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SUMMARY

Ws/Wsrats have a small deletion of thec-kit gene, and are deficient in both mucosal and connective
tissue-type mast cells. In this study, the role of mucosal type mast cells (MMC) in the development of
intestinal ischaemia-reperfusion injury was investigated inWs/Wsrats. Autoperfused segments of the
jejunum were exposed to 60 min of ischaemia, followed by reperfusion for various time periods. The
epithelial permeability was then assessed by the51Cr-EDTA clearance rate. In the control (þ/þ) rats,
the maximal increase in mucosal permeability was achieved at 45 min of reperfusion. In contrast, this
increase was significantly and potently attenuated in theWs/Wsrats. Mucosal alkaline phosphatase
activity decreased in the control (þ/þ) rats, but was not altered in theWs/Wsrats. There were no
differences in mucosal myeloperoxidase activity, indicating that granulocytes did not contribute to
tissue injury. These results provide direct evidence for the role of mast cells in the pathogenesis of
intestinal ischaemia-reperfusion injury.
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INTRODUCTION

Ischaemia-reperfusion (I/R) of the small bowel is associated with
both increased microvascular permeability and mucosal barrier
dysfunction, and results in systemic shock under clinical and
experimental conditions. Recent studies have indicated that the
mucosal and vascular dysfunction induced by hypoxia-reoxygena-
tion damage is associated with the release of toxic factors into
the systemic circulation, thus leading to acute circulatory collapse
[1–4]. However, the mechanisms mediating this mucosal barrier
dysfunction after reperfusion are not fully understood.

There are at least two types of mast cells; the mucosal type of
mast cells (MMC) are found primarily in the mucosa, whereas the
connective tissue-type of mast cells are found in the submucosa
and muscularis [5]. The small intestine contains MMC at a high
density and at close proximity to the microvasculature of the
villus [6]. These MMC are the local source of large amounts of
vasoactive mediators postulated to participate in the pathogenesis
of I/R-induced tissue injury [1–4]. The purpose of the present
study was to elucidate the role of MMC activation in the induction
of rapid mucosal barrier dysfunction after I/R treatment. This was

mainly evaluated by experiments using genetically mast cell-
deficient Ws/Ws(white spotting in the skin) rats [7–9].Ws/Ws
rats have a 12-base deletion in the tyrosine kinase domain of thec-
kit cDNA and are deficient in both connective tissue type and
mucosal type mast cells. These rats are useful tools for studying the
role of mast cells in the pathogenesis of intestinal I/R injury.

MATERIALS AND METHODS

Surgical preparation
Ws/Wsand control (þ/þ) rats were purchased from Japan SLC,
Inc. (Shizuoka, Japan), and these animals were checked as free of
parasites. The origin ofWs/Wsrats has been described in detail
[7,8]. Experiments were performed on maleWs/Wsor control (þ/
þ) rats (200–250 g) anaesthetized with sodium pentobarbital
(Nakalai, Kyoto, Japan). The superior mesenteric artery was
isolated and a 12–15-cm loop of jejunum was externalized;
the blood vessels remained intact. The jejunal loop was fitted
with inflow and outflow tubes to allow the perfusion of warm
tyroid solution at a rate of 0·4 ml/min. Jejunal ischaemia was
subsequently induced by clamping the superior mesenteric artery
for 60 min, after which the clamp was removed and then reperfu-
sion was monitored for up to 120 min. Sham-operated rats were
treated in an identical fashion with the omission of vascular
occlusion.
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Measurement of epithelial permeability
51Cr-EDTA was injected via the jugular vein and allowed to
equilibrate. The luminal perfusate was collected during both
ischaemia and reperfusion. Plasma samples were also collected.
The plasma-to-lumen clearance of51Cr-EDTA was calculated as
described by Kanwar & Kubes [10]:

51Cr ¹ EDTAclearance¼
ct=minp × Pr × 100

ct=minpl × wt

where the clearance of51Cr-EDTA is expressed as ml/min per
100 g, ct/minp is the ct/min per ml of the luminal perfusate,Pr is
the perfusate rate (ml/min), ct/minpl is the counts per ml of plasma,
and wt is the weight of the intestinal segment (g). This51Cr-EDTA
clearance was calculated every 15 min.

Alkaline phosphatase and myeloperoxidase activity
Mucosal scrapings were homogenized and used as samples. The
degree of mucosal damage was estimated by the decrease in
mucosal alkaline phosphatase (ALP) activity determined by Kind
& King’s method [11–13]. Intestinal mucosal myeloperoxidase
(MPO) activity, a biochemical marker of MPO-positive granulo-
cytes, was measured using a standard assay as previously described
[14,15].

