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Abstract

 

Objectives

 

: Infection of mice with the parasite

 

Trichinella spiralis

 

 leads to small intestinal inflam-
mation, characterized by changes in mucosal archi-
tecture and subpopulations of epithelial cells. This
model has been used to explore changes in the
epithelial proliferative cell population and expres-
sion of transforming growth factor-beta (TGF-

 

β

 

).

 

Materials and methods

 

: Histochemical and immuno-
histochemical studies were undertaken in duodenal
samples. Location and number of Ki-67-positive cells
were assessed using Score and Wincrypts program.
Changes in mRNA transcripts were studied by
real-time RT-PCR.

 

Results

 

:

 

T. spiralis

 

 infection induced an increase in
total number of proliferative (Ki-67-positive) cells
per half crypt on day 2 post-infection. Transcription
of Math1, a transcription factor required for secretory
cell differentiation in the intestine, was up-regulated
on days 6–18 post-infection. At these time points,
numbers of Paneth cells at the crypt base were also
increased and the epithelial proliferative zone was

 

shifted up the crypt-villus axis. Transcription of TGF-

 

β

 

isoforms within the small intestine was up-regulated

 

on days 6 and 12 post-infection, but anti-TGF-

 

β

 

 anti-
body treatment had no effect on 

 

T. spiralis

 

-induced
changes in mucosal architecture or increase in Paneth/
intermediate cells.

 

Conclusions

 

:

 

T. spiralis

 

 infection promotes an
initial increase in small intestinal epithelial pro-
liferation and subsequent cell differentiation along
the secretory cell lineage. The resulting increase

in numbers of Paneth cells at the crypt base causes
the proliferative zone to move up the crypt-villus
axis. Further studies are required to determine the
significance of an increase in the expression of
TGF-

 

β

 

 transcripts.

 

Introduction

 

The epithelium of the small intestine is comprised of four
main cell types: absorptive enterocytes, goblet cells, Paneth
cells, and enteroendocrine cells, all four are derived from
multipotent stem cells located in the crypt (1–4). Progeny
of the stem cells differentiate as they either migrate up the
villus (absorptive enterocytes, goblet cells) or to the crypt
base (Paneth cells). A number of factors may regulate
gastrointestinal stem cell function (5–9). Isoforms of trans-
forming growth factor-beta (TGF-

 

β

 

) have been shown to
inhibit epithelial cell proliferation (10,11), and to protect
small intestinal clonogenic stem cells from radiation
damage (12). The 

 

in vivo

 

 source of bioactive TGF-

 

β

 

 is likely
to be myofibroblasts located in the subepithelial region
(13), and proportions of isoforms of TGF-

 

β

 

 expressed
by these cells may change in inflammatory diseases of the
intestine (14). The role of TGF-

 

β

 

 in regulation of stem
cell differentiation remains to be determined.

Recent studies have demonstrated the importance of
Notch signalling in regulating function of intestinal epithelial
stem cells (5,9); it leads to transcription of Hes1 protein
(15), a basic helix loop helix transcriptional repressor of pro-
differentiation genes such as Math1. Studies using knockout
mice suggest that enterocytes and secretory epithelial cells
(Paneth cells, goblet cells, enteroendocrine cells) are derived
from separate lineages, with requirement for Math1 in
development of secretory lineage (16,17). Secretory products
of Paneth and goblet cells are believed to be important in
host protection against luminal microorganisms, Paneth
cells produce antimicrobial peptides and proteins, including

 

α

 

-defensins, lysozyme and secretory phospholipase A

 

2

 

(18,19). Goblet cells secrete mucin glycoproteins (20),
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which are essential for formation of the mucus layer over-
lying the surface of epithelial cells, which can be upregulated
during immune response to (amongst other things) intestinal
worms, causing the worms to be trapped in mucus and
expelled from the host (21).

