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Recent studies showed that enteric helminth infection improved symptoms in patients with inflammatory
bowel disease as well as in experimental models of colitis. The aim of this study was to determine the
mechanism of the protective effect of helminth infection on colitis-induced changes in immune and epithelial
cell function. BALB/c mice received an oral infection of Heligmosomoides polygyrus third-stage larvae, were given
intrarectal saline or trinitrobenzene sulfonic acid (TNBS) on day 10 postinfection, and were studied 4 days
later. Separate groups of mice received intrarectal saline or TNBS on day 10 and were studied on day 14.
Muscle-free colonic mucosae were mounted in Ussing chambers to measure mucosal permeability and secre-
tion. Expression of cytokines was assessed by quantitative real-time PCR, and mast cells were visualized by
immunohistochemistry. TNBS-induced colitis induced mucosal damage, upregulated Th1 cytokines, and de-
pressed secretory responses. Heligmosomoides polygyrus elevated Th2 cytokine expression, increased mast cell
infiltration and mucosal resistance, and also reduced some secretory responses. Prior H. polygyrus infection
prevented TNBS-induced upregulation of Th1 cytokines and normalized secretory responses to specific ago-
nists. TNBS-induced colitis did not alter H. polygyrus-induced mast cell infiltration or upregulation of Th2
cytokine expression. The results indicate that the protective mechanism of enteric nematode infection against
TNBS-induced colitis involves prevention of Th1 cytokine expression and improved colonic function by a
mechanism that may involve mast cell-mediated protection of neural control of secretory function. Similar
response patterns could account for the clinical improvement seen in inflammatory bowel disease with
helminthic therapy.

The vertebrate immune system has coevolved with enteric
pathogens, leading to the elaboration of polarized Th1 or Th2
cytokine profiles. Disturbance of the balance between these
immune pathways has deleterious consequences for the host.
Inflammatory bowel disease (IBD), specifically Crohn’s dis-
ease, is driven by a Th1-dominant immune response. The ini-
tiating factor is thought to be a dysregulated immune response
to normal gut flora in genetically predisposed individuals, re-
sulting in chronic gastrointestinal (GI) inflammation leading to
significant host morbidity. The incidence and prevalence of
IBD have increased substantially over the past 50 years in
industrialized countries, but the incidence remains low in un-
derdeveloped areas. This observation could not be explained
completely by genetic factors, and therefore the “hygiene hy-
pothesis” evolved as a result of the dramatic reduction in

exposure of the gut to pathogens as a consequence of lifestyle
and environmental changes designed to eliminate exposure to
bacteria and parasites, such as nematodes (18). In this para-
digm, the absence of helminth infections eliminates the normal
upregulation of the Th2 and/or T regulatory immune response
in childhood, culminating in a more Th1-prone immune re-
sponse characteristic of autoimmune and inflammatory dis-
eases (18).

The interaction between immune and structural cells, such
as smooth muscle and epithelial cells, is critical to Th2 cyto-
kine-mediated immunity. Infection-induced alterations in gut
function play a major role in host resistance against enteric
nematode infection. It is well established that induction of Th2
cytokines, including interleukin-4 (IL-4) and IL-13, is a pre-
requisite for expulsion. In contrast, the Th1 profile, featuring
high levels of IL-12, tumor necrosis factor alpha (TNF-�), or
gamma interferon (IFN-�), promotes worm survival in the GI
tract. Because of the ability of Th2 cytokines to modulate Th1
cytokines, there is considerable interest in their contribution,
as well as the contributions of their individual receptors, to
both Th1- and Th2-predominant pathologies.

The infectious third-stage larvae (L3) of Heligmosomoides
polygyrus invade the submucosa of the duodenum for approx-
imately 8 days before the adult stage emerges and persists in
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the proximal small intestine for weeks to months. Primary
exposure results in a chronic infection with an upregulation of
the Th2 cytokine response and minimal damage (45). Previous
reports demonstrated that several different enteric pathogens
ameliorated experimental Th1-driven colitis in mice (16, 26,
37), and H. polygyrus significantly reduced the inflammation
seen in IL-10-deficient mice (17). More recently, in humans,
administration of Trichuris suis eggs was shown to improve the
clinical severity of Crohn’s disease and ulcerative colitis (49,
50). The protective ability of nematode infection is thought to
be immunomediated; however, there are few data showing
changes in local colonic expression of cytokines.

It is known that Th1-driven inflammation is associated with
alterations in mucosal function in both the small intestine and
colon that contribute to the development of diarrhea, a major
symptom of IBD. One of the major actions of the mucosal
epithelium is to secrete a fluid that facilitates removal of nox-
ious materials and agents and delivers immunoglobulin A into
the gut lumen. Reflex circuits that control secretion are acti-
vated by a number of mechanical and chemical stimuli that
originate in the lumen and involve serotonin (5-HT) and ace-
tylcholine (13). Mast cells also alter secretion by increasing the
sensitivity of nerves to stimulation that can lead to hypersecre-
tory responses characteristic of allergy (3). It was of interest,
therefore, that experimental models of IBD induce a stereo-
typic hyposecretion in response to a number of stimuli (41, 42,
61). This paradoxical effect on secretion suggests that the di-
arrhea observed in IBD is attributed to decreased sodium
absorption due to loss or disruption of surface epithelial cells.