Histological techniques
The specimens were immediately fixed in 10% formaldehyde-
saline solution, followed by sectioning and haematoxylin–eosin
staining. For the immunohistological detection of MMC, samples
were reacted with a polyclonal rabbit anti-rat mast cell protease II
(RMCP II; Moredum Animal Health, Edinburgh, UK) anti-
body, followed by reaction with immunoperoxidase-streptavidin-
biotin complex system (Dako, Glostrup, Denmark). RMCP II is
regarded as a specific marker of mucosal mast cells [10,16,17]. The
number of MMC per 100 villi per animal was counted by micro-
scopic examination for the evaluation of the degranulation of
MMC.

Statistical analysis
Data are presented as means6 s.d. Statistical analysis was per-
formed by the unpaired Student’st-test. Statistical significance was
accepted atP<0·05.

RESULTS

The mucosal permeability, as determined by51Cr-EDTA clearance
rate, was assessed for 120 min (Fig. 1). Sixty minutes of ischaemia
alone did not induce any significant changes. In the control (þ/þ)
rats there was a rapid and significant increase in mucosal perme-
ability within 15 min of reperfusion. This change reached a max-
imum as early as 45 min after the start of reperfusion, and was
sustained for approx. 120 min. However, these responses were
potently and significantly attenuated inWs/Wsrats (P< 0·01).
This indicates that mast cell activation is closely associated with
the development of the rapid mucosal injury induced by I/R
treatment.

The mucosal damage induced by 45 min of reperfusion
was assessed histologically by light microscopy. As demonstrate
in Fig. 2, in the control (þ/þ) rats, the I/R treatment induced severe
mucosal destruction, as characterized by a disruption of the villus
tip, a loss of villus height, dilated capillaries with haemorrhage and

ulceration. On the other hand, these changes were completely
abolished in theWs/Wsrats; there was a residual subepithelial
space at the villus tip, with mild lifting of the epithelium.

As shown in Fig. 3a, the I/R treatment induced a significant
decrease in the number of immunoreactive MMC in the control (þ/
þ) rats. This indicates that the degranulation of the MMC was
closely associated with the development of intestinal I/R injury. In
theWs/Wsrats there were no MMC detected in the mucosa. Next,
we evaluated mucosal ALP activity as an indicator of the mass of
the intact epithelium (Fig. 3b). Mucosal ALP is a brush border
membrane enzyme and so represents the total integrity of epithelial
cells. The mucosal ALP activity at 45 min of reperfusion was
significantly decreased in the control (þ/þ) rats, but remained
unaffected in theWs/Wsrats. This indicates that the mucosal
damage was more severe in the control (þ/þ) rats compared
with Ws/Wsrats. To evaluate the effects of infiltrating granulo-
cytes, we assessed mucosal MPO activity (Fig. 3c). In contrast to
the above results, no significant differences in MPO activity could
be detected, thus indicating that granulocyte infiltration has little or
no effect on the development of rapid I/R-induced mucosal injury.

DISCUSSION

An intact mucosal barrier is important in allowing for nutrient
absorption while preventing bacterial translocation and other toxic
antigens into the systemic circulation. It is well recognized that a
disruption of the mucosal barrier causes sepsis, thus leading to
multiple organ failure. Ischaemia and reperfusion of the small
bowel has been previously shown to induce both microvascular
and mucosal dysfunction [18,19]. The prevention of intestinal I/R-
induced mucosal injury would be a great advance in the prognosis
of small bowel transplantation in the future. Thus, it is important to
understand the mechanisms mediating the development of intest-
inal I/R-induced mucosal injury. The objective of this study was to
investigate the potential role of mast cell activation in the patho-
genesis of rapid (30–45 min of reperfusion) intestinal I/R injury.
Our approach was to compare the response of genetically mast
cell-deficientWs/Wsrats with control (þ/þ) rats.

This increase in I/R-induced epithelial permeability has been

Role of mast cells in the pathogenesis of I/R injury 91

q 1999 Blackwell Science Ltd,Clinical and Experimental Immunology, 116:90–94

2

1·5

1

0·5

0

51
C

r-
E

D
TA

 c
le

ar
an

ce
(m

l/m
in

 p
er

 1
00

 g
)

Ischaemia (min)

0

*
* *

*

60 15 30 45 60 90

Reperfusion (min)

Fig. 1. Changes in epithelial permeability induced by ischaemia-
reperfusion (I/R) treatment in control (þ/þ) rats (B) and Ws/Wsrats
(A). Data are expressed as mean6 s.d. (n¼ 5 per group). *P<0·01
versusvalue of respective control (þ/þ) rats.