In mice infected with the parasitic nematode 

 

Trichinella
spiralis

 

, increase in Paneth, goblet, intermediate and
enteroendocrine cell numbers occurs in the small intestinal
mucosa, with associated alterations in villus and crypt
morphology (22–26). Mucosal changes and parasite expulsion
are regulated by T cells. A Th2 type response in which
IL-13 is thought to play a critical role, has been shown
to be required for worm expulsion (27). Furthermore,
requirement for IL-4R

 

α

 

, a receptor subunit common to
IL-4 and IL-13 signal transduction, on both bone marrow-
and non-bone marrow-derived cells, has been found to be
necessary for worm expulsion (28). The outcome of these
events is that an array of potent effectors is released into
the lumen and recent work has focused on the complexity
of epithelia-derived molecules responsible for worm loss.
These include goblet cell lectin intellectin-2 (29) and
goblet cell protein RELM

 

β

 

/FIZZ2 (30).
In order to further investigate mechanisms involved in

regulating epithelial cell changes during parasite infection,
we have investigated alterations in epithelial proliferative
zone of the small intestinal crypt and expression of Math1
and isoforms of TGF-

 

β

 

 at different stages of 

 

T. spiralis

 

infection. The effect of neutralization of TGF-

 

β

 

 on 

 

T. spiralis

 

-
induced alterations in mucosal morphology and Paneth
cell numbers was also studied.

 

Materials and methods

 

Animals

 

Age-matched female BALB/c inbred mice (Harlan UK
Ltd, Oxford, UK) were maintained in a conventional
animal house with 12-h light cycle (lights on between
7:00 am and 7:00 pm); animals were fed standard chow and
water, 

 

ad libitum

 

. 

 

T. spiralis

 

 was maintained and recovered
from BALB/c hosts as described previously (31). All
experiments were conducted under the Regulation of
Animals (Scientific Procedures) Act, 1986.

Mice (9–11 weeks old) were administered 300 

 

T. spiralis

 

infective larvae in 0.2% agar by oral gavage. On days 2,
6, 8, 18 and 27 post-infection, animals (

 

n

 

 = 5 per time point)
were killed and adjacent samples collected from the
duodenum for histological and transcript expression
studies. Duodenum was chosen as the focus of our
research as this region of the small intestine showed the
greatest response of mucosa, as measured by proportional
increase in Paneth cells (25). The remaining intestine
( jejunum and ileum) was opened longitudinally and

incubated in Hank’s balanced salt solution (containing
calcium) at 37 

 

°

 

C for 2 h, prior to worm burden assess-
ment. Samples collected from uninfected BALB/c mice,
on days 0 and 27 (

 

n

 

 = 6 per time point) acted as experi-
mental controls.

Additionally, some 

 

T. spiralis

 

-infected mice were also
treated with a pan-isoform-specific neutralizing antibody
(1D11.16.8) to TGF-

 

β

 

 (32,33), or an irrelevant control
antibody (polyclonal mouse immunoglobulin G, endotoxin
low; Serotec, Oxford, UK). Both antibody treatment groups
received 2 mg antibody (in phosphate-buffered saline)
intraperitoneally 24 h before and 7, 14, and 21 days post-

 

T. spiralis

 

 infection. Anti-TGF-

 

β

 

 antibody was purified
from culture supernatant samples of 1D11.16.8 hybridoma
(obtained from American Type Culture Collection).
Endotoxin level of purified anti-TGF-

 

β

 

 antibody was
assessed by 

 

Limulus

 

 amebocyte lysate chromogenic assay
(QCL-1000

 

®

 

, Cambrex Bio Science, East Rutherford, NJ,
USA) and was less than 1.5 units/ml endotoxin.

 

Histochemistry and immunohistochemistry

 

Duodenal samples fixed in 10% buffered formalin, were
used for histochemistry and immunohistochemistry. Paneth
and intermediate cells, identified by phloxine–tartrazine
staining (25), were enumerated in 10 crypt-villus units per
section. Mucosal architecture was assessed in sections
stained with haematoxylin and eosin. Crypt depth and
villus height were measured in 10 well-orientated crypt-
villus units per section using a microscope objective lens
graticule. Immunohistochemical studies were carried out
using antibody to Ki-67 (Dako Cytomation Ltd, Cambridge,
UK), as previously described (25).

