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We have investigated the influence of mast cells on the barrier
function of intestinal epithelium during nematode infection.
Trichinella spiralis infection induces a strong type 2 cytokine-
mediated inflammation, resulting in a critical mucosal mastocytosis
that is known to mediate expulsion of the parasites from the
intestine. The host response to infection is also characterized by an
increase in mucosal leakiness. We show here that intestinal epi-
thelial permeability is markedly elevated during infection, with
kinetics that mirror the adaptive immune response to primary and
secondary infection. Furthermore, we have identified degradation
of the tight junction protein, occludin, thereby providing a mech-
anism for increased paracellular permeability during helminth
infection. We further demonstrate by using anti-c-kit antibody and
IL-9 transgenic mice that mast cells are directly responsible for
increasing epithelial paracellular permeability and that mice defi-
cient in a mast cell-specific protease fail to increase intestinal
permeability and fail to expel their parasite burden. These results
provide the mechanism whereby mucosal mast cells mediate par-
asite expulsion from the intestine.

he adult stage of the nematode Trichinella spiralis resides

within enterocytes of the jejunum. During parasite infection
characteristic changes occur in the small intestine (1). It has long
been known that the gut becomes edematous and inflamed, with
these responses peaking at the time of parasite expulsion from
the host, but the precise mechanisms involved have remained
obscure. Infection induces leakiness in the intestinal epithelium
that is considered to be a host defense mechanism against the
parasite (the leak-lesion hypothesis) (2).

We hypothesize that an increase in epithelial paracellular
permeability resulting in the loss of parasites is a direct conse-
quence of adaptive immunity. 7. spiralis elicits a strong T helper
2 response resulting in intestinal goblet cell hyperplasia, eosin-
ophilia, and a profound mucosal mastocytosis (3-5). Efficient
parasite expulsion depends on CD4* T cells through control of
the critical mast cell response (6). In the absence of intestinal
mast cells the loss of parasites is markedly delayed (7). The
mechanism by which mast cells induce parasite expulsion is
unknown and is the focus of this study.

Changes in epithelial paracellular permeability during the
course of T. spiralis infection in mice and the role that the mast
cell may play in inducing these changes were investigated. By
depleting mast cells with anti-c-kit antibodies or by using IL-9
transgenic mice that overexpress mast cells (8), we present
compelling evidence that mast cells are the key mediators of
increased mucosal permeability. To understand further the
action of mast cells on intestinal epithelium, we have infected
mice deficient in mouse mast cell protease-1 (mMCP-1) that had
been shown previously to delay parasite expulsion (9) and
investigated whether this mast cell-specific proteinase is involved
in increased epithelial permeability during 7. spiralis infection.

The intestinal mucosal barrier is maintained by tight junctions
(TJs), which form a continuous ring around the apices of
epithelial cells and occlude the paracellular channels. TJs are
composed of the transmembrane proteins claudin, occludin, and

www.pnas.org/cgi/doi/10.1073/pnas.1231488100

junctional adhesion molecule (10). Claudin and occludin span
the plasma membrane four times, having two extracellular loops,
one intracellular loop, and two cytosolic termini. The extracel-
lular loops of adjacent cells bind to each other, generating the
close membrane proximity that can be identified by transmission
electron microscopy. This interaction is believed to form pores
that control the selective movement of fluid and solutes through
the paracellular channels (11). Associated with the carboxyl
termini of both occludin and claudin are the membrane-
associated guanylate kinase homologue proteins, which include
Z0-1, Z0O-2, and ZO-3. These link the transmembrane proteins
to the actin cytoskeleton and act as a platform for a variety of
signaling molecules (12). Claudin has 24 isoforms and their
presence in TJs is thought to determine the “tightness,” i.e., the
permeability, of a particular epithelium and the charge selec-
tivity of its TJ channels (13, 14). The role of occludin is less well
defined, although its extracellular loops are critical for regulation
of paracellular permeability (15). Various stimuli including
cytokines, allergens, and bacterial products have been implicated
in enhancing mucosal permeability by affecting TJ integrity
(16-21). Here, we have examined the effect of T. spiralis
infection on intestinal epithelial TJ proteins; occludin, claudin-1,
and ZO-1. We present evidence demonstrating the disruption of
TJs in vivo and during an intestinal parasitic infection.

