse-horseradish peroxidase antibody (1:10,000;

ackson Laboratories, West Grove, PA). Following a second
ash, immunoreactive proteins were visualized by chemilumi-
escence (ECL kit, Amersham-Pharmacia, Piscataway, NJ).
esults are representative of 3 separate blots.

Tryptase and Histamine Release

Spontaneous release of tryptase and histamine from
ucosal biopsy specimens was evaluated using a modification

f a previously described method.33 Briefly, upon removal,
ucosal biopsy specimens were rapidly immersed in hard

lastic tubes containing 2 mL of Hanks’ solution (37°C) and
ontinuously oxygenated (95% O2/5% CO2). After 25-minute
ncubation, 200 �L of the bathing solution was removed.
amples to be processed for histamine assay only were imme-
iately heated at 95°C to avoid rapid denaturation of hista-
ine by degrading enzymes (histaminases). All samples were

entrifuged at 200g for 10 minutes, and 150 �L of supernatant
ere aliquoted and stored at �70°C until the assay. At the end
f the release experiment, biopsy specimens were blotted and
eighed. For tryptase activity triplicate aliquots (10 �L) of the

upernatants were added to 200 �L of buffer (50 mmol/L
ris/HCl, pH 7.6, 120 mmol/L NaCl, 20 �g/mL heparin)
ontaining 0.5 mmol/L substrate (tosyl-Glycine-Proline-Argi-
ine-pNitroanilide) and incubated at room temperature for 17
ours (� inhibitors as indicated). Cleavage of the substrate was
easured using a microtiter plate reader (absorbance 405 nm)

nd normalized to the weight of the biopsy specimens used in
ach case. Histamine was detected from triplicate aliquots (50
L) of the supernatants using a highly selective enzyme-linked

mmunoassay (Immunotech, Marseille, France) according to
he manufacturer’s directions. Histamine was measured using
microtiter plate reader (absorbance 405 nm) and normalized

o the weight of the biopsy specimens.

Data Expression and Statistical Analysis

Unless otherwise stated, data are reported as mean
alues � standard deviation (SD). Data relative to electron
icroscopy studies are presented as mean values � SD relative

o 10 electron microscopic fields. Data were analyzed by means
f the Mann–Whitney U and the Yates’ corrected �2 tests.
orrelations were analyzed using the Spearman rank correla-

ion test. Analyses were done by running the SPSS/PC� (SPSS,
nc, Chicago, IL) statistical package on a personal computer.
wo-tailed P values less than 0.05 were considered statistically

ignificant.
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Results
Patients

Forty-four consecutive patients with IBS (aged
2–75 years; mean, 40.1 years; 31 females, 13 males) as
ell as 22 healthy controls (aged 20–71 years; mean,
2.5 years; 12 females, 10 males) participated in the
tudy. All patients complained of abdominal pain/dis-
omfort (severity score: 1.78 � 1.15; frequency score:
.20 � 1.49; mean � SD); 50% had diarrhea and 50%
onstipation; furthermore, the most frequently associated
ymptom was bloating (97.8%).

Mast Cell Counts

Thirty-four (77.3%) of the 44 IBS patients had an
ncreased mucosal cell area occupied by mast cells (i.e.,
reater than the mean � 2SD of controls: 4.8%). As
hown in Table 1 and Figure 1, the mean area of mucosa
ccupied by tryptase positive mast cells was 181%
reater in IBS patients with respect to healthy controls.
he mucosal area occupied by mast cells was not differ-
nt in diarrhea and constipation predominant subgroups
P � 0.096). A significant increase in the mean area
ccupied by mast cells was identified in both male and
emale IBS patients, compared with the respective con-

able 1. Mucosal Mast Cell Counts

All Female Male

ontrols (n � 22) 3.3 � 0.8 3.4 � 0.5 3.1 � 0.9
BS (n � 44) 9.2 � 2.5a 10.0 � 2.3b 7.0 � 1.6c

S, not significant, P 	 0.05; NA, not applicable.
Significant difference vs. controls (P � 0.001).
Significant difference vs. controls (P � 0.001).
Significant difference vs. controls (P � 0.001).

igure 1. Representative photomicrographs showing tryptase positiv
atient (B). Note the higher number of positive mast cells in the IBS
rol groups (Table 1). However, the mean area occupied
y mast cells in female IBS patients was 43% greater
han that observed in male IBS patients (Table 1).