Location and number of Ki-67-positive cells was assessed
using the Score and Wincrypts program (8,34), in 50 half
crypts per section. Cells were assigned a position along
the crypt-villus axis (cell number increasing sequentially
up the crypt-villus axis with cell 1 at the centre of the base
of the crypt), and were identified as either Ki-67 positive
or negative. The Wincrypts program produced profiles of
Ki-67 labelling index (LI; percentage of cells which were
Ki-67 positive at a particular cell position) for each experi-
mental group, in addition to calculating mean number of
positive cells per half crypt per group. Data are reported
per half crypt, as expressed by the Wincrypts program. Cell
positions where the Ki-67 labelling index was significantly
different between uninfected controls and post-infection
time points were identified using extension of the median
test on successive groups (a function of the Wincrypt
program), with 

 

P

 

 

 

≤

 

 0.001 at identified cell positions (35).
Statistical significance between mean number of Ki-67-
positive cells per group was assessed by analysis of variance
(

 

anova)

 

 and then by Student’s unpaired 

 

T

 

-test.
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Real-time reverse transcriptase–polymerase chain 
reaction (RT-PCR)

 

RNA was extracted from duodenal samples (RNeasy Plus
Mini Kit, Qiagen Ltd) and reverse transcribed (QuantiTect
Reverse Transcription kit, Qiagen Ltd, QIAGEN House,
Fleming Way, Crawley, West Sussex, RH10 9NQ, UK).
Primer sequences for PCR amplification are shown in
Table 1. Real-time RT-PCR studies used the SYBR green
method (QuantiTect SYBR green kit, Qiagen Ltd) and
primer dilutions between 200–1000 n

 

m

 

 were utilized.
Relative quantification of each of the transcripts of
interest was deduced by comparing C

 

t

 

 value of each
sample to mean C

 

t

 

 value of the uninfected group (

 

N

 

 = 12),
normalizing to housekeeping gene HPRT (C

 

t

 

 values
which did not change with infection; data not shown), as
described (36). Data are presented as a ‘fold change’ in
expression of transcript in 

 

T. spiralis

 

-infected samples,
compared to uninfected group mean.

 

Statistical analysis

 

Data on morphological changes and cell numbers were
analysed by 

 

anova

 

 and Student’s 

 

T

 

-test. Real time RT-PCR
data were analysed by Kruskal–Wallis and Mann–Whitney

 

U

 

-tests. Data are expressed as mean (± standard error of
the mean).

 

Results

 

Worm burden

 

Worms were observed in jejunum and ileum at day 2 post-
infection, with maximal worm burden seen at day 6 post-
infection (80 ± 18.4). Clearance of worms was indicated
by decline of parasite numbers at day 12 post-infection
(24.4 ± 9.40), with full clearance of parasitic burden by
day 18 post-infection.

 

Alterations in mucosal morphology

Trichinella spiralis

 

 infection was accompanied by
transient villus atrophy and crypt hyperplasia (Fig. 1).
Compared to uninfected controls (459.15 ± 26.62 

 

μ

 

m)
there was significant reduction in villus height on
days 6 (240.1 ± 30.59 

 

μ

 

m; 

 

P 

 

< 0.001) and 12 post-infection
(272.6 ± 30.99 

 

μ

 

m; 

 

P 

 

< 0.001). Significant (

 

P 

 

< 0.05)
increases in crypt depth were seen from day 2 post-infection
onwards but were maximal on days 6 (241.8 ± 25.23 

 

μ

 

m;

 

P 

 

< 0.001) and 12 post-infection (260.0 ± 30.01 

 

μ

 

m;

 

P 

 

< 0.001), when crypt depth had more than doubled
compared to controls (95.8 ± 7.76 

 

μ

 

m).