Methods

Animals and Infection. NIH and FVB strains of mice were pur-
chased from Harlan Olac (Bicester, U.K.). IL-9 transgenic,
mMCP-1-deficient mice, and BALB/c WT mice were generated
as described (22, 23) and bred at University of Manchester
(Manchester, U.K.) under specific pathogen-free conditions. All
mice were male and infected with T. spiralis at 6—8 weeks of age.
Maintenance, infection, and recovery of T. spiralis were as
described (24). Mice were infected by oral gavage with 300 larvae
on day 0. For challenge experiments, mice were given a further
300 larvae at day 21 after primary infection. All experiments
were performed under the regulations of the Home Office
Scientific Procedures Act (1986).

Worm Burdens. Small intestines were removed, opened longitu-
dinally, and incubated in PBS at 37°C. Worms were counted
after 4 h.

Antibody Treatment. NIH mice were given either 0.5 mg of anti-c-kit
antibody or 0.5 mg of nonspecific rat IgG (Sigma) on days 0, 2, 4,
6, and 8 postinfection. IL-9 transgenic mice were given 1 mg of
either antibody on days —1, 0, 1, and 2 postinfection.
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Permeability Studies. Mice were killed, and 15 cm of proximal
jejunum was quickly removed. Intestines were flushed with
ice-cold Ringer’s solution (121 mM NaCl/25 mM NaHCO3/0.2
mM K,HPO,;/1.2 mM KH,PO,/2.6 mM KHCO;/1.2 mM
CaCl,/1.2 mM MgCl,) containing 15 mM D-glucose. Intestines
were mounted on a glass rod and trimmed of fat. They were
opened longitudinally and divided into four pieces. Each piece
was placed within an Ussing chamber (University of Manchester
workshop). Both sides of the chamber were filled with 5 ml of
Ringer’s solution, oxygenated, and kept at 37°C throughout the
experiment. After an adjustment period of 30 min, 5 uM
unlabeled mannitol followed by 0.5 uCi of ["*C]mannitol (Am-
ersham Pharmacia) was added to the mucosal side of each
chamber. Chambers were sampled from the serosal side after 1 h
and then sampled again after another hour. Radioactivity of
each sample was measured by using a scintillation B-counter. The
permeability of each piece of tissue is presented as the calculated
flux of ['*C]mannitol during a 1-h period.

Histology. Sections of jejunum were taken at 15 cm proximal to
the pylorus. They were fixed in Carnoy’s solution for 4 h, then
processed and embedded in paraffin. To visualize mast cells,
tissue sections (5 um) were cut, dewaxed, rehydrated, and placed
in toluidine blue for 24 h. After washing, sections were coun-
terstained with eosin and mounted. The number of mast cells per
20 villus crypt units (VCUs) was counted on each section.

mMCP-1 Assay. Blood was collected immediately from the heart
of each killed animal. Serum levels of mMCP-1 were measured
by using a commercially available ELISA kit (Moredun Animal
Health, Penicuik, U.K.).

Immunostaining. Sections of jejunum were taken 15 cm proximal
to the pylorus. They were immediately frozen in liquid nitrogen-
cooled isopentane. Tissues were cut into 5-um-thick sections and
allowed to air dry. Sections were fixed in ice-cool acetone for 10
min followed by rehydration in PBS. Tissues were blocked for 30
min with 10% donkey serum (Sigma) and 1% BSA (Sigma) in
PBS. Sections were incubated with rabbit anti-claudin-1 IgG
(Zymed), rabbit anti-ZO-1 IgG (Zymed), or mouse anti-
desmoplakin IgG (11-5F) primary antibodies for 90 min. After
washing, donkey anti-rabbit Alexa 488 or donkey anti-mouse
Alexa 633 secondary antibodies were left on sections for 30 min
(Molecular Probes). Sections were mounted with ProLong An-
tifade mounting medium (Molecular Probes) and kept in the
dark at —20°C until used.