Mast Cell Degranulation

To assess the state of activation of mast cells, we
uantified the number of mast cells showing ultrastruc-
ural features of degranulation, including labyrinthic
embranous arrays and clearing of individual granules.
egranulating mast cells could be observed in samples

rom both IBS patients and controls. However, quanti-
ative analysis of degranulating mast cells showed a
50% significant increase in IBS patients with respect to
ontrols (4.76 � 3.18 cells/10 fields vs. 2.42 � 2.26
ells/10 fields, respectively, P � 0.026).

Tryptase Western Blots

We quantified the total amount of tryptase, the
ajor protease contained in mast cell secretory granules.
sing an antibody directed against human mast cell

ryptase, we found a 35-kilodalton broad band on West-
rn blots (Figure 2). All controls had the same molecular
eight band, which is the expected size for tryptase

Figure 2). Only 1 out of 6 controls had an elevated level
f tryptase (Figure 2). In sharp contrast, 5 out of 6 biopsy

P value
ale vs. female) Diarrhea Constipation

P value
(vs. diarrhea)

NS — — NA
�0.001 8.6 � 2.7 9.7 � 2.1 NS

st cells in the colonic mucosa of a healthy control (A) and an IBS
nt as compared with the control. (bar � 25 �m.)
(m
e ma
patie
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pecimens obtained from patients with IBS contained
uch higher levels of immunoreactive tryptase (Figure

). Because of the broad range of molecular weight, we
id not quantify the increase in intensity.

Tryptase Release

The level of tryptase activity that was spontaneously
eleased from mucosal biopsy specimens was quantified in
he cleared supernatants obtained by a 25-minute incuba-
ion of biopsy specimens in oxygenated buffer using an
nzymatic assay. As shown in Figure 3, the level of tryptase
ctivity in IBS patients was 3.7 times higher than that

igure 2. Representative immunoelectrophoretic analysis of tryptase
n human colonic mucosal biopsies. Protein was isolated from human
ucosal biopsies, and 15 �g was subjected to SDS-PAGE followed by

ncubation with an anti-human mast cell tryptase antibody. Note the
levated level of tryptase in 5 out of 6 biopsy specimens obtained
rom IBS patients as compared with the low level of tryptase obtained
n the majority (5 out of 6) of controls.

igure 3. Tryptase release from colonic mucosal biopsy specimens in
ealthy controls and IBS patients. Tryptase activity was measured in
he cleared supernatants obtained by a 25-minute incubation of bi-
psy specimens in oxygenated buffer using an enzymatic assay.
ryptase activity was measured in the absence (open bars) or pres-
nce of the tryptase inhibitor BABIM (100 �mol/L) (hatched bars) or
he trypsin inhibitor SBTI (shaded bars) (50 �g/mL). Note the signif-
cant increased release of tryptase from IBS samples as compared
ith controls and the significant inhibition of tryptase activity in the
resence of BABIM but not SBTI. *Significant difference from controls
P � 0.015). #Significant difference from samples not exposed to
ABIM. Values represent means � standard error.
ound in healthy controls (P � 0.015). Both in control and
BS samples, this activity was significantly inhibited by the
ddition of the tryptase inhibitor bis(5-amidino-2-benzimi-
azolyl)methane (BABIM; 100 �mol/L) (P � 0.013 and
� 0.003, respectively), but not by the trypsin inhibitor

oybean trypsin inhibitor (SBTI; 50 �g/mL) (P � 0.794
nd P � 0.594, respectively), thus showing that the activity
easured in the assay was specific for tryptase.

Histamine Release

The spontaneous release of histamine from muco-
al biopsy specimens of IBS patients and controls was
easured in the cleared supernatants obtained by a 25-
inute incubation of biopsy specimens in oxygenated

uffer using an enzymatic assay. As shown in Figure 4,
istamine activity in IBS patients was significantly in-
reased by 101% over the activity found in controls (P �
.015).

Mast Cell—Nerve Interactions

In the colonic mucosa of both healthy controls
nd IBS patients, mast cells were frequently found in
lose proximity to intestinal nerves (Figure 5A–D) and
embrane-membrane contacts were occasionally ob-

erved in both groups (Figure 5B). Mast cells undergoing
ctive degranulation in proximity to nerve trunks were
lso occasionally identified (Figure 5B–D). Because in-
ammatory mediators (i.e., histamine and tryptase) re-

igure 4. Spontaneous histamine release from colonic mucosal bi-
psies in healthy controls and IBS patients. Histamine activity was
easured in the cleared supernatants obtained by a 25-minute incu-
ation of biopsy specimens in oxygenated buffer using an enzymatic
ssay. §Significant difference from controls (P � 0.015).
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eased by activated mast cells are more likely to affect
eural function if they are in close proximity to the
erves, we investigated the spatial relationships occur-
ing between mast cells and nerves. The number of mast
ells per 10 fields �5 �m from nerves was 223% greater
n IBS patients compared with healthy controls (7.14 �
.87 cells/10 fields vs. 2.27 � 1.63 cells/10 fields, re-
pectively, P � 0.001). Interestingly, a positive signifi-
ant correlation was found between nerve-to-mast cell
roximity and rate of degranulation of mast cells (r �
.72, P � 0.002) (Figure 6).