Table 1. Primer sequences for real-time RT-PCR studies

Gene Primer Primer sequence Product length

HPRT Forward TCC TCC TCA GAC CGC TTT T 92 bp
Reverse AAC CTG GTT CAT CAT CGC TAA

Math1 Forward AGA GAC CTT CCC GTC TAC CC 81 bp
Reverse CTG CAA AGT GGG AGT CAG C

TGF-β1 Forward GCA ACA TGT GGA ACT CTA CCA G 94 bp
Reverse CAG CCA CTC AGG CGT ATC A

TGF-β2 Forward TCC TAC AGA CTG GAG TCA CAA CA 93 bp
Reverse GCA GCA ATT ATC CTG CAC ATT

TGF-β3 Forward ACA ACC CAC ACC TGA TCC TC 126 bp
Reverse AGC AGT TCT CCT CCA GGT TG

Figure 1. Changes in duodenal mucosal morphology. Sections of
duodenal samples from the following groups of mice were studied:
uninfected controls ( ), Trichinella spiralis-infected antibody untreated
(�), T. spiralis-infected anti-transforming growth factor-beta (TGF-β)
antibody treated (�), and T. spiralis-infected control antibody treated
( ). At various time points after T. spiralis infection, duodenal sections
were stained with haematoxylin and eosin and villus height (above
Y = 0) and crypt depth (below Y = 0) were measured in 10 appropriately
orientated crypt-villus profiles per sample, using a graticule. Mean
(± standard error of the mean) values are shown. Measurements with
statistically significant difference from uninfected controls are shown:
#P = 0.05–0.001 and *P < 0.001.
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Numbers of Paneth and intermediate cells

 

Increase in number of Paneth and intermediate cells (phloxine
tartrazine positive, Figs 2 and 3) was statistically significant
from day 6 onwards. This increase was maximal on day 12
post-infection (139.2 ± 12.4 cells per 10 crypt-villus
units 

 

vs

 

. uninfected controls 40.0 ± 3.42; 

 

P 

 

< 0.0001). This
response was transient as can be seen by decrease in
numbers of Paneth and intermediate cells over subsequent
time points (Fig. 3).

 

Epithelial cell proliferation

 

The proliferative zone in epithelial crypts was determined
using Ki-67 immunolabelling (Figs 4–6), which identifies
cells in part of G

 

1

 

, S, G

 

2

 

 and M phases of the cell cycle.
Proliferative intestinal epithelial cells were seen in the crypts.
On day 2 post-infection crypts showed a statistically sig-
nificant increase in number of Ki-67-positive cells (mean
number of cells/half crypt: 19.47 ± 0.94 vs. 16.95 ± 0.51;

 

P

 

 = 0.0227; Fig. 4). On days 6, 12 and 18 post-infection,
numbers of crypt proliferative cells did not differ
when compared to uninfected controls. However, at day

Figure 2. Phloxine tartrazine staining of the
duodenal mucosa. Sections of duodenal samples
collected from (a) uninfected control and (b)
Trichinella spiralis-infected (day 12 post-infection)
mice were stained with phloxine tartrazine. Greater
number of Paneth cells are seen at the crypt base
in T. spiralis-infected duodenal mucosa (b; arrows),
which also contains intermediate cells, located
along the villus (arrowheads).

Figure 3. Paneth and intermediate cell numbers increase following
Trichinella spiralis infection. Sections of the duodenal mucosa were
stained with phloxine tartrazine to identify Paneth and intermediate cells.
Phloxine tartrazine-positive cells were enumerated in 10 crypt villus units
per section in the following groups of mice: uninfected controls ( ),
T. spiralis-infected antibody untreated (�), T. spiralis-infected anti-
transforming growth factor-beta (TGF-β) antibody treated (�), and
T. spiralis-infected control antibody treated ( ) *P < 0.01.