Mast cells are key mediators of allergic and other models of
inflammation, including intestinal helminth infection (29).
Mast cell mediators, including tryptase, 5-HT, and histamine,
can modulate epithelial cell secretion (20). Tryptase binds to
one of the protease-activated receptors (PARs) among the
class of unique G protein-coupled receptors. Although at least
four PARs have been identified, activation of PAR-1 or PAR-2
has important implications in the gut (62, 64). These receptors
are autoactivated through their own “tethered ligand” upon
enzymatic cleavage by thrombin (PAR-1), trypsin (PAR-2), or
mast cell tryptase (PAR-2) (39, 56). Both PAR-1 and PAR-2
activation increases mucosal secretion and permeability and
exerts proinflammatory effects in the GI tract (6–9, 11, 28, 55).
Histamine is another major mast cell messenger that has nu-
merous physiologic and pathophysiologic effects mediated
through at least four distinct G protein-coupled receptors,
represented by histamine receptors that include H1R, H2R,
H3R, and H4R (25). In the gut, H1R is expressed on epithelial
cells and is involved in chloride secretion (2). In contrast, the
more recently discovered H4R (33, 38, 40, 65), preferentially
expressed on immune cells of hematopoietic origin, is pro-
posed to play a role in the regulation of immune and inflam-
matory processes (59).

The precise mechanism for the beneficial effects of nema-
tode infection on Th1-driven inflammation remains unclear
but may include alterations in the local immune response
and/or epithelial cell function. The aims of this study were to
determine (i) if the protective effects of intestinal nematode
infection on colitis-induced alterations are due to local im-
mune modulation, including colonic Th1 or Th2 cytokine ex-
pression, H4R expression, and mast cell activity; and (ii) if

intestinal helminth infection affects colitis-induced alterations
in epithelial cell function. Our results suggest that the protec-
tive effects of parasitic nematode infection are due to local
immune modulation of trinitrobenzene sulfonic acid (TNBS)-
induced inflammatory changes leading to attenuation or pre-
vention of inflammation-induced changes in colonic mucosal
function.

MATERIALS AND METHODS

Animals. Female BALB/c mice (aged 8 to 10 weeks) were obtained from
Charles River, Inc. (NCI, Frederick, MD). The mice were age matched with
controls in all four experimental groups. These studies were conducted in accor-
dance with principles set forth in the Guide for the Care and Use of Laboratory
Animals (38a) and by the University of Maryland School of Medicine Institu-
tional Care and Use Committee.

Treatment groups. The timing of TNBS intrarectal injection and H. polygyrus
inoculation was coordinated to ensure that mice from each treatment group were
studied on the same day.

(i) TNBS-induced colitis. Mice were fasted for 2 h prior to treatment but were
allowed free access to water. Anesthetized mice received an intrarectal injection
of TNBS (2 mg/mouse) in 40% ethanol or saline (total volume, 0.1 ml) and were
held by the tail for 3 min to ensure continued exposure to the agent. Mice were
studied 4 days later.

(ii) Heligmosomoides polygyrus infection. Infective, ensheathed L3 of H. polygy-
rus (specimens on file at the U.S. National Helminthological Collection, USDA,
Beltsville, MD) were propagated and maintained as described previously (53)
and were stored at 4°C until use. BALB/c mice were inoculated orally, via an
18-gauge ball-tipped feeding tube, with 200 L3 on day 0 and were studied at 14
days postinfection. A primary H. polygyrus infection persists for a number of
weeks.

(iii) Heligmosomoides polygyrus infection plus TNBS treatment. At 10 days
postinfection, one-half of the H. polygyrus-infected BALB/c mice received intrar-
ectal TNBS and the other half received saline, as described above.

Histology. Sections (1.5 cm) of distal colon were opened along the mesenteric
border, rinsed promptly in saline, and placed in 4% paraformaldehyde. The
tissue was embedded in paraffin, sectioned transversely (5 �m), and stained with
Giemsa stain in order to visualize granulocytes. The degree of inflammation and
tissue damage on microscopic cross sections of the colon was graded semiquan-
titatively from 0 to 10, using a standardized scoring system in which tissue was
given 1 point for the presence of any of the following features: disruption of
epithelial cells (loss of epithelial cells, mucosal lifting, mucosal ulceration, or
distortion of epithelial crypts), loss of goblet cells or goblet cell mucus, mucosal
edema, the presence of neutrophilic or lymphocytic infiltrate or granulomas,
hemorrhage, or mucosal or smooth muscle hypertrophy. Two investigators who
were unaware of the given treatment performed the grading; the scores were
averaged for each slide to obtain a final slide score for each animal. These scores
were then averaged for each treatment group.

