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Background: Interleukin (IL) 10 is a potent anti-inflammatory cytokine. Disruption of the IL-10 gene
in C57/Blacké mice results in enterocolitis in the presence of intestinal bacteria. This study investigated
gut mucosal barrier function sequentially during the development of colitis in this model.

Methods: Animals were bred in specific pathogen-free conditions and transferred to conventional
housing at 4 weeks. Mice were evaluated at 6, 8, 10, 12, 14 and 15 weeks of age. Barrier function was
assessed by measuring intestinal permeability and antibody response to systemic endotoxaemia
(antibody to the core glycolipid region of lipopolysaccharide; EndoCAb). Colons were harvested and a
histological injury score (HIS) was calculated.

Results: The HIS increased progressively until 12 weeks, with an associated increase in intestinal
permeability, and immunoglobulin (Ig) M and IgG EndoCAb. The HIS correlated positively with both
intestinal permeability and IgM and IgG EndoCAb. Intestinal permeability showed a positive
correlation with EndoCAb.

Conclusion: IL-10 knockout mice develop colitisdyvith an associated disturbance in gut mucosal barrier
function. as measured by increased permeabilitv. and endotoxaemia. The colitis found in the IL-10

knockou i echemical fearares with human

mowse shares these histological, physiological
inflammatory bivwiel disease and s therefore suitable for therapeutic trinls. A measure of endotoxacmia

correlated directly with intestinal permeability in this model.
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Introduction

Despite extensive research - into Crohn’s disease and
ulcerative colitis the aetiology, pathogenesis and natural
history of inflammatory bowel disease (IBD) remain poorly
understood. There is evidence that genetic, environmental
and immunological factors are involved in the disease
process'. Recently there has been renewed interest in the
role played by luminal factors, most notably enteric
bacteria, in the onset and perpetuation of the disease’.
The complexity of IBD is not easily reproduced in
simple laboratory models such as tissue culture systems’.
Fxperimental animal models allow study of the immu-
nological and genetic components of colonic inflamma-
tion and their interaction’. They also provide an
opportunity to investigate the early stages of the disease
process and to evaluate novel therapeutic agents. A
suitable model should be similar to the human disease. It
should arise spontaneously, have the same aetiology and

pathogenesis as human IBD, have a similar spectrum and
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be responsive to similar therapeutic agents®. While
animal models provide information relevant to human
disease and complement studies in IBD, they can never
replace clinical trials.

A number of genetically engineered spontaneous models
of colitis have been developed recently which have several
features in common with human Crohn’s "disease or
ulcerative colitis’~’. Kiihn et 4.8 developed one of these
models in 1993. Using gene targeting they developed the
interleukin (IL) 10 gene-deficient mouse. Unless kept in
germ-free conditions these animals develop chronic trans-
mural enterocolitis with mucosal hyperplasia, granulomas,
increased numbers of crypt cells, pseudopolyp formation,
inflammatory cell response and aberrant expression of
major histocompatibility complex class II antigens on the
intestinal epithelia®. This inflammation has been well
characterized in several strains of mouse in which the
IL-10 gene has been deleted”. It bears a close resemblance
to human Crohn’s disease in particular, although they
cannot be equated.
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Disturbed gut mucosal barrier function is a feature of
human IBD with increased gut permeability’® and endo-
toxaemia''. The purpose of this study was to investigate gut
barrier function in the IL-10 knockout mouse model of
colitis and its relationship to colonic inflammation.

Materials and methods

The study was carried out under the regulations of the
United Kingdom Animals (Scientific Procedures) Act 1986.
Breeding pairs of IL-10 knockout mice from a C57/Black6
background were obtained from Bantin and Kingham
(Hull, UK). These animals had been born, raised and
transported in specific pathogen-free (SPF) conditions.
Breeding pairs were housed in SPF isolators (Mordun,
Edinburgh, UK). Litters born in the isolator were weaned at
approximately 3 weeks of age and then transferred to
conventional conditions at 4 weeks old. Mice were weighed
twice weekly from this time. Six animals were studied at 6, 8,
10, 12, 14 and 15 weeks of age.