Figure 4. Proliferative epithelial cells in Trichinella spiralis-infected mice.
Proliferative cells were identified by Ki-67 immunohistochemistry in
duodenal mucosal sections of mice orally infected with T. spiralis. Pooled data
from uninfected control sections were from duodenal samples collected on
days 0 and 27. Ki-67-positive cells within 50 half crypts per section were
counted. Data points in the figure represent the mean number of positive
cells per half crypt section per mouse (as derived from the Wincrypts
program) and the horizontal bar is the mean for each group of mice.
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27 post-infection there was significant reduction in
the number of Ki-67-positive crypt cells, compared to
uninfected controls (14.60 ± 0.60 vs. 16.95 ± 0.51;
P = 0.018).

Epithelial cell proliferative zone

On day 2 there was an increase in total number of Ki-67-
positive cells per crypt (Fig. 4) due to expansion of late
transient cell population (Fig. 6a) (3). There was a statis-
tically significant difference in cell position distribution,
over cell positions 17–28. This was exemplified by a shift
in half-peak values from cell position 20 to cell position
23. There was no detectable change in putative stem cell
positions (cell positions 4–6).

On days 6 and 12 (Fig. 6b), distributions were very
similar and differed from control and day 2 curves by
reduction back to control levels, over cell positions 14–20,
and statistically significant dampening in proliferation
in putative stem cell and early transient regions (cell
positions 4–10). However, this was at a time when the
Paneth cell compartment had expanded (see Fig. 3). On
day 18 (Fig. 6c), most cell positional distribution was
the same as that for controls, with the exception of a
statistically significant reduction in proliferation over
cell positions 4–7 (the putative stem cell region). By
day 27, curves were almost back to control levels with
slight (but significant) reduction in proliferation in
upper transient regions of the crypt (cell positions
16–22).

Expression of TGF-β transcripts

Alterations in expression of all three isoforms of TGF-β
were seen following infection with T. spiralis (Fig. 7).
Compared to uninfected controls, expression of TGF-β1
and TGF-β3 transcripts increased significantly on days 6
and 12 post-infection, but was maximal on day 6 post-
infection (fold increase compared to uninfected controls:
TGF-β1, 2.37 ± 0.13, P < 0.001; TGF-β3, 1.57 ± 0.21,
P < 0.05). TGF-β2 mRNA levels were significantly
raised at day 12 post-infection (fold increase compared to
uninfected controls: 1.64 ± 0.19; P < 0.05).

Expression of Math1 transcripts

Math1 mRNA expression was also higher after T. spiralis
infection (Fig. 7), and was maximal on day 6 post-infection
when transcript levels were more than double those found
in uninfected control groups (fold increase compared to
uninfected controls: 2.21 ± 0.17 fold, P < 0.001). Math1
expression declined over subsequent time points, but
remained significantly higher than the uninfected control
group on days 12 (1.84 ± 0.10 fold; P < 0.001) and 18
post-infection (1.36 ± 0.06 fold; P = 0.003).

Effect of neutralizing antibody to TGF-β

A pan-isoform-specific antibody was used to neutralize
TGF-β activity, starting 24 h prior to infection and 7, 14
and 21 days following infection with T. spiralis. Biological

Figure 5. Ki-67 labelling in duodenal crypts.
Ki-67 immunohistochemistry was undertaken on
(a) uninfected and (b) day 12 Trichinella spiralis-
infected sections of duodenal mucosa. Many
epithelial cells in the crypt are immunoreactive
for Ki-67 (brown nuclei), but differentiated cells,
i.e. Paneth cells (P), goblet cells (G) and enterocytes
(E), are Ki-67 negative (blue nuclei). Compared
to uninfected control section, the proliferative zone
(PZ) can be seen to shift up the crypt-villus axis in
the section from T. spiralis-infected duodenum. 
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activity of anti-TGF-β antibody was confirmed using
the Mv1Lu proliferation assay (data not shown). A group
of control mice was treated with control mouse
immunoglobulin G. Duodenal sections were processed
as for T. spiralis-infected, antibody untreated mice (see
above), to study changes in crypt depth, villus height and
Paneth cell number. Treatment with anti-TGF-β did not
make any significant difference to changes in villus height
or crypt depth induced by T. spiralis infection (Fig. 1).
Thus, villus atrophy occurred in T. spiralis-infected anti-
TGF-β antibody treated mice and was most prominent
on days 6 (255.6 ± 29.96 μm) and 12 (319.5 ± 37.88 μm)