Immunofluorescence staining. Frozen blocks of colon were prepared by using
the Swiss roll technique and were stored at �80°C as described previously (64).
Tissue sections (5 �m) were cut from frozen blocks by use of an HM505E
cryostat (Richard Allan Scientific). Slides were kept on dry ice and then stored
at �80°C. For immunofluorescence staining, tissue slides were fixed in cold
acetone for 30 min and subsequently blocked with 10% normal rabbit serum in
phosphate-buffered saline for 1 h at room temperature. After the addition of
1:100 diluted primary goat antibodies for mast cell protease (MCP; Santa Cruz
Biotechnology), slides were incubated overnight in a humidified chamber at 4°C.
Slides were rinsed for 30 min in phosphate-buffered saline, followed by incuba-
tion with fluorescein isothiocyanate-conjugated rabbit anti-goat antibody (Jack-
son Immunoresearch Laboratories) for 1 h, using a 1:200 dilution (from the
original stock solution). The slides were then coverslipped with Vectorshield (Vec-
tor Laboratories) and digitally photographed with a Nikon Eclipse 80i microscope
using Image-Pro Plus 5.1 software. The intensity of staining was determined by
establishing settings for the samples from the vehicle group and using the same
conditions to evaluate the samples from the infected or treated groups. Comparisons
were made only among the slides prepared on the same day.

Ussing chambers. One-centimeter segments of mucosa were stripped of mus-
cle and mounted in Ussing chambers that exposed 0.126 cm2 of tissue to 5 ml
Krebs buffer. Agar-salt bridges and electrodes were used to measure potential
difference. Every 50 s, the tissues were short circuited at 1 V (DVC 1000 voltage
clamp; World Precision Instruments, Sarasota, FL), and the short circuit current
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(Isc) was continuously monitored. In addition, every 50 s, the clamp voltage was
adjusted to 1 V for 10 s to allow for calculation of tissue resistance using
Ohm’s law.

After a 15-min period, concentration-dependent changes in Isc in separate
tissues were determined following the cumulative addition of acetylcholine, his-
tamine, or 5-HT (all at 1 nM to 1 �M) to the serosal side. Changes in Isc were
also determined in response to PAR-1 (TFLLR; 100 �M) and PAR-2 (SLIGRL;
100 �M) agonists. After the peak response to the final concentration of each
secretagogue was recorded, the Krebs buffer on each side of the chamber was
replaced. To determine the contribution of enteric nerves to the response, tissues
were incubated with the sodium channel blocker tetrodotoxin (TTX; 1 �M) for
15 min prior to the addition of secretagogues.

RNA extraction, cDNA synthesis, and real-time quantitative PCR. Total
RNAs were extracted from samples of mid-colon with TRIzol reagent (Invitro-
gen, Grand Island, NY) per the manufacturer’s instructions. RNA integrity and
quantity and genomic DNA contamination were assessed using an Agilent Bio-
analyzer 2100 machine and an RNA 6000 Labchip kit (Agilent Technologies,
Palo Alto, CA) as described previously (63). Only those RNA samples with
28S/18S ratios between 1.5 and 2 and no DNA contamination were studied. RNA
samples (2 �g) were reverse transcribed to cDNAs by use of a first-strand cDNA
synthesis kit (MBI Fermentas, Hanover, MD) with a random hexamer primer.

Real-time quantitative PCR was performed on an iCycler detection system.
Primer sequences were designed by using Beacon Designer 4.0 (Premier Biosoft
International, CA) and were synthesized by the Biopolymer Laboratory of the
University of Maryland. The primer sequences for PAR-1, PAR-2, IFN-�,
TNF-�, IL-4, IL-13, H1R, H4R, and MCP-1 are listed in Table 1. PCR was
performed in a 25-�l volume, using SYBR green Supermix (Bio-Rad, CA).
Amplification conditions were as follows: 95°C for 3 min and 50 cycles of 95°C for
15 s, 60°C for 15 s, and 72°C for 20 s. The changes in mRNA expression for
PAR-1, PAR-2, IFN-�, TNF-�, MCP-1, IL-4, IL-13, H1R, and H4R were de-
termined relative to the respective vehicle groups of mice after normalization to
the 18S rRNA housekeeping gene.

Solutions and drugs. Krebs buffer contained 4.74 mM KCl, 2.54 mM CaCl2,
118.5 mM NaCl, 1.19 mM NaH2PO4, 1.19 mM MgSO4, 25.0 mM NaHCO3, and
12 mM glucose. The tissues were allowed to equilibrate for 15 min in Krebs
buffer. All drugs were obtained from Sigma (St. Louis, MO) unless stated oth-
erwise. Stock solutions were prepared as follows. The PAR-1 peptide agonist
TFLLR and the PAR-2 peptide agonist SLIGRL (10 mM; synthesized by the
University Biomedical Instrumentation Center, Uniformed Services University
of the Health Sciences) were dissolved in 20% dimethyl sulfoxide and stored at
�70°C in aliquots. On the day of the experiment, PAR-1, PAR-2, 5-HT, and
histamine were dissolved in water, and appropriate dilutions of 5-HT and hista-
mine were made using distilled water.

Data analysis. For each mouse, responses for each secretagogue were deter-
mined for a single tissue, and therefore the n for each group reflects the number
of mice. Resistance was calculated for all tissue segments from each mouse and
was averaged to yield one mean per animal. Statistical analysis was performed

using one-way analysis of variance to compare inflammatory scores, resistances,
and maximal Isc responses among groups. Cumulative dose responses were
compared using multiple analysis of variance with post hoc analysis for multiple
comparisons. P values of �0.05 were considered significant.