Mast Cell and Symptom Correlation

The correlation between mast cell parameters and
everity and frequency of abdominal pain/discomfort is
eported in Table 2. A significant correlation was found
etween vicinity of mast cells to nerves and both severity
nd frequency of abdominal pain/discomfort (r � 0.75,
� 0.001 and r � 0.70, P � 0.003, respectively) (Table
and Figure 7). There was no correlation between se-

erity or frequency of abdominal pain/discomfort and
amina propria area occupied by mast cells, release of
ryptase and histamine, and number of degranulated
ast cells per field (Table 2).

igure 5. Electron micrographs showing association between nerve
bers (arrows) and mast cells (MC) in the colonic mucosa of healthy
ontrols (A) and IBS patients (B–D). (A) Nerve fibers (arrows) and a
esting mast cell (MC) showing its characteristic granules in a healthy
ontrol. (B) Electron micrograph obtained from an IBS patient showing
embrane-membrane contacts (asterisk) between a degranulating
ast cell (MC) and a nerve fiber (arrow). (C) Electron micrograph
btained from an IBS patient showing multiple nerve fibers (arrows)
ocated �5 �m from a degranulating mast cell (MC). (D) The typical
ppearance of a degranulating (arrowheads) mast cell (MC) in close
icinity (�5 �m) to a nerve fiber. (bar � 5 �m in A,C,D; 2 �m in B.)
Discussion
In this study, we demonstrated that severity and

requency of perceived abdominal painful sensations are
orrelated with the presence of activated mast cells in
roximity of nerve endings in the gut wall. Furthermore,
e showed increased histamine and tryptase release by

he colonic mucosa of IBS patients. Because these mast
ell mediators are known to alter enteric nervous system
hysiology and induce visceral hypersensitivity,19,34 their
ncreased release in close proximity to colonic innerva-
ion suggests that these mediators contribute to the
isturbed sensory-motor function of IBS.
The role of mucosal inflammation in symptom per-

eption in gastrointestinal diseases remains far from be-
ng fully understood. The rationale for testing the impact
f intestinal inflammation on the development of visceral
ypersensitivity and symptom generation in humans

able 2. Correlation Between Mast Cell Parameters and
Abdominal Pain/Discomfort in IBS Patients

Abdominal pain/discomfort

Severity Frequency

r P r P

ucosal area occupied by
mast cells

0.07 0.64 0.11 0.48

istamine release 0.12 0.16 0.35 0.35
ryptase release 0.08 0.74 0.13 0.59
egranulated mast cells 0.42 0.11 0.29 0.27
ast cells �5 �m from nerves 0.75 0.001 0.70 0.003

igure 6. Correlation between the number of degranulated mast cells
nd the number of mast cells located within 5 �m of nerves in the
olonic mucosa of IBS patients (r � 0.72; P � 0.002). The number of
ast cells is relative to 10 electron microscopy fields as described in

he Materials and Methods section.
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riginates from abundant data in animal models.34 Vis-
eral hypersensitivity has been shown to be associated
ith colonic mucosal inflammation in different gut con-
itions, although conflicting results have also been pub-
ished. Gwee et al. demonstrated a chronic inflammatory
nfiltrate in the rectal mucosa of patients with postinfec-
ious IBS who also experienced urgency and discomfort
t lower volumes of rectal distention than matched con-
rols.35 In keeping with these findings, patients with
ctive ulcerative colitis reported non-noxious and nox-
ous sensations at lower rectal distention volumes than
hose applied to controls.36 In contrast, Chang et al.
howed a decreased rectal sensitivity in patients with
ild to moderate ulcerative colitis.37 These previous

ndings are difficult to compare and reconcile with those
btained in the present study. Indeed, the inflammatory
esponse of inflammatory bowel disease and gastrointes-
inal infection (i.e., postinfectious IBS) could be substan-
ially different, in terms of type and severity of immune
ctivation, from that observed in our patients with non-
pecific IBS. Furthermore, these previous studies pro-
ided no information on the relationship between the
mmune response and mucosal neural supply.