post-infection (which was significantly different from
uninfected controls, P < 0.001), similar to that seen in
T. spiralis-infected antibody untreated and T. spiralis-
infected control antibody-treated groups. Degree of
T. spiralis-induced crypt hyperplasia was also unaffected
by treatment with anti-TGF-β antibody or control anti-
body (Fig. 1).

Paneth and intermediate cell numbers were also
assessed in antibody-treated groups of mice. Figure 3
shows number of Paneth and intermediate cells increased
in duodenum of mice treated with anti-TGF-β antibody.
Maximum numbers of Paneth and intermediate cells were

Figure 6. Position of Ki-67-positive cells following Trichinella spiralis infection. The location of the proliferative zone in T. spiralis-infected (n = 5
per time point) and uninfected animals (n = 12) was identified by Ki-67 labelling of duodenal sections. The frequency of Ki-67-positive cells at each
cell position was determined using the Score and Wincrypts program. For positional data, 40–50 half-crypts per mouse were examined, i.e. 536 half
crypts analysed in the uninfected control group and 200–250 half crypts per post-infected group. The Ki-67 labelling index (LI) indicates the
percentage of cells that are Ki-67-positive at each cell position normalized to the number of crypts scored. The graphs show the labelling index of
the uninfected controls (solid line) compared to each of the time points post-infection (a) day 2, (b) days 6 (long dash) and 12 (short dash), (c) day
18, and (d) day 27. Where the labelling index was significantly different from uninfected controls, this has been indicated using a horizontal bar over
the relevant cell positions, in graph B thick bars and thin bars indicate statistically significant difference (P ≤ 0.001) between days 6 and 12 compared
to the controls, respectively. Compared to uninfected controls, there is an increase in the size of the proliferative zone at day 2, as seen by the higher
labelling index over more cell positions (6a). When compared with uninfected controls and day 2 post-infection, the proliferative zone was shifted
upward on days 6 and 12 post-infection, as indicated by the > 85% probability (LI > 85) boundary beginning at position 9, compared to position 4
in the day 2 post-infection samples (6b). At day 27 post-infection (6d), the proliferative zone has moved closer to that seen in uninfected controls,
except that it is narrower and is consistent with a decrease in the total number of Ki-67-positive cells as seen in Fig. 4.
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observed on day 12 post-infection (139.0 ± 6.91 cells/10
crypt villus units) as was found in T. spiralis infected,
antibody untreated group (139.2 ± 12.40). These changes
were significantly different from uninfected controls
(P < 0.0001). Resolution of Paneth and intermediate
cell hyperplasia was unaffected by anti-TGF-β antibody
treatment, as similar numbers of these cells where found
at day 27 post-infection in antibody treated (65.6 ± 1.78)
and untreated (69.0 ± 5.87) animals. Control antibody
treatment also did not have any significant effect on
changes in Paneth and intermediate cell numbers following
T. spiralis infection.

Discussion

Trichinella spiralis infection in these Balb/c mice induced
increase in total number of proliferating cells (Ki-67-
positive) within the epithelial crypts at day 2 post-infection
and overall increase in length of the proliferative zone.
This was indicated by increase in number of cell positions
within the 90th percentile (LI > 90) on day 2 post-infection
(cell positions 5–14) compared to uninfected controls (cell
positions 6–11). This increase in number of proliferative
cells was also reflected by onset of crypt hyperplasia
(Fig. 1). However, no change in number of Paneth cells was
seen at this stage (Fig. 3). It is speculated that following
immune recognition of parasitic worm burden, stem cells
and/or their transient daughter cells were stimulated to
divide more rapidly. This could perform two potential
functions: first, it may enable increase in rate of cell
migration along the crypt-villus axis and, second, it may
facilitate production of a greater number of secretory