RESULTS

Prior H. polygyrus infection attenuated TNBS-induced
colonic injury. In control mice, the colonic mucosa exhibited
intact epithelia, an even distribution of goblet cells, minimal
infiltrate in the lamina propria and submucosa, and normal
smooth muscle thickness (Fig. 1A). Heligmosomoides polygyrus
infection did not cause mucosal damage (Fig. 1B) but induced
goblet cell hyperplasia, lymphocytic infiltration, and smooth
muscle thickening in the colon. Administration of TNBS to
mice significantly increased tissue damage in the colon (Fig.
1C), including disruption of epithelial cells, dilation of crypts,
widening of the submucosal space, and thickening of the
smooth muscle. Separate sections of colon also showed in-
creased lymphocytic infiltrate, loss of normal mucosal archi-
tecture, and granulomas (Fig. 1D). Interestingly, prior H. po-
lygyrus infection markedly attenuated TNBS-induced colonic
damage and inflammation, with an absence of granuloma for-
mation and submucosal edema (Fig. 1E). There was a reten-
tion of smooth muscle hypertrophy and of the elevated number
of goblet cells characteristic of infection alone (Fig. 1B), and
thus the microscopic damage score remained elevated above
that of controls. The mean damage score (Fig. 1F) demon-
strates the protective effect of prior nematode infection on
TNBS-induced colitis.

The protective effect of prior H. polygyrus infection on colitis
was associated with a decrease in mRNA expression of Th1
cytokines. It is well established that increased production of
Th1 cytokines plays an important role in the pathogenesis of
colitis. Consistent with previous studies, mice treated with
TNBS exhibited an upregulation of the Th1 cytokines IFN-�
and TNF-� (Fig. 2A), but not of the Th2 cytokines IL-13 and
IL-4 (Fig. 2B), in the colon. Heligmosomoides polygyrus pref-
erentially colonizes the small intestine, and therefore the abil-
ity of the infection to upregulate expression of IL-4 and IL-13
(17.4- and 356.0-fold, respectively) was confirmed in this re-
gion. Heligmosomoides polygyrus infection also induced a sig-
nificant increase in the expression of Th2 cytokines IL-4 and
IL-13 in the colon (Fig. 2B) but had no effect on expression of
the Th1 cytokines (Fig. 2A). Prior H. polygyrus infection pre-
vented the TNBS-induced upregulation of Th1 cytokines (Fig.
2A). In contrast, the H. polygyrus infection-induced upregula-
tion of Th2 cytokines in the colon was unaltered by adminis-
tration of TNBS (Fig. 2B).

Prior H. polygyrus infection improved colitis-induced
changes in epithelial cell function. Abnormal colonic epithelial
cell function is implicated in the pathogenesis of colitis. To
determine if the protective effect of prior H. polygyrus infection
on TNBS-induced colitis is associated with the alteration of
colonic epithelial cell function, muscle-free sections of muco-
sae were mounted in Ussing chambers. Colonic mucosal resis-
tance, an index of permeability, was increased significantly by
H. polygyrus infection (Fig. 3), indicating the beneficial effect of
infection on barrier function. Although TNBS treatment alone
did not alter mucosal resistance, the prior H. polygyrus infec-

TABLE 1. Primer sequences for real-time quantitative PCR

Gene Primer
orientation Primer sequence (5� to 3�)

PAR-1 Forward GCTGGAGGGTAGGGCAGTCT
Reverse GTACACGGAGGGCATGAAGAG

PAR-2 Forward CTGCATCTGTCCTCACTGGA
Reverse ACAGAGAGGAGGTCAGCCAA

IFN� Forward GCATAGATGTGGAAGAAAAGAGTCTCT
Reverse TGGCTCTGCAGGATTTTCATG

TNF-� Forward CATCTTCTCAAAATTCGAGTGACAA
Reverse CCAGCTGCTCCTCCACTTG

IL-4 Forward CGGAGATGGATGTGCCAAAC
Reverse GCACCTTGGAAGCCCTACAG

IL-13 Forward GACCAGACTCCCCTGTGCAA
Reverse TGGGTCCTGTAGATGGCATTG

H1R Forward TCCGAAGACAAGATGTGTGAGC
Reverse CACTGTGACCAGGAGATACTAC

H4R Forward GGCTCCATACTGTCTGTTCAC
Reverse CAGAAAGGGATTAACAAACGAATTG

MCP-1 Forward TGGGAAGTTCCACAAAGTTAAAAAC
Reverse GCCACACCAGCACACAGAAG
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tion-induced increase in mucosal resistance (decrease in per-
meability) remained even after the subsequent administration
of TNBS (Fig. 3).