We showed a marked (
180%) increase in colonic
ucosal area occupied by mast cells in as many as three

uarters of IBS patients, regardless of bowel habit. These
ata are in keeping with the general assumption that
ast cells are increased in the mucosa of small8 and large

ntestine6,7,13 of IBS patients. However, we found sub-
tantial differences with these previous studies. For ex-
mple, O’Sullivan et al. found that increased mast cells
ould be detected in the cecum but not in the left colon13

nd Chadwick et al. found that a significant mast cell
nfiltration could be detected only in IBS patients with
onstipation but not with diarrhea.7 We believe that

igure 7. Correlation between severity (A) and frequency (B) of ab-
ominal pain and the number of mast cells located within 5 �m of
erves in the colonic mucosa of IBS patients (r � 0.75, P � 0.001
nd r � 0.70, P � 0.003, respectively). The number of mast cells is
elative to 10 electron microscopy fields as described in the Materials
nd Methods section.
ifferences in study design make it difficult to compare
ur findings with those of these previous studies. We
ried to avoid possible confounding factors: first, we
ncluded a specifically selected healthy control popula-
ion, which, unlike previous studies, was not recruited
rom patients undergoing colonoscopy for “other” intes-
inal diseases (i.e., polyps, bleeding); second, we used a
eliable computerized method31 to quantify immunola-
eled mast cells; and, third, we obtained colonic biopsy
pecimens from unprepared colons to avoid the known
roinflammatory effects of large bowel preparations.38

A similar degree of mast cell infiltration was found in
BS patients with diarrhea and constipation. A mecha-
istic interpretation as to how increased mast cells are
nvolved in such contrasting bowel habit patterns is
urrently lacking. Evidence indicates that mastocytosis
ay be responsible for diarrhea caused by increased

euronal secretomotor function39; however, we hypothe-
ize that mast cells may also lead to altered enteric
euron function in constipated patients as a result of
xcessive segmental contractile colonic motor activity.
hese motor changes would ultimately induce a slow,

ather than an accelerated, colonic transit. In line with
his hypothesis, it is interesting to note that both diar-
hea and constipation can occur in patients with ulcer-
tive colitis, particularly when in remission,40 and with
ostinfectious IBS,6,10 which are both associated with an
ntestinal inflammatory component.

Our data show that mast cell increase was gender
ependent, which is in keeping with the knowledge that
he immune system differs between males and females.41

or example, a greater number of mast cells has been
escribed in the colonic mucosa of female as compared
ith male rats.42 Several lines of evidence indicate that
onadal steroids are involved in gender-related differ-
nces in immune responses41 and, particularly, in tissue
ast cell infiltration.43 Taken together, these data raise

he hypothesis that gender-dependent differences in im-
une responses are involved in the observed higher

revalence of IBS in females, in the described gender-
elated differences in IBS pathophysiology, and in the
nown effects of the menstrual cycle in the modulation of
ectal sensitivity.44

Although previous studies have demonstrated an in-
reased number of mast cells in the colonic13 and ileal8

ucosa of IBS patients, the state of mast cell activation
nd mediator release has never been assessed. Studies in
nimals have provided evidence that mast cell activation
riggers visceral hypersensitivity and gastrointestinal
otor dysfunction.4,19,20 Mast cell degranulation in the

at rectum is associated with a delayed (6–12 hours)
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ccurrence of a lowered threshold for induction of pain
ollowing rectal mechanical distention.45 This is likely
ue to mast cell-induced increased firing of sensory
erves.18 Our ultrastructural data are in keeping with
his paradigm because we showed that mast cells of IBS
atients display a significantly greater rate of activation,
s demonstrated by an increased number of cells showing
abyrinthic membranous arrays and clearing of individual
ranules and by greater release of histamine and tryptase.
To support further a role for mast cells in IBS patho-

hysiology, we measured the content and release of mast
ell mediators by colonic mucosal biopsy specimens. Our
ryptase Western blotting experiments showed that co-
onic biopsy specimens of IBS patients contained a larger
mount of tryptase in comparison with controls, which
ell correlates with the increased total number of mast

ells. Furthermore, our functional data demonstrated an
nhanced release of tryptase in IBS patients. The speci-
city of the tryptase activity detected by our assay was
onfirmed by the experiments showing that preincuba-
ion of samples with the tryptase inhibitor BABIM sig-
ificantly suppressed tryptase activity, whereas the tryp-
in inhibitor SBTI had no effect. The increased release of
ryptase in IBS patients suggests that this mediator may
ffect both extrinsic afferent and enteric neurons with
ong-lasting effects on secretomotor function and visceral
ypersensitivity, as supported by evidence in experimen-
al models.24,46,47 Furthermore, mast cells are by far the
argest storage site of histamine in the human body, and
ts release has been reported to be a reliable indicator of
ast cell degranulation.48 Histamine is known to acti-