Western Blotting. Epithelial cells from jejuna of infected or naive
mice were isolated by collagenase/dispase digestion (25). In
brief, jejuna were removed, flushed with ice-cold Hanks’ bal-
anced salt solution (GIBCO), and cut into 1-mm? cubes. Tissues
were shaken vigorously in 1 mg/ml collagenase type 1 (Sigma)
and 1 mg/ml dispase II (Roche, Basel) for 30 min at room
temperature.

Epithelial cells were boiled for 8 min in sample buffer (0.5 M
Tris, pH 6.8/10% SDS/30% glycerol/10% 2-mercaptoethanol/
0.1 mg/ml bromophenol blue). After SDS/PAGE, proteins were
transferred by electrophoresis to nitrocellulose membranes (Bio-
Rad). Membranes were probed with rabbit anti-occludin pri-
mary antibody (Zymed) followed by donkey anti-rabbit second-
ary antibody conjugated to horseradish peroxidase (Amersham
Pharmacia). Bands were detected by using enhanced chemilu-
minescence (ECL plus, Amersham Pharmacia). Band density
was measured by using a Bio-Rad GS-700 imaging densitometer.

Confocal Microscopy. TJ proteins were visualized by using an

Axiovert 100M confocal microscope (Zeiss). Images were cap-
tured by using LSM 510 software (Zeiss).
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Fig. 1. Kinetics of intestinal permeability during primary T. spiralis infection.
Permeability of jejunum sections to mannitol was measured on days (d) 0, 7,
10, and 21 postinfection; *, P < 0.003 d0 vs. d10, [, P < 0.003 d10 vs. d21 (a).
Parasite numbersin the jejunum were counted on days 6 and 10 postinfection,
*, P < 0.005 (b).

Statistics. Significance was determined by using Student’s ¢ test.

Results

Mucosal Permeability Increases After Infection. Considerable swell-
ing of the small intestine occurred a few days after infection with
T. spiralis. Intestines became opaque, yellowish, and filled with
fluid, indicating an increase in mucosal permeability. During the
course of a primary T. spiralis infection the intestine became
significantly more permeable to the paracellular permeability
indicator, mannitol (Fig. 1a). Permeability increased up until day
10 postinfection, corresponding to the time of worm expulsion
from the intestine (Fig. 1b). After expulsion, the tissue began to
recover until by day 21 after infection, permeability returned to
naive levels (Fig. 1a).

Abrogation of Mast Cells Blocks Increased Mucosal Permeability.
Mast cells are critical for efficient nematode expulsion in this
model (7, 26). Intestinal permeability changes in infected ani-
mals mirrored previously described kinetics of mast cell accu-
mulation in the intestine and serum levels of mMCP-1 before and
after worm expulsion (27). We have previously shown that
inhibition of mucosal mastocytosis during infection prevents
worm expulsion (26). By using blocking antibody against c-kit
mast cell accumulation in the small intestine and mMCP-1
secretion was prevented (Fig. 2 a and b). Control mice that had
received nonspecific rat [gG developed normal mastocytosis and
were expelling their worm burden by day 9 after infection.
However, anti-c-kit-treated animals still had a full worm burden
at this stage (Fig. 2c). Failure to expel the parasite in the absence
of mast cells was related to changes in intestinal permeability.
Fig. 2d shows that intestines from mice that received anti-c-kit
antibody were significantly less permeable than control animals
on day 9 after infection.

Overabundance of Mast Cells Increases Epithelial Permeability. The
influence of mast cells on intestinal epithelium was further
examined by using a transgenic strain of mice that overexpresses
IL-9. We have previously shown that these mice have an abun-
dance of mast cells in their small intestine at an earlier timepoint
after infection by T. spiralis that results in faster expulsion of the
parasite than WT animals (FVB) (28). Intestines from IL-9
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Fig. 2. Abrogation of mucosal mast cells reduces intestinal permeability.