We further assessed colonic epithelial cell secretary re-
sponses to various secretagogues. 5-HT, released from entero-
chromaffin-like cells, binds to receptors on sensory nerves
forming the afferent arm of reflex-mediated secretion. Secre-
tory responses to 5-HT were decreased significantly by TNBS

but not by H. polygyrus (Fig. 4A). Prior enteric infection with
H. polygyrus prevented the TNBS-induced inhibition of secre-
tion in response to 5-HT. Acetylcholine, upon release from
enteric nerves as part of the reflexive secretory arc, binds to
muscarinic receptors on epithelial cells. Colonic secretory re-
sponses to acetylcholine were decreased by TNBS administra-
tion (Fig. 4B). Although H. polygyrus infection alone did not
affect the response, it did prevent the hyposecretion in re-

FIG. 1. Samples of distal colon were fixed, paraffin embedded, sectioned (5 �m), and stained with Giemsa stain to visualize inflammatory
infiltrate. Representative samples from controls (A) and the treatment groups are included. (B) H. polygyrus infection showed few changes, with
the most notable being a goblet cell hyperplasia and thickening smooth muscle. (C) In contrast, TNBS administration induced numerous
inflammatory changes, including crypt expansion (asterisk), neutrophil infiltration (arrowheads), and disruption of surface epithelial cells (arrow).
(D) In addition, there were areas of graulomatous infiltration. (E) Infection with H. polygyrus prior to TNBS exposure markedly attenuated
TNBS-induced inflammation, including protection against mucosal damage and neutrophil infiltration. (F) The mean scores for all groups
demonstrate that prior H. polygyrus infection protects against the damage and inflammation induced by TNBS (*, P � 0.05 versus control; **, P �
0.01 versus control; �, P � 0.05 versus TNBS group).
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sponse to acetylcholine induced by TNBS (Fig. 4B). TTX, a
neurotoxin, significantly reduced the response to acetylcholine,
by 38%, in controls, indicating a significant contribution by
enteric nerves (Fig. 4B). This neural contribution was en-
hanced in H. polygyrus-infected mice, as TTX decreased the
response to acetylcholine by 73%. In contrast, TTX did not
alter responses to acetylcholine in TNBS-treated mice, dem-
onstrating a loss of the contribution of nerves to inflammation.
Prior infection with H. polygyrus restored the TTX sensitivity to
acetylcholine and rendered the responses nearly 100% depen-
dent on enteric nerves (Fig. 4B).

We showed previously that a primary H. polygyrus infection
induces a significant mastocytosis in BALB/c mice (45). Mast
cells produce a number of proteases, and mast cell mediators
can alter intestinal secretion, in part by increasing the sensi-
tivity or responses to neural input (45). Endogenous ligands of
PAR-1 (thrombin) and PAR-2 (tryptase and trypsin) have a
number of effects on epithelial cell function. Colonic expres-
sion of PAR-1 and PAR-2 was unchanged by colonic inflam-

mation or intestinal infection (Table 2). Colonic secretion in
response to the PAR-1 agonist TFLLR was decreased in all
groups (Fig. 4C). In contrast, there was a selective inhibition of
the response to the PAR-2 agonist SLIGRL by TNBS that was
completely prevented by prior infection with H. polygyrus
(Fig. 4C).

Prior H. polygyrus infection altered TNBS-induced changes
in histamine receptor expression. Histamine is also secreted by
mucosal mast cells and has direct prosecretory effects by bind-
ing to receptors on epithelial cells as well as indirect effects by
increasing the sensitivity of enteric nerves to stimulation. In the
present study, responses to histamine were inhibited by all
treatments (Fig. 5A). Histamine increases secretion by binding
to H1R located on epithelial cells. The decrease in H1R ex-
pression in the TNBS-treated, H. polygyrus-infected, and H.
polygyrus-plus-TNBS-treated groups (Fig. 5B) is consistent
with the hyposecretory response to histamine seen in these
groups (Fig. 5A). H4R is an important proinflammatory me-
diator that is found on immune cells of hematopoietic lineage.
TNBS significantly upregulated H4R expression (Fig. 5C); this
effect was prevented completely by previous H. polygyrus infec-
tion.

Mast cells have a role in the protective effect of H. polygyrus
on TNBS-induced inflammation. To explore the contribution
of mast cells to the protective effect of H. polygyrus on Th1-
driven inflammatory changes, we assessed expression of
MCP-1 by real-time PCR and immunohistochemistry. MCP-1
gene expression was increased significantly by H. polygyrus but
was unchanged by TNBS (Fig. 6A). In addition, the infection-
induced increase in MCP-1 was not altered by TNBS admin-
istration. Controls showed modest immunostaining for MCP-1
(Fig. 6B) that was markedly increased in H. polygyrus infection
(Fig. 6C). In contrast, immunostaining for MCP-1 was com-
pletely absent in the TNBS group (Fig. 6D), and TNBS de-
creased staining in mice with prior H. polygyrus infection (Fig.
6E). The effect of TNBS treatment in decreasing staining in
uninfected mice (versus vehicle-treated controls) and infected

FIG. 2. Samples of colon were taken from each group. Signature
Th1 and Th2 cytokines were quantitated using real-time quantitative
PCR on whole colonic tissue. (A) TNBS induced a significant increase
in Th1 cytokine expression, while H. polygyrus significantly upregulated
Th2 cytokine expression. Prior exposure to H. polygyrus prevented
upregulation of Th1 cytokines. (B) TNBS had no effect on the upregu-
lation of Th2 cytokines by H. polygyrus (*, P � 0.05 versus control).