ate enteric and extrinsic neurons.19 For example, pro-
onged exposure of guinea pig submucosal neurons to
istamine resulted in a marked neuronal activation.25

imilarly, histamine has been demonstrated to cause
ctivation of abdominal visceral C-fiber afferents,26 an
ffect likely mediated by H1 or H2 receptors expressed on
rimary sensory neurons.49 These data, taken in conjunc-
ion with our demonstration of 	80% increase in the
pontaneous release of histamine from mucosal biopsy
pecimens, suggest that histamine, in addition to
ryptase, could be involved in sensory-motor dysfunction
n IBS.

In the human intestine, mast cells lie in proximity to
erves supplying the gut mucosa.15 This close spatial
ssociation has been indicated to be of functional rele-
ance for the crosstalk between the immune and nervous
ystem of the gut.14 In the present study, we found that
ast cells of IBS patients were located in closer vicinity

o mucosal innervation (with occasional membrane-
embrane contacts), suggesting that mediators released
y mast cells, including tryptase and histamine, have an
ncreased potential to affect neural function. In keeping
ith this hypothesis, we found a significant correlation
etween abdominal pain/discomfort (both severity and
requency) and vicinity of mast cells to nerves supplying
he colonic mucosal. In addition to these findings, pre-
ious studies indicate that mast cell infiltration of the
uman gut wall is associated with abdominal pain and
hat therapy targeting mast cells can improve abdominal
ain perception both in systemic mastocytosis50 and in
BS.51 Taken together, these data strongly support a
echanistic role for mast cell involvement in visceral

ociception in IBS. On the other hand, no statistical
orrelation was found between tryptase and histamine
elease and abdominal pain/discomfort. Different factors
ay account for this lack of correlation. First, although
e primarily assessed histamine and tryptase, mast cells

re known to release a wide variety of biologic substances
hat sensitize sensory nerves.19,21 This raises the possibil-
ty that combinations of these substances are necessary to
rigger sensory nerve firing up to the level of abdominal
ain/discomfort perception. Second, because mast cells
hat lie in close proximity to nerves correlate with ab-
ominal pain/discomfort and show an increased rate of
egranulation, it is conceivable that only the release of
istamine and tryptase in close proximity to nerves is
elevant for abdominal pain/discomfort development.
owever, in this study, we detected the amount of each
ediator released from the pool of the mast cells rather

han that in close proximity to nerves. Third, in keeping
ith the Rome II criteria, the symptom questionnaire
sed in the present study did not discriminate between
ain and discomfort, which were considered as a single
ymptom. Previous studies demonstrated that repetitive
oxious sigmoid balloon distention evoked visceral hy-
ersensitivity only in patients with abdominal pain but
ot in those with nonpainful symptoms (e.g., discomfort,
loating, and sensation of gas).52 Thus, the possibility
hat the increased release of histamine and tryptase ob-
erved in our patients correlates with abdominal pain,
ut not with discomfort, needs further evaluation.
The causes of a prominent colonic mast cell infiltrate

nd activation observed in IBS patients are unknown.
ata suggest that factors including previous episodes of

nfectious enteritis35 and undiagnosed food allergies53

ay contribute either individually or in combination. In
his study, we discarded the possibility to investigate
ostinfectious IBS to avoid the bias related to retrospec-
ive analyses. A prospective assessment of such a corre-
ation is needed. The classical type of activation of mu-
osal mast cells is through an IgE-dependent (allergy)
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echanism.21 In our patients, we excluded the influence
f food allergies by means of history taking and food-
pecific IgE antibodies. However, food allergy diagnosis
emains elusive, and we cannot exclude that at least some
f our patients suffered from a subclinical form of allergic
ut disease.53 On the other hand, it is now widely
ccepted that mast cells can also respond to a non–IgE-
ependent stimulation.21 The best-known triggers of
his alternative way of activation include bacterial toxins,
eurotransmitters, and stress,54 all of which may be
nvolved in IBS pathophysiology.5

In conclusion, these results provide the rationale for
onsidering nerve-mast cell interactions as a mechanism
or abdominal pain/discomfort generation in IBS and,
ence, as a target for therapy.

References
1. Thompson WG, Longstreth GF, Drossman DA, Heaton KW, Irvine

EJ, Muller-Lissner SA. Functional bowel disorders and functional
abdominal pain. Gut 1999;45(suppl 2):S43–S47.