progenitor cells. In the mouse model of colonic inflam-
mation induced by the parasite Trichuris muris it has been
shown that increase in epithelial cell proliferation and
turnover during early infection, within a resistant strain,
facilitates displacement of the parasite from its inter-
epithelial cell niche (37,38). Increase in epithelial cell
proliferation observed in T. spiralis-infected mice may
suggest a common mechanism aiding expulsion of
parasites from the epithelial layer.

Days 6 to 12 showed prominent crypt hyperplasia
and villous atrophy. During this time there was also pro-
nounced increase in number of Paneth and intermediate
cells. Such epithelial changes have also been seen in other
mouse strains infected with T. spiralis, such as NIH and
C57BL6/129 (23,25). On days 6–12 post-infection, total
number of Ki-67-positive cells per half crypt was less
than that observed at day 2, and was similar to uninfected
controls, suggesting either decline in rate of proliferation
within the crypt, or perhaps increase in rate of cell different-
iation. During days 6–12 there was also a shift in location
of Ki-67-positive proliferative cell population (LI > 70)
up the crypt-villus axis (Fig. 6), this was likely to have
been due to increase in the number of Ki-67-negative
Paneth cells at the crypt base (approximately 6–7 per half
crypt) compared to controls (approximately two Paneth
cells per half crypt, Fig. 3).

Math1 transcript expression was elevated over days 6
and 12 post-infection period. Yang et al. (17) have proposed
that Paneth and goblet cells are derived from a common
precursor which is Math1 positive but that enterocytes are
derived from a Math1-negative precursor (17). Thus,
suggesting that more of the transient cell population are
stimulated to express Math1 leading to increase in
secretory precursors and, therefore, more terminally
differentiated Paneth/intermediate and goblet cells at the
expense of Math1-negative enterocyte precursors. Potentially
fewer enterocytes could lead to reduction in villus length,
while crypt length increased because of greater numbers of
Paneth cells (Paneth cells migrate to the base of the crypt).
Expression of Math1 is repressed by Notch signalling-
induced Hes1, thus increase in Math1 precursors is
suggestive of decrease in Hes1 and Notch signalling (16).
Indeed in newborn Hes1 knockout mice, cells with Paneth
cell characteristics have been shown to be present within
the intestine, whereas wild-type mice are negative for
this cell type at this early stage of development (39).
Other factors might also be important in promotion of
secretory cell hyperplasia. For example, Wnt signalling
induced expression of transcription factor Sox9, has been
shown to be critical for Paneth cell differentiation (and
also important in goblet cell production). Furthermore,
Sox9 has also been proposed to be involved in home-
ostasis of stem cell proliferation (40).

Figure 7. Expression of transforming growth factor-beta (TGF-β) and
Math1 transcripts. Following real-time RT-PCR, Ct values for duodenal
expression of TGF-β1, -β2 and β3 and Math-1 transcripts were normalized
to the housekeeping gene (HPRT). Data for Trichinella spiralis-infected
samples are expressed as fold change compared to mean expression in
the uninfected control group (n = 12). Mean (± standard error of the
mean) values per time point (n = 5) are shown, *P < 0.05. Bars indicate

, TGF-β1; �, TGF-β2; �, TGF-β3; and , Math-1.
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Labelling index over the proliferative zone during days
6–12 was lower than that found in crypts of uninfected
controls or day 2 post-infection samples. This indicates
greater number of terminally differentiated cells within
the crypt. Potentially this could lead to upregulation of
antimicrobial protection within the crypt (through secretory
products of Paneth, goblet and intermediate cells) during
peak inflammation when the mucosa may be more sus-
ceptible to infiltration by luminal organisms.