FIG. 3. Resistance, an index of mucosal permeability, was deter-
mined with Ussing chambers, using muscle-free colonic mucosa. TNBS
did not alter permeability, while H. polygyrus significantly increased
resistance (Hp1). This increased resistance persisted after injection
with TNBS (Hp1�TNBS) (**, P � 0.01 versus control).
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mice (versus infected controls) is consistent with an inflamma-
tion-induced loss and/or degranulation of mast cells.

DISCUSSION

It is well known that the balance of immunoderived cyto-
kines in vivo is critical to the control of immune function and
that polarization toward the Th1 or Th2 cytokine profile can
have consequences that are inappropriate to host defense. The
increased Th1 response to TNBS is associated with moderate
to severe granulomatous, and sometimes transmural, inflam-
mation similar to that observed in Crohn’s disease. The ability
of infection-induced upregulation of Th2 cytokines to attenu-
ate Th1-mediated inflammation in the GI tract is clear (16, 26,
37, 49, 50), but previous studies did not address immunome-
diated changes localized to the affected area or assess possible
beneficial effects to gut function. In the present study, main-
tenance of the Th2-polarized response induced by H. polygyrus
in the small intestine and colon effectively prevented TNBS-
induced colonic upregulation of gene expression for the Th1
cytokines IFN-� and TNF-�, pathological injury to the mucosa,
and alterations in epithelial cell function. These data are con-
sistent with the hypothesis that nematode infection prevents an
exacerbated response to proinflammatory stimuli in the colon.
Thus, the beneficial effects of nematode infection in the small
intestine orchestrate immunomediated changes and protection
from inflammation at a distant site in the colon.

The results of the present study are in contrast to those
showing that helminth infection worsened colitis caused by
infection with Citrobacter rodentium, an enteropathogen simi-
lar to Escherichia coli (10). It is well established that induction
of the Th1 profile, featuring high levels of IL-12, TNF-�, or
IFN-�, is a prerequisite for expulsion of a number of enteric
pathogens, including C. rodentium. In contrast, upregulation of
Th2 cytokines, including IL-4 and IL-13, impairs its clearance.
It is not surprising, therefore, that the ability of H. polygyrus to
prevent upregulation of the requisite Th1 response would
worsen C. rodentium-induced inflammation by prolonging ex-
posure to unrestricted pathogen proliferation. It should be
noted, however, that while the commensal bacteria play an
important role in the pathogenesis of IBD (22) as well as other
spontaneous animal models of inflammation (30), Crohn’s dis-
ease and ulcerative colitis are considered to be immunomedi-
ated rather than infectious. The etiology of the TNBS-induced
model of colitis may therefore be closer to clinical autoimmune
disease in this regard.

FIG. 4. Secretion in response to 5-HT (A), acetylcholine (B), and
the PAR-1 agonist TFLLR and PAR-2 agonist SLIGRL (C) was de-
termined in muscle-free colonic mucosae by use of Ussing chambers.
TNBS uniformly induced a hyposecretion in response to all secreta-
gogues tested (A to C). Prior enteric infection with H. polygyrus
(Hp1�TNBS) prevented the TNBS-induced hyposecretion in re-
sponse to acetylcholine, 5-HT, and the PAR 2, but not PAR-1, agonist.
Secretion in response to acetylcholine was reduced by TTX in control
and H. polygyrus (Hp1)-infected mice (B). This sensitivity of acetylcho-
line-induced responses to TTX was lost in TNBS-treated mice but was
restored in mice treated with TNBS after infection with H. polygyrus. *,
P � 0.05 versus respective control; **, P � 0.01 versus respective
control; �, P � 0.05 versus respective vehicle; ��, P � 0.01 versus
respective vehicle.

TABLE 2. Effects of H. polygyrus infection on TNBS-induced
alterations in PAR expression and in secretory responses

to acetylcholine

Group
Fold change in expression Response

(Isc 	�A/cm2
)
to acetylcholineaPAR-1 PAR-2

Control 1.0 � 0.04 1.0 � 0.1 63 � 13
TNBS 1.2 � 0.2 0.7 � 0.1 24 � 8*
H. polygyrus infection 0.9 � 0.2 1.0 � 0.1 53 � 13
H. polygyrus infection �

TNBS
1.2 � 0.2 1.0 � 0.1 70 � 24

a *, P � 0.05 versus control group. The 	acetylcholine
 was 100 �M (n � 6
to 8).
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The effects of Th1-dominant inflammatory processes are
well documented and include reduced epithelial secretion in
IBD patients as well as animal models of colitis (44, 60). This
may be due to a direct effect of immune and/or inflammatory
mediators on epithelial function or an indirect effect due to the
loss of epithelial cells in inflammation. Secretion is an impor-
tant part of mucosal defense because it facilitates removal of
harmful substances and bacteria in the lumen away from the
epithelial surface and reduces bacterial translocation (1). In
the present study, TNBS uniformly inhibited secretion (Isc) in
responses to all secretagogues tested, although it did not affect
resistance, indicating a largely intact barrier function.