Intestinal permeability was assessed with the technique
described by Ryan et 4.2, using carbon-14-radiolabelled
polyethylene glycol 4000 (PEG). Radiolabelled PEG
solution (0-1ml) was administered to each animal by
gavage tube 24h before termination of the experiment.
Immediately thereafter the animals were anaesthetized
using Hypnorm (Janssen, Beerse, Belgium) and midazolam.
A 4/0 Ethilon (Ethicon, Edinburgh, UK) circumferential
anal purse-string suture was inserted to prevent mixing of
liquid faeces with urine. Diuresis was induced by sub-
cutaneous injection of 2 ml normal saline (Baxter, Belfast,
UK). Animals were then placed in metabolic cages and the
urine was collected for 24 h. Aliquots of urine were placed in
scintillation vials and 0-5 ml emulsifying scintillation fluid
(Aquasafe 300 Plus; Zinsser Analytic, Maidenhead, UK) was
added. The amount of radiolabelled PEG excreted in 24 h
was calculated and expressed as a percentage of the total
dose administered. ‘

After collection of urine samples for 24 h the mice were
anaesthetized using the method described above. Blood was
collected by open cardiac puncture under aseptic conditions
using a 1-ml syringe and placed in Eppendorf vials. Blood
was spun at 450g for 15 min at 4°C. The supernatant serum
was then pipetted into sterile cryotubes (Nunc, Roskilde,
Denmark) and frozen at =70°C until assay for immuno-
globulin (Ig) M and IgG antibody to the core glycolipid
region of lipopolysaccharide (EndoCAb).

The peritoneal cavity was opened; the colon was
dissected free of omentum and small bowel, and excised
from the peritoneal reflection to the ileocaecal valve. The
colon was opened longitudinally and washed free of
adherent faeces. The specimen was rolled with the sigmoid
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colon to the centre and the caecum to the periphery, and
placed in containers of 10 per cent formyl saline untl
estimation of the histological score by a pathologist. Colons
were embedded in paraffin, sectioned longitudinally, and
stained with haematoxylin and eosin (Fig. I). Slides were
examined and assigned a histological injury score (HIS)
corresponding to the severity of inflammation observed,
using a validated scoring system modified from those used
by Saverymuttu etal'* and Madsen etal'* (Table I).
Histological scores ranging from 0 to 15 were ascribed to
each specimen.

EndoCAb concentrations were measured by the method
previously described by Scott and Barclay'’. Results were
expressed as a percentage of pooled normal mouse serum.

Weight, intestinal permeability and EndoCAb data are
expressed as mean(s.e.m.) and HIS as median (range).
Differences between time points were analysed with the
Kruskal-Wallis test. Thereafter the ¢ test and Mann-
Whitney U test were used to assess individual time points.
The Pearson test was used to assess correlation. Statistical
analyses were performed using the software SPSS 9.0 for
Windows (SPSS, Chicago, IL, USA). P < 0-05 was accepted
as significant.

-2

Résults

Results are summarized in Tsble2. The mean (s.e.m.)
weight of mice at the time of removal from the SPF
conditions was 12.4(0-5) g, rising to 26-1(1-2) g at 15 weeks.
There was no significant weight increase between 12 and
15 weeks of age.

IL-10 knockout mice had no evidence of macroscopic or
microscopic colitis at 6weeks. The animals developed

Fig. 1 High-power photomicrograph of colitis in the interleukin
10 knockout mouse showing moderately inflamed mucosa with
crypt abscess formation. (Haematoxylin and eosin stain, original
magnification X 200)
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increasing colonic inflammation, which levelled at 12 weeks
of age (Fig. 2). The HIS was higher at 10, 12 and 15 weeks
than at 6 weeks (P=0-003, P=0-003 and P=0-005 respect-
ively). Colitis was significantly greater at 12 than at 8 or
10 weeks (P=0-006 and P=0-049 respectively). There was
no|change between 12 and 15 weeks, suggesting that the
inflammation had reached a plateau. The scores in each of
the five sections shown in Tuble I rose uniformly as the
inflammation progressed.