Shift in location of the proliferative zone was maintained
at day 18 post-infection since Paneth cell population was
still significantly greater than that found in uninfected
controls. Although fewer terminally differentiated cells
now resided in the crypt, resulting in increased labelling
index over the proliferative zone. At day 27 post-infection
the proliferative zone had similar location to that in uninfected
controls, although it was slightly shorter than that of
controls, containing significantly fewer Ki-67-positive
cells. This could indicate that at this stage of infection,
antiproliferative signals had been activated, following
clearance of parasites from the lumen, leading eventually
to restoration of normal rate of proliferation within the
mucosa.

Increased epithelial cell proliferation stimulated in
response to T. spiralis infection (day 2) could be the result
of increased cell division by ancestral stem cells leading
to greater pool of transient amplifying daughter cells, or
alternatively stem cell division may be unaffected and the
larger Ki-67-positive population may result from increased
proliferation of transient amplifying cells. Yet another
possibility is that rate of differentiation could be down
regulated at day 2 leading to greater Ki-67 positive popu-
lation. It has been previously shown by Ishikawa et al. (41)
that there is a non-antigen-specific Th1 type response
early during T. spiralis infection (day 2), possibly indicating
involvement of the adaptive immune response in pro-
liferative change. Later, there is a switch (achieved by day 4)
to Th2 type response which is antigen specific, potentially
indicating that differentiation (production of more Math1-
positive secretory precursors) can be regulated by Th2
cells/cytokines (41).

TGF-β transcripts were shown to be up-regulated in
an isoform-specific manner. Expression of TGF-β1 and
TGF-β3 was higher on days 6 and 12, whereas TGF-β2
showed increased expression only on day 12 post-infection.
During this period, Ki-67 labelling per crypt was shown
to decrease compared to day 2 post-infection. Since TGF-β
has previously been shown to have an inhibitory effect on
epithelial cell proliferation (12,13), this might suggest
that TGF-β was responsible for this decline in number of
proliferative cells. It has been demonstrated that TGF-
β-induced decline in proliferation is due to an inhibition
through G1 phase of the cell cycle, possibly the result of

induction of cyclin-dependent kinase inhibitors, as
suggested within Mv1Lu cells (lung epithelial cell line)
(42–44). Although TGF-β is known to be regulated post-
translationally by its association with latency associated
peptide (LAP), it has been proposed that TGF-β may be
activated by αvβ6 integrin expressed by intestinal epithelial
cells (45) suggesting that local activation within the vicinity
of proliferative cells is possible. Intestinal myofibroblasts
have also been shown to secrete bioactive isoforms of
TGF-β (14). These cells, which lie underneath the epithelial
layer (13,46), might therefore be the source of TGF-β
within this system.

Treatment with the pan-isoform-specific anti-TGF-β
antibody had no effect on the intensity or duration of
Paneth and intermediate cell hyperplasia (Fig. 3) or on
the development of villus atrophy and crypt hyperplasia
(Fig. 1). This indicates that either TGF-β signalling is
nonessential for the induction or resolution of these
particular responses post-infection, or that TGF-β is
involved but that in its absence other cytokines/signalling
pathways are able to compensate.

In summary, T. spiralis infection was found to induce
early increase in total number of proliferative cells within
the duodenal crypt; this preceded the increase in number
of secretory cells. Increase in Math1 transcript expression
suggests more secretory transient cell precursors are
generated during the period of intestinal inflammation
(days 6–18 post-infection) at the expense of enterocyte
precursors. Increased numbers of Paneth cells at the crypt
base causes the proliferative zone to shift up the crypt-
villus axis, which could include a movement of the
ancestral stem cells. TGF-β transcripts were increased
on days 6 and 12 post-infection, which could indicate a
mechanism for decreasing rate of proliferation following
its stimulation at day 2 post-infection As anti-TGF-β anti-
body treatment had no effect on development of Paneth
cell hyperplasia or mucosal morphology it is suggested
that TGF-β signalling is not essential for these aspects of
the mucosal response.
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