5-HT is critically involved in the afferent arm of the mucosal
secretory reflex arc by transducing signals from the lumen to
the afferent nerves (Fig. 7). Recent studies demonstrated al-
terations in 5-HT signaling in functional GI disorders, such as
irritable bowel syndrome, chronic constipation, diarrhea, and
functional dyspepsia (46). The gut is the largest source of
5-HT, whose effects are mediated through numerous 5-HT
receptors. In response to these stimuli, enterochromaffin cells
release 5-HT, which binds to specific receptors on primary
afferent nerves or epithelial cells (13). In the current study, the
decrease in 5-HT-stimulated secretion induced by TNBS is
consistent with either loss or damage to epithelial cells and/or
nerves.

In the secretory reflex, 5-HT- or substance P-mediated ac-
tivation of motor neurons results in release of neurotransmit-
ters, such as acetylcholine (14, 15). Secretion in response to
exogenous acetylcholine is a combination of effects mediated
by binding to nicotinic receptors on enteric neurons or through
muscarinic receptors on epithelial cells (Fig. 7). Secretion in
response to acetylcholine was reduced by both H. polygyrus
infection and TNBS. It is interesting that the contribution of
enteric nerves to acetylcholine was lost after TNBS but was
protected by prior infection with H. polygyrus, indicating that
enteric infection protects against damage to the reflex secre-
tory circuits. Mast cells approximate enteric nerves, and the
mastocytosis of enteric infection enhances this interaction (45).
These pathways play an important role in mucosal protection
as part of the “weep and sweep” response to potential noxious
stimuli (3). The increased mRNA expression and antibody
staining for MCP-1 after H. polygyrus infection and H. polygyrus
infection plus TNBS-induced colitis compared to those after
TNBS induction alone indicate that an influx of mast cells may
serve a protective role by increasing the sensitivity of sensory
nerves to stimulation, effectively restoring secretion to control
levels. This is consistent with the observation that responses to
acetylcholine in the H. polygyrus infection and H. polygyrus
infection-plus-TNBS groups were nearly abolished in the pres-
ence of TTX, indicating a high level of dependence on enteric
nerves after infection (Fig. 7). Although MCP-1 mRNA expres-
sion was similar in H. polygyrus infection and H. polygyrus infection
with TNBS induction, there was a reduction in antibody staining
for MCP-1 for H. polygyrus infection with TNBS induction versus
H. polygyrus infection. There was also a reduction in staining for
baseline levels of mast cells in mice after treatment with TNBS
alone compared to that for vehicle-treated control mice, suggest-
ing that TNBS may degranulate mast cells even when they are
activated by infection with H. polygyrus.

Colitis-induced abnormalities in enteric nerves may also al-

FIG. 5. Secretory responses to histamine (changes in Isc) were
determined in muscle-free colonic mucosae by use of Ussing cham-
bers, and secretion was decreased significantly in all treatment
groups. Expression of histamine receptors was determined by quan-
titative real-time PCR with colonic tissue. (A) TNBS inhibited
secretion in response to histamine, and this was not prevented by
prior enteric infection with H. polygyrus. (B) H1R expression was
downregulated significantly in all groups. (C) H4R expression was
increased significantly only in the TNBS group. Prior H. polygyrus
infection completely prevented the TNBS-induced upregulation. *,
P � 0.05 versus control or vehicle; **, P � 0.01 versus control or
vehicle.

4778 SUTTON ET AL. INFECT. IMMUN.



ter responses to PAR agonists. PAR-2 is expressed along the
entire length of the GI tract and has been identified in a
number of cells, including enterocytes (48). The role of PAR-2
in inflammation is better defined than that of PAR-1 (23, 31).
PAR-2 is also linked to sensitization of visceral afferents lead-
ing to hyperalgesia (12), and PAR-2 agonists increase epithe-
lial secretion in both the small intestine and colon (4, 28, 36).

In the present study, we showed that the TNBS-induced inhi-
bition of responses to PAR-2 activation was normalized with
prior exposure to H. polygyrus. MCPs (e.g., tryptase in humans)
are important mediators of PAR-2 activation, suggesting that
the restoration of secretion to PAR-2 may be mediated by an
effect of H. polygyrus on mucosal mast cells and their effects on
enteric nerves.

FIG. 6. (A) MCP-1 mRNA expression was determined by real-time PCR. Expression was elevated significantly by H. polygyrus infection. **,
P � 0.01 versus control. (B) Mast cell infiltration is indicated by immunofluorescent staining of MCP-1. Vehicle-treated control mice had some
staining of mast cells (arrows). (C) Heligmosomoides polygyrus infection increased the marked mast cell infiltration. (D) In contrast, TNBS
treatment caused a decrease in background mast cell staining. (E) Prior H. polygyrus infection partially stabilized the mast cell staining that was
decreased by TNBS.
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PAR-1 is expressed throughout the gut, having been identi-
fied in the smooth muscle, epithelial, nerve, and lamina propria
cells (48). PAR-1 is overexpressed in the colons of IBD pa-
tients and 7 days after TNBS-induced colitis in mice due to the
increased numbers of infiltrating inflammatory cells (55). Ac-
tivation of PAR-1 leads to increased intestinal secretion, per-
meability, and leukocyte infiltration (6, 7, 11, 55). In the
present study, however, PAR-1 expression was unchanged 4

days after TNBS administration. This may be due to the timing
(4 versus 7 days) or method of analysis (real-time versus quan-
titative reverse transcription-PCR). Previous studies showed
that PAR-1 agonists had no effect on colonic secretion in the
unstripped murine colon (6) but had increased secretion in
human epithelial cell lines (7). The uniform inhibition of re-
sponses to PAR-1 in all treatment groups indicates that the
effect is not specific to inflammation but may be a generalized
response to CD4� T-cell-mediated immune activation.