Mast cells were absent in jejuna from d9 postinfected mice treated with
anti-c-kit (aB) compared with control mice treated with rat I9G (aA), magni-
fication X200. Numbers of mast cells in 20 VCUs from infected mice treated
with rat I9G or anti-c-kit *, P < 0.005 (bA). mMCP-1 was absent in sera of
infected mice treated with anti-c-kit compared with control mice **, P < 0.003
(bB). Worm burdens in jejunum from anti-c-kit-treated mice were compared
with control mice on day 9 postinfection; *, P < 0.05 (c). Increased intestinal
permeability at day 9 postinfection was blocked by anti-c-kit treatment. *,
P < 0.05 (d).

transgenic mice were significantly more permeable to mannitol
than those of WT animals on day 4 after infection (Fig. 3a).
Uninfected tissue from IL-9 overexpressing mice was also sig-
nificantly more permeable than uninfected WT tissue. This
coincides with the elevated numbers of mast cells in the intestine
and elevated serum mMCP-1 in these mice compared with WTs
even in the absence of infection (8, 28). To rule out the possibility
that IL-9 itself, rather than the mast cells, was inducing a highly
permeable state after infection, we treated the mice with anti-
c-kit antibodies. Our previous studies on IL-9 transgenic mice
have shown that this inhibits efficient worm expulsion (28).
Infected mice treated with anti-c-kit antibodies did not mount a
mucosal mastocytosis compared with animals that received a
control antibody (Fig. 3 b and c). Anti-c-kit treatment signifi-
cantly blocked the increase in permeability after infection,
reduced permeability in naive animals (Fig. 3d), and inhibited
worm expulsion (Fig. 3e).

Epithelial Permeability Is Rapidly Enhanced During Secondary Infec-
tion. Mice that have previously experienced a 7. spiralis infection
will respond in a classical way to a challenge infection by
mounting an accelerated and amplified immune response (29).
Mast cell numbers and serum mMCP-1 levels were significantly
higher at day 3 after infection in secondary infected animals than
numbers at day 3 after primary infection. By day 11 after
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Fig. 3. IL-9 transgenic mice overexpress mucosal mast cells and enhance
intestinal permeability. Intestinal permeability was compared between IL-9
transgenic (tg) mice and WT (wt) mice at days 0 and 4 postinfection. [, P <
0.002 wt vs. IL-9tg dO; *, P < 0.001 IL9tg dO vs. d4 postinfection; 1], P < 0.002
wt vs. IL-9tg d4 postinfection (a). Anti-c-kit antibody blocked mucosal masto-
cytosis in IL-9tg mice at d4 postinfection (bB) compared with infected control
IgG-treated mice (bA), magnification X200. Numbers of mast cells per 20 VCUs
were counted in anti-c-kit-treated IL-9 tg mice compared with control 1gG-
treated mice; *, P<0.03 (c). Anti-c-kit blocked enhanced mucosal permeability
atd0and d3 postinfection compared with IL-9 tg mice treated with control IgG
antibodies, *, P < 0.03 control IgG vs. anti-c-kit dO; [J, P < 0.05 control IgG vs.
anti-c-kit d3 (d). Anti-c-kit antibody delayed worm expulsion compared with
mice treated with control antibody; *, P < 0.02 (e).

infection, numbers of intestinal mast cells and serum mMCP-1
of primary infected mice had risen, whereas mast cells and
protease had already begun to decline in challenged animals
(Fig. 4 a and b). Fig. 4c shows that intestines from challenged
mice increased in permeability significantly faster than primary
infected mice. This reflected worm expulsion, which occurred
between days 3 and 4 in challenged animals, compared with
primary infected mice that still had a full worm burden at this
stage (Fig. 4d). After secondary worm expulsion from chal-
lenged mice intestinal permeability returned to preinflammatory
levels (Fig. 4c).