2. Sandler RS, Drossman DA, Nathan HP, McKee DC. Symptom
complaints and health care seeking behavior in subjects with
bowel dysfunction. Gastroenterology 1984;87:314–318.

3. Stanghellini V, Cogliandro R, Barbara G, De Giorgio R, Cogliandro
L, Corinaldesi R. Motor function and dysfunction in functional
dyspepsia and irritable bowel syndrome. In: Holtmann G, Talley
NJ, eds. Gastrointestinal inflammation and disturbed gut func-
tion: the challenge of new concepts. Dordrecht: Kluwer Academic
Publishers, 2003:176–186.

4. Camilleri M. Management of the irritable bowel syndrome. Gas-
troenterology 2001;120:652–668.

5. Barbara G, De Giorgio R, Stanghellini V, Cremon C, Corinaldesi R.
A role for inflammation in irritable bowel syndrome? Gut 2002;
51(suppl 1):i41–i44.

6. Spiller RC. Postinfectious irritable bowel syndrome. Gastroenter-
ology 2003;124:1662–1671.

7. Chadwick VS, Chen W, Shu D, Paulus B, Bethwaite P, Tie A,
Wilson I. Activation of the mucosal immune system in irritable
bowel syndrome. Gastroenterology 2002;122:1778–1783.

8. Weston AP, Biddle WL, Bhatia PS, Miner PB Jr. Terminal ileal
mucosal mast cells in irritable bowel syndrome. Dig Dis Sci
1993;38:1590–1595.

9. Tornblom H, Lindberg G, Nyberg B, Veress B. Full-thickness bi-
opsy of the jejunum reveals inflammation and enteric neuropathy
in irritable bowel syndrome. Gastroenterology 2002;123:1972–
1979.

0. Gwee KA, Graham JC, McKendrick MW, Collins SM, Marshall JS,
Walters SJ, Read NW. Psychometric scores and persistence of
irritable bowel after infectious diarrhea. Lancet 1996;347:150–
153.

1. Neal KR, Hebden J, Spiller R. Prevalence of gastrointestinal
symptoms six months after bacterial gastroenteritis and risk
factors for development of the irritable bowel syndrome: postal
survey of patients. BMJ 1997;314:779–782.

2. Isgar B, Harman M, Kaye MD, Whorwell PJ. Symptoms of irritable
bowel syndrome in ulcerative colitis in remission. Gut 1983;24:
190–192.

3. O’Sullivan M, Clayton N, Breslin NP, Harman I, Bountra C,
McLaren A, O’Morain CA. Increased mast cells in the irritable
bowel syndrome. Neurogastroenterol Motil 2000;12:449–457.

4. Stead RH, Dixon MF, Bramwell NH, Riddell RH, Bienenstock J.
Mast cells are closely apposed to nerves in the human gastroin-
testinal mucosa. Gastroenterology 1989;97:575–585.

5. Stead RH, Tomioka M, Quinonez G, Simon GT, Felten SY, Bienen-
stock J. Intestinal mucosal mast cells in normal and nematode-
infected rat intestines are in intimate contact with peptidergic
nerves. Proc Natl Acad Sci U S A 1987;84:2975–2979.

6. Reed DE, Barajas-Lopez C, Cottrell G, Velazquez-Rocha S, Dery O,
Grady EF, Bunnett NW, Vanner SJ. Mast cell tryptase and protein-
ase-activated receptor 2 induce hyperexcitability of guinea-pig
submucosal neurons. J Physiol 2003;547:531–542.

7. Gao C, Liu S, Hu HZ, Gao N, Kim G, Xia Y, Wood JD. Serine
proteases excite myenteric neurons through protease-activated
receptors in guinea pig small intestine. Gastroenterology 2002;
123:1554–1564.

8. Nozdrachev AD, Akoev GN, Filippova LV, Sherman NO, Lioudyno
MI, Makarov FN. Changes in afferent impulse activity of small
intestine mesenteric nerves in response to antigen challenge.
Neuroscience 1999;94:1339–1342.

9. Bueno L, Fioramonti J, Delvaux M, Frexinos J. Mediators and
pharmacology of visceral sensitivity: from basic to clinical inves-
tigations. Gastroenterology 1997;112:1714–1743.

0. Castex N, Fioramonti J, Fargeas MJ, More J, Bueno L. Role of
5-HT3 receptors and afferent fibers in the effects of mast cell
degranulation on colonic motility in rats. Gastroenterology 1994;
107:976–984.

1. Metcalfe DD, Baram D, Mekori YA. Mast cells. Physiol Rev 1997;
77:1033–1079.

2. Macfarlane SR, Seatter MJ, Kanke T, Hunter GD, Plevin R. Pro-
teinase-activated receptors. Pharmacol Rev 2001;53:245–282.