Intestinal permeability was greater at 12, 14 and 15 weeks
than at 6 weeks (P=0-025, P=0-028 and P=0-019 respect-
ively). There was an increase from 8 to 12, 14 and 15 weeks
(P=0.015, P=0-033 and P=0-022 respectively) but there
was no change between 10 and 15 weeks (Fig. 3). There was

Tal#le1 Histological injury score

Histological appearance

1 Enterocyte loss
ﬁ Normal e
5  Llossofsinglecell
‘ ~ Loss of groups of cells
| Frank ulceration
I Crypt inflammation
Normal , :
Single inflammatory cell
Cryptitis
Crypt abscess
1l Lamina propria mononuclear cells
Normal
Slight increase
Moderate increase
Marked increase
v Neutrophils
Normal
Slight increase
Moderate increase
Marked increase
Vv Epithelial hyperplasia
Normal -
Mild ‘
Moderate
Pseudopolyp

Makimum score 15

Table2 Summary of results

: Age (weeks)

6
s . 0(-1) ; 65 (4-11) 55 (4-8) 6(3-10)
Permeabilityt . o0zony 0-69(0-31) 0-76(0-17) 1.17(0-38) 1-11(0-42)
IgM EndoCAbt 637(40) ~ 74.0(7-0) 124-7(19.1) 73-6(4-2) 1681(514)
1gG EndoCAb+ 75:6(2:2) 821(8:8) 82.3(5-8) 91.6(4-9) 79.2(5-1) 1184(17.0)

an increase in IgM and IgG EndoCAb concentrations
across the time points (P =0-003 and P = 0.048 respectively)
(Fig. 4). The significant rise took place between 6 and
12 weeks of age for both IgM and IgG (both P=0.023) with
no change between 12 and 15 weeks. There was a positive
correlation between all variables measured using all data
points (Table 3). Since each variable tended to increase until
12 weeks, the data from 12 weeks onwards were pooled in
order to prove that the correlation was not simply related to
time. The positive correlation remained (Tuble 3).
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Fig.2 Median (range) histological injury scores. P <0-001

(Kruskal-Wallis test). *P=0-003 versus 10 and 12 weeks,

P =0-005 versus 15 weeks; 1P=0-006 versus 12 weeks, P=0.015
versus 15 weeks; IP= 0049 versus 12 weeks (Mann-Whitney U
test)
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Fig.3 Mean(s.e.m.) intestinal permeability to radiolabelled
polyethylene glycol (PEG). P=0.001 (Kruskal-Wallis test).
*P=0.025 versus 12 weeks, P=0-028 versus 14 weeks, P=0.019
versus 15 weeks; iP=0.015 versus 12 weeks, P=0-033 versus

14 weeks, P=0-032 versus 15 weeks (¢ test)

14 15

Values are *median (range) or tmean(s.e.m.). HIS, histological injury score; Ig, immunoglobulin] EndoCAb, antibody to the core glycolipid region of

lipj\}‘)olysaccharide
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Fig.4 Mean(s.e.m.) concentrations of immunoglobulin (Ig) G
and IgM antibody to the core glycolipid region of
lipopolysaccharide (EndoCAb). P=0-003 (IgM), P=0.048 (IgG)
(Kruskal-Wallis test). *P =0-023 versus 12 weeks (IgM and IgG);
+P=0-045 versus 10 and 14 weeks (IgM) (2 test)

Table3 Correlations between histological injury score, perme-
ability and immunoglobulin M and G antibody to the core
glycolipid region of lipolysaccharide

All values 12-15 weeaks only
= I B
HISPammanbifity 0814 <0001 0626 0017
HISAgh EndoCAb 0555 0002 0621 008
HISAgE EndoCAb 0-548 0003 0610 0020
Parmeability/1ghl EndoCAD 0337 0048 0-551 0-041
Parmeakility/loG EndoCAb 0408 0032 0-551 0-054
lgE EndoCARAgM EndoCAb 0:837 <00M 0810 <0001

HIS, histological injury score; Ig, immunoglobulin; EndoCAb, antibody
to the core glycolipid region of lipopolysaccharide