Increased Epithelial Permeability Is Blocked in mMCP-1-Deficient
Mice. Previous work has shown that a key component of mast cell
activity is the secretion of mMCP-1. Similar to mast cell num-
bers, the levels of mMCP-1 measured in the serum increases
after parasite infection and declines after worm expulsion (27).
Mice deficient for this protease are unable to expel their parasite
load efficiently (9). Intestines from 7. spiralis-infected mMCP-1
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Fig. 4. Intestinal permeability is enhanced during secondary T. spiralis
infection. Mast cell numbers were greater in jejuna of secondary infected mice
on day 3 postinfection (aB) than in primary infected animals (aA). On day
11 postinfection mast cell numbers were greater in primary infected mice (aC)
than in secondary infected mice (aD), magnification X200. Mast cells were
counted in 20 VCUs from primary and secondary infected mice on days 3 and
11 postinfection. **, P < 0.002 prim vs. sec d3; [, P < 0.003 prim vs. sec d11
(bB). Sera levels of mMMCP-1, *, P < 0.001 prim vs. sec d3; [J, P < 0.001 prim vs.
sec d11 (bA). Permeability was greater in secondary infected mice on day
3 postinfection compared with primarily infected mice but decreased by day
11 postinfection. *, P < 0.02 prim vs. sec d3; [, P < 0.05 prim vs.secd11; 1, P <
0.03 secd3 vs. d11 (c). Worm burden of primary infected mice compared with
secondary infected mice at d3 postinfection. *, P < 0.05 (d).

null mice were significantly less permeable than WT mice at day
15 after infection (Fig. 5b) and unable to expel their worm
burden as compared with WT mice (Fig. 5¢). Surprisingly, mast
cell numbers in the intestine of infected null mice (374 = 36 per
20 VCUs) were higher than the WT (193 = 18 per 20 VCUs).
This suggests (i) that the protease plays a regulatory role in
development of mucosal mastocytosis during infection (30) and
(if) that it is secretion of mMCP-1 that is critical for increasing
intestinal permeability during infection rather than the number
of mast cells present in the intestine (although these correlate
under normal conditions).

T. spiralis Infection Induces Disruption of TJs. TJs were examined in
intestinal epithelium lining the villi of jejuna from naive or
infected mice. A marked change was detected in integrity of
occludin, with infected mice showing a disorganized pattern of
expression. Jejuna were dual-stained for occludin and the des-
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Fig. 5. Delayed worm expulsion and reduced intestinal permeability of
mMCP-1-deficient mice. Levels of mMCP-1 were measured in sera of WT and
mMCP-1-deficient mice (mMMCP-1—/—) at d0 and d15 postinfection. *, P < 0.02
—/— vs. wt d15 postinfection (a). Permeability of jejunum at dO and d15
postinfection. *, P < 0.005 (b) and worm burdens at d15 postinfection. *, P <
0.04 (c) were compared between WT and mMCP-1—/— mice.

mosomal protein, desmoplakin (Fig. 6 a and b). Occludin and
desmoplakin were colocalized in the cell membrane of entero-
cytes of naive mice (Fig. 6a). In infected tissue, however,
desmoplakin (stained red) remained in the cell membrane
whereas occludin (stained green) appeared to have translocated
from the plasma membrane and into the cytoplasm (Fig. 6b).
Diminished levels of occludin in infected epithelium compared
with naive were confirmed by Western blotting (Fig. 6¢). Bands
<66 kDa may correspond to degradation products resulting from
spontaneous turnover. Equal loading of the gel was confirmed by
Coomassie blue staining. The mean density of the 66-kDa bands
from four different experiments is shown. Levels of expression
and integrity of both the intracellular TJ protein ZO1 (Fig. 6 d
and e) and claudin-1 (Fig. 6 f and g) in intestinal villi were
comparable between infected and uninfected tissue.

Discussion

We provide here a compelling link between mucosal mast cells
and intestinal epithelium during parasite infection. We show that
an increase in intestinal epithelial paracellular permeability
occurs during the course of both a primary and secondary 7.
spiralis infection and that this effect is induced by mast cells. In
addition, we demonstrate that the kinetics of permeability
changes parallels the kinetics of nematode expulsion. It has been
postulated for many years that an influx of solutes and water into
the gut during enteric nematode infection may be a method by
which the host attempts to expel the parasite (2).