3. Molino M, Barnathan ES, Numerof R, Clark J, Dreyer M, Cumashi
A, Hoxie JA, Schechter N, Woolkalis M, Brass LF. Interactions of
mast cell tryptase with thrombin receptors and PAR-2. J Biol
Chem 1997;272:4043–4049.

4. Coelho AM, Vergnolle N, Guiard B, Fioramonti J, Bueno L. Pro-
teinases and proteinase-activated receptor 2: a possible role to
promote visceral hyperalgesia in rats. Gastroenterology 2002;
122:1035–1047.

5. Tamura K, Wood JD. Effects of prolonged exposure to histamine
on guinea pig intestinal neurons. Dig Dis Sci 1992;37:1084–
1088.

6. Fu LW, Pan HL, Longhurst JC. Endogenous histamine stimulates
ischemically sensitive abdominal visceral afferents through H1
receptors. Am J Physiol 1997;273:H2726–H2737.

7. Liu S, Hu HZ, Gao N, Gao C, Wang G, Wang X, Peck OC, Kim G,
Gao X, Xia Y, Wood JD. Neuroimmune interactions in guinea pig
stomach and small intestine. Am J Physiol Gastrointest Liver
Physiol 2003;284:G154–G164.

8. Talley NJ, Phillips SF, Melton J III, Wiltgen C, Zinsmeister AR. A
patient questionnaire to identify bowel disease. Ann Intern Med
1989;111:671–674.

9. Neri M, Laterza F, Howell S, Di Gioacchino M, Festi D, Ballone E,
Cuccurullo F, Talley NJ. Symptoms discriminate irritable bowel
syndrome from organic gastrointestinal diseases and food al-
lergy. Eur J Gastroenterol Hepatol 2000;12:981–988.

0. Jensen MP, Turner LR, Turner JA, Romano JM. The use of multi-
ple-item scales for pain intensity measurement in chronic pain
patients. Pain 1996;67:35–40.

1. Lee E, Schiller LR, Fordtran JS. Quantification of colonic lamina
propria cells by means of a morphometric point-counting method.
Gastroenterology 1988;94:409–418.

2. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH,
Provenzano MD, Fujimoto EK, Goeke NM, Olson BJ, Klenk DC.
Measurement of protein using bicinchoninic acid. Anal Biochem
1985;150:76–85.

3. Raithel M, Schneider HT, Hahn EG. Effect of substance P on
histamine secretion from gut mucosa in inflammatory bowel dis-
ease. Scand J Gastroenterol 1999;34:496–503.



3

3

3

3

3

3

4

4

4

4

4

4

4

4

4

4

5

5

5

5

5

H
g

a
o
I
f

s
s
u

702 BARBARA ET AL. GASTROENTEROLOGY Vol. 126, No. 3
4. Collins SM. The immunomodulation of enteric neuromuscular
function: implications for motility and inflammatory disorders.
Gastroenterology 1996;111:1683–1699.

5. Gwee KA, Leong YL, Graham C, McKendrick MW, Collins SM,
Walters SJ, Underwood JE, Read NW. The role of psychological
and biological factors in postinfective gut dysfunction. Gut 1999;
44:400–406.

6. Rao SS, Read NW, Davison PA, Bannister JJ, Holdsworth CD.
Anorectal sensitivity and responses to rectal distention in pa-
tients with ulcerative colitis. Gastroenterology 1987;93:1270–
1275.

7. Chang L, Munakata J, Mayer EA, Schmulson MJ, Johnson TD,
Bernstein CN, Saba L, Naliboff B, Anton PA, Matin K. Perceptual
responses in patients with inflammatory and functional bowel
disease. Gut 2000;47:497–505.

8. Pockros PJ, Foroozan P. Golytely lavage versus a standard
colonoscopy preparation. Effect on normal colonic mucosal his-
tology. Gastroenterology 1985;88:545–548.

9. Wood JD. Neuropathophysiology of irritable bowel syndrome.
J Clin Gastroenterol 2002;35(suppl 1):S11–S22.

0. Rao SS, Holdsworth CD, Read NW. Symptoms and stool patterns
in patients with ulcerative colitis. Gut 1988;29:342–345.

1. Schuurs AH, Verheul HA. Effects of gender and sex steroids on
the immune response. J Steroid Biochem 1990;35:157–172.

2. Bradesi S, Eutamene H, Theodorou V, Fioramonti J, Bueno L.
Effect of ovarian hormones on intestinal mast cell reactivity to
substance P. Life Sci 2001;68:1047–1056.