extensively studied; it is now believed that mast cell activation
leads to the release of large quantities of chemical mediators,
including histamine [1,2], leukotrienes [4], and platelet-activating
factor (PAF) [3], which have been postulated to play important
functions in acute and chronic tissue injury. The mast cells, in turn,
seem to be one of the more important mediators of I/R-induced
microvascular and epithelial dysfunction in the small bowel. In a
previous report by Kanwaret al. [10], the administration of a mast
cell stabilizer, which blocked mast cell degranulation and inhibited
chemical mediator release, prevented I/R-induced mucosal damage
of the small bowel. However, it remains unclear whether the mast
cell stabilizer actually modulated mast cell function alone, or
exerted other effects. Thus, there has been some evidence impli-
cating mast cell activation in I/R-induced mucosal injury [10,16],
but this has not been resolved completely. Furthermore, whether
mast cell activation and degranulation represents the primary event
remains controversial.

The kinetics of epithelial permeability changes in the control
(þ/þ) rats was similar to previous reports [10,16], where the
maximum increase was observed at 30–45 min after the start of
the reperfusion. In theWs/Ws rats, this increase in mucosal
permeability was markedly and significantly attenuated during
the entire reperfusion period, compared with control (þ/þ) rats,

thus indicating that mast cells play a critical role in the develop-
ment of intestinal I/R-induced mucosal injury. These responses in
terms of epithelial permeability were also evaluated histologically.
In the control (þ/þ) rats, the I/R treatment induced severe
histological damage in the mucosa, where the number of
RMCP II-positive MMC had decreased significantly. This indi-
cates that the MMC degranulation was closely associated with the
development of I/R-induced mucosal injury in the control (þ/þ)
rats. On the other hand, this histological damage was completely
abolished in theWs/Wsrats. In addition, tissue ALP activity was
maintained in theWs/Wsrats, but was significantly decreased in the
control (þ/þ) rats. Since tissue ALP activity represents the mass of
the intact epithelium [12,13], this finding indicates that mucosal
damage was greater in the control (þ/þ) rats than in theWs/Ws
rats. In previous reports [10,13,20], it has been demonstrated that
infiltrating granulocytes participate in the pathogenesis of intest-
inal I/R-induced mucosal injury. However, we could not detect
such evidence in our model; there was no difference in mucosal
MPO activity, a biochemical marker of MPO-positive granulo-
cytes, between the control (þ/þ) andWs/Wsrats. Our results are
consistent with other reports on hepatic I/R injury [19,20]. They
demonstrate that early granulocyte infiltration has no effect on
hepatic I/R injury, because the cells were not yet fully activated.
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Fig. 2. Light micrographs of H–E-stained section of rat intestinal mucosa after ischaemia-reperfusion (I/R) treatment. (A) Sham operation.
(B) Control (þ/þ) rats. (C) Ws/Ws rats. (Mag.×100.)
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Fig. 3. Changes in the number of mucosal mast cells (a), mucosal alkaline phosphatase (ALP) activity (b), and myeloperoxidase (MPO)
activity (c). Data are expressed as mean6 s.d. (n¼ 5 per group). *P<0·01; **P< 0·05. NS, Not significant; SO, sham operation.



However, after 5–6 h of reperfusion, the granulocytes can con-
tribute to the post-oxidant stress and tissue injury. In our model, it
is likely that the 30–45 min of reperfusion was too short to induce
full infiltration and activation of the granulocytes [21,22]. These
findings support a major role for mast cells, but not granulocytes, in
the early development of intestinal I/R mucosal injury.

In this study, we clearly demonstrate that MMC are important
contributors to the pathogenesis of rapid I/R-induced mucosal
barrier dysfunction. However, the precise mechanism inducing
the MMC activation remains unclear. One possible mechanism is
that an increased flux of oxidants, which has been previously
described at the onset of reperfusion, may be responsible for the
mast cell activation [23]. Indeed, it has been reported that the
administration of anti-oxidants can block the histamine release
from the post-ischaemic gut [24,25], and that this process may
contribute to the pathogenesis of I/R injury. As another possibility,
we have recently demonstrated an important role for complement
activation and the subsequent release of anaphylatoxin; a blockade
of complement activation significantly attenuated both MMC
degranulation and the increase in I/R-induced epithelial perme-
ability [16]. Based on these observations, it is conceivable that
several processes may interact with each other in sequential order
to induce MMC activation.

In conclusion, this study provides direct evidence for the
critical role of MMC activation in the cascade of events leading
to I/R-induced mucosal damage. Our results would suggest that a
regulation of the MMC activation may be one of the clinical
strategies for prevention of intestinal I/R injury.
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