Enhanced intestinal permeability is also a feature of infection
by another small intestine-dwelling nematode, Nippostrongylus
brasiliensis. King and Miller (31) challenged previously infected
rats with soluble N. brasiliensis antigen and identified rat MCP-11
in the intestinal perfusate. However, unlike 7. spiralis, expulsion
of N. brasiliensis does not depend on mast cells (32), and the cell
type or factors that increase enteric leakiness during this infec-
tion remained undefined. Shea-Donohue ef al. (33) stimulated
tissue from Heligmosomoides polygyrus-challenged mice with
prostaglandin E2 and observed a rise in chloride ion secretion.
This response was blocked when mice were treated with anti-
IL-4 receptor antibodies. N. brasiliensis infection induces a strong
IL-4 response, which is critical for resolution of infection (34),
which may be a factor responsible for increasing enteric perme-
ability in both these models. 7. spiralis also induces a strong T
helper 2 response and high levels of IL-4 production (3) but it is

McDermott et al.
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the mast cell that is crucial for efficient worm expulsion (7, 26,
27). In the absence of mast cells and mMCP-1 [but with IL-4 still
present (35)] we have shown that infection-induced permeability
increase is blocked. This block may account for the inability of
these mice to expel parasites efficiently. Further proof of the
mast cell’s effect on intestinal epithelium is shown by the present
data from 7. spiralis-infected IL-9 transgenic mice. These mice
overexpress mast cells and accordingly have highly permeable
intestines.

Our data support the results of Harari et al. (36), who
demonstrated increased intestinal chloride ion secretion in 7.
spiralis-infected tissue in response to T. spiralis antigen challenge
in vitro. Their further work (37) revealed an increase in chloride
ion secretion by infected tissue in response to externally applied
histamine, serotonin, and prostaglandin E2, three factors pro-
duced by mast cells. Equally, Madden et al. (38) showed that WT
mice but not mast cell-deficient mice respond to IL-4 by increas-
ing chloride secretion after either histamine or prostaglandin E2
stimulation in vitro. Their data support our demonstration that
mast cells are crucial for increased mucosal permeability during
T. spiralis infection. We show here that mice deficient in the
homologous B-chymase mMCP-1 fail to increase mucosal per-
meability, explaining their inability to resolve T. spiralis infection
efficiently. This finding is supported by the work of Scudamore
et al. (39), who treated rat jejunum with purified rat MCP-II in
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the absence of infection and observed an increase in mucosal
permeability.

Application of rat MCP-II to a dog kidney epithelial cell line
induces permeability and alters the distribution of TJ proteins
surrounding the apex of the cells (40). Because T. spiralis
infection increased mucosal permeability, we hypothesized that
TJ integrity may be compromised. We observed dramatic dis-
ruption of occludin localization with protein translocating from
the membrane into the cytosol. This observation, along with
diminished levels of occludin protein, suggests degradation by a
protease. Because we have shown that mMCP-1, a serine pro-
tease, is critical for increased paracellular permeability in this
infection model, we postulate that its action may involve occludin
degradation. Wan et al. showed that occludin could be cleaved
by both a cysteine protease, Der pl (21), and serine proteases
extracted from house dust mite fecal pellets (41). Because
mMCP-1 is also a serine protease, mMCP-1 may be able to cleave
occludin. Disassociation of occludin from F-actin may also result
in increased paracellular permeability, an effect demonstrated
by the deletion of the COOH terminus of occludin in vitro (42).
Moreover, mMCP-1 may indirectly disrupt assembly of occludin
by interfering with normal rapid turnover by ubiquitination (43).
Despite the effect on occludin, there was no discernible change
in the cytoplasmic protein ZO-1 or claudin-1. ZO-1 is also known
to associate with claudin molecules, thereby maintaining its
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position in the junction despite the demise of occludin. However,
it is possible that the function of TJs may be compromised
because of altered localization of other TJ proteins. The full
complement of TJ proteins in the small intestine has not been
characterized. For example, 23 other isoforms of claudin exist,
and it remains to be determined which are expressed by intestinal
epithelium under normal conditions and during inflammation.
The arrangement of pore-forming claudin proteins between
enterocytes, rather than the quantity of protein, may be a critical
factor in conferring “tightness.” Moreover, there may be subtle
signaling effects on the regulation of TJs including phosphory-
lation of occludin (44, 45).

In conclusion, we have shown that T. spiralis infection in-
creases paracellular permeability of the jejunum and decreases
the expression of occludin in the TJs of enterocytes. In the
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