3. Wilhelm M, King B, Silverman AJ, Silver R. Gonadal steroids
regulate the number and activational state of mast cells in the
medial habenula. Endocrinology 2000;141:1178–1186.

4. Chang L, Heitkemper MM. Gender differences in irritable bowel
syndrome. Gastroenterology 2002;123:1686–1701.

5. Coelho AM, Fioramonti J, Bueno L. Mast cell degranulation in-
duces delayed rectal allodynia in rats: role of histamine and 5-HT.
Dig Dis Sci 1998;43:727–737.

6. Vergnolle N. Review article: proteinase-activated receptors—
novel signals for gastrointestinal pathophysiology. Aliment Phar-
macol Ther 2000;14:257–266.

7. Vergnolle N, Bunnett NW, Sharkey KA, Brussee V, Compton SJ,
Grady EF, Cirino G, Gerard N, Basbaum AI, Andrade-Gordon P,
Hollenberg MD, Wallace JL. Proteinase-activated receptor-2 and
hyperalgesia: a novel pain pathway. Nat Med 2001;7:821–826.
8. Pearce FL, Befus AD, Gauldie J, Bienenstock J. Mucosal mast t
cells. II. Effects of anti-allergic compounds on histamine secre-
tion by isolated intestinal mast cells. J Immunol 1982;128:
2481–2486.

9. Kashiba H, Fukui H, Morikawa Y, Senba E. Gene expression of
histamine H1 receptor in guinea pig primary sensory neurons: a
relationship between H1 receptor mRNA-expressing neurons and
peptidergic neurons. Brain Res Mol Brain Res 1999;66:24–34.

0. Soter NA, Austen KF, Wasserman SI. Oral disodium cromoglycate
in the treatment of systemic mastocytosis. N Engl J Med 1979;
301:465–469.

1. Stefanini GF, Saggioro A, Alvisi V, Angelini G, Capurso L, di
Lorenzo G, Dobrilla G, Dodero M, Galimberti M, Gasbarrini G. Oral
cromolyn sodium in comparison with elimination diet in the irri-
table bowel syndrome, diarrheic type. Multicenter study of 428
patients. Scand J Gastroenterol 1995;30:535–541.

2. Lembo T, Naliboff B, Munakata J, Fullerton S, Saba L, Tung S,
Schmulson M, Mayer EA. Symptoms and visceral perception in
patients with pain-predominant irritable bowel syndrome. Am J
Gastroenterol 1999;94:1320–1326.

3. Smout A, Azpiroz F, Coremans G, Dapoigny M, Collins S, Muller-
Lissner S, Pace F, Stockbrugger R, Vatn M, Whorwell P. Potential
pitfalls in the differential diagnosis of irritable bowel syndrome.
Digestion 2000;61:247–256.

4. Yu LC, Perdue MH. Role of mast cells in intestinal mucosal
function: studies in models of hypersensitivity and stress. Immu-
nol Rev 2001;179:61–73.

Received April 15, 2003. Accepted November 20, 2003.
Address requests for reprints to: Giovanni Barbara, M.D., St. Orsola
ospital, Via Massarenti, 9, I-40138 Bologna, Italy. e-mail:
barbara@med.unibo.it; fax: (39) 051 345864.
Supported by the Italian Ministry of University, Research, Science
nd Technology (to G.B., V.S., R.D.G., and R.C.), by National Institutes
f Health grants DK43207 and 57840 (to N.W.B.), by the Canadian
nstitutes for Health Research (to S.M.C.), and by an educational grant
rom Janssen (to V.S.).
The authors thank Dr. P. Chieco for his help with morphometric

tudies, Dr. S. Guerrini for her contribution to immunohistochemical
tudies, Dr. S. Pileri for the generous gift of anti-tryptase antibodies
sed in the study, and Drs. R. and L. Cogliandro for their contribution

o patient selection and management.


	Activated Mast Cells in Proximity to Colonic Nerves Correlate With Abdominal Pain in Irritable Bowel Syndrome
	Materials and Methods
	Patients
	Symptom Questionnaire
	Histology and Immunohistochemistry
	Mast Cell Counts
	Electron Microscopy
	Tryptase Western Blotting
	Tryptase and Histamine Release
	Data Expression and Statistical Analysis

	Results
	Patients
	Mast Cell Counts
	Mast Cell Degranulation
	Tryptase Western Blots
	Tryptase Release
	Histamine Release
	Mast Cell—Nerve Interactions
	Mast Cell and Symptom Correlation

	Discussion
	References