Histamine is one of many mast cell products, and increased
levels of histamine and its metabolites are reported in active
IBD (27, 43, 57, 58). Much of the effect of histamine on epi-
thelial cell secretion is mediated by H1R. In the current study,
we observed an inhibition of histamine secretion in the colon
for all treatment groups that was associated with a significant
reduction in H1R expression. We showed previously that H.
polygyrus had no effect on histamine responses in the small
intestine (44), indicating a regional specificity governed by
changes in H1R expression after infection.

H4R is preferentially expressed on hematopoietic cells, in-
cluding mast cells, dendritic cells, T cells, eosinophils, and
possibly neutrophils (33, 38, 40, 65). It exhibits numerous
proinflammatory effects, including neutrophil, mast cell, and
eosinophil chemotaxis (5, 21, 24, 32, 51, 52). Increased H4R
expression was observed in the TNBS group, coincident with
significant infiltration of immune/inflammatory cells and mu-
cosal damage. The ability of H. polygyrus to block the increase
in H4R expression suggests that its protective effect is related
to limiting infiltration or activation of cells specific to Th1-
dominant inflammation. Neutrophils are the most likely can-
didate, which is supported by a very recent study showing that
an H4R antagonist significantly inhibited TNBS-induced injury
and myeloperoxidase activity, an index of neutrophil infiltra-
tion, in the rat colon (54). These data indicate that H4R may
be a novel therapeutic target in inflammatory pathologies.

Mucosal barrier function plays a critical role in the patho-
genesis of a number of diseases, including IBD (19); however,
mucosal permeability was unaltered 4 days after TNBS treat-
ment. Previous studies using water flux and/or clearance of
radioisotopes to measure changes in colonic permeability 4 h
to 2 weeks after TNBS-induced colitis in rats showed increased
permeability after TNBS treatment (47, 60). It should be
noted, however, that these studies reflect permeability changes
along the entire gut, and thus, increased permeability may be
attributed to altered resistance in the small intestine rather
than the colon. The ability of H. polygyrus infection to improve
colonic resistance, even after administration of TNBS, is an-
other benefit of the upregulation of Th2 cytokines. In contrast,
we showed previously that IL-4 and IL-13 both decrease resis-
tance in the small intestine (34, 35, 45). The noted increase in
colonic resistance may serve to limit movement of antigens or
toxins across the colon, an area of slow transit and high bac-
terial load relative to the small intestine.

In conclusion, these data demonstrate that H. polygyrus in-
fection-induced upregulation of Th2 cytokines attenuated
TNBS-induced changes in colonic epithelial cell function by
attenuating the Th1 response, restoring normal secretory func-
tion to 5-HT, acetylcholine, and PAR2, and enhancing colonic
resistance. Part of this effect may be mediated by a protective
effect of infection on enteric nerves and/or facilitation of en-

FIG. 7. Schematic showing the interaction between immune cells
and epithelial cells during TNBS-induced colitis. (A) In this paradigm,
secretion is elicited by luminal events that stimulate enterochromaffin
cells (EC cells) to release 5-HT, which acts on receptors on sensory
afferent nerves that may transmit information to the central nervous
system (CNS) or act locally to release substance P (SP) at neurons
within the enteric nervous system within the wall of the gut. This is part
of a secretory reflex culminating in the release of neurotransmitters,
such as acetylcholine (ACH), that bind to muscarinic receptors on
epithelial cells to release chloride ions (Cl�) and fluid. TNBS upregu-
lates Th1 cytokines, increases neutrophil infiltration, induces a loss of
and/or degranulation of mast cells, and causes mucosal damage, in-
cluding injury to enteric nerves (dashed lines). (B) In H. polygyrus
infection, there is an increased production of Th2 cytokines that pre-
vents TNBS-induced upregulation of Th1 cytokines. This is associated
with an enhanced number of mast cells close to enteric nerves that
increase the sensitivity of these nerves to stimulation and render the
responses more dependent on enteric nerves. Prior infection with H.
polygyrus prevents the development of the Th1 response, limits muco-
sal damage and inflammation and neutrophil infiltration, and enhances
the contribution of nerves to secretory responses involving mast cells.
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teric nerve and mast cell interactions to maintain secretion.
The upregulation of H4R in the local tissue may underscore an
important histaminergic contribution to chronic colonic in-
flammation and may serve as a potential therapeutic target.
Upregulation of Th2 cytokines through nematode infection
prevents the development of the Th1 response, suggesting that
elimination of helminth infection in industrialized countries
exacerbates the response to proinflammatory stimuli and
facilitates the development of immunogenic pathologies
such as IBD.
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