Discussion

IBD is thought to be the result of a genetically determined
defect in immunosuppression resulting in an overly
aggressive response to ubiquitous luminal bacterial con-
stituents'. IL-10 knockout mice develop chronic entero-
colitis due to an aberrant immune response to normal
enteric antigens'®. The model is not unique in this respect.
Other models such as the IL-2 knockout mouse and HLA-
B27 ratalso fail to develop intestinal inflammation in germ-
free conditions!”. The severity of the inflammation varies
depending on the strain of mouse undergoing the gene
deletion, suggesting a strong inheritable component in this
particular model influencing disease susceptibility’. The
inflammation is most severe in the 129/SvEv and BALB/c
strains, of moderate severity in 129 X C57/Blacké outbreds
and least severe in the C57/Black6 strain’. This study has
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confirmed that colonic inflammation in the C57/Blacké
strain becomes progressively more severe as the animals age
in conventional conditions. The pattern of inflammation in
this model is similar to the skip lesions found in patients
with Crohn’s disease, and the inflammation in this model, as
in human IBD, is attenuated by steroid therapy'®. These
findings suggest that studies using the IL-10 knockout
mouse may give insight into the aetiology and pathogenesis
of chronic enterocolitis, and may be useful in evaluating
potential treatments for IBD.

There is evidence that patients with IBD have altered
concentrations of bacteria in their faeces and associated
with their intestinal mucosa. Bacteriological findings in
patients with ulcerative colitis have ranged from normal to
increased numbers of group D streptococci and coliforms to
the presence of invasive Escherichia coli'®2!. Increased
numbers of anaerobic Gram-negative and coccoid rods
have been reported in patients with small bowel Crohn’s
disease’*"**, and increases in E. coli and Bacteroides fragilis in
colonic Crohn’s disease. In patients with active Crohn’s
disease, significant reductions in bifidobacteria and lacto-
bacilli have been found, two species that are generally
regarded as beneficial to the host?>?%. Recent work has
shown that similar alterations exist in the gastrointestinal
tract of IL-10 knockout mice, with an increase in colonic
aerobes and a contrasting decrease in Lactobacillus spp.
adherent to the mucosa in the Sw/Ev model’’. This
represents a further similarity between the inflammation
in this model and human IBD.

Gut mucosal barrier dysfunction is a feature of IBD?.
Two measures of gut mucosal barrier dysfunction in IBD
are systemic endotoxaemia and increased intestinal perme-
ability. This study sequentially investigated gut mucosal
barrier function in IL-10 knockout mice as inflammation
progressed. Colitis was found to be associated with
increased intestinal permeability to a carbon-14-radio-
labelled probe. This study demonstrated a direct correl-
ation between histological injury and gut permeability in
the C57/Blacké strain of the I1.-10 knockout mouse. It has
recently been reported that IL-10 knockout mice on a
129/SvEv background have an increased permeability to
mannitol that was present even before the onset of
histological changes?®. The increased permeability
remained as the disease progressed”®. Increased intestinal
permeability to hydrophilic probes has been reported in
patients with Crohn’s disease®®*!. Radiolabelled probes
have demonstrated that this is also the case in ulcerative
colitis®?33,

This study provides indirect evidence of increased
systemic exposure to endotoxin as measured by increased
concentrations of IgM and IgG EndoCAb in this model.
There was a positive correlation between HIS and both IgM
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and IgG EndoCAb. Systemic endotoxaemia has been
documented repeatedly in both Crohn’s disease and
ulcerative colitis, and has been shown to correlate positively
with clinical and biochemical activity in IBD**¢ and with
radiological extent’®. Reduction in systemic endotoxaemia
is associated with resolution of disease relapse**. EndoCAb
concentration, a more stable indicator of previous endotox-
in exposure, is raised in patients with Crohn’s disease and
correlates positively with endotoxaemia*®.

This study also demonstrated a positive correlation
between intestinal permeability and both IgM and IgG
EndoCAb. Increased permeability has been demonstrated
in|association with deranged measures of gut barrier
ction in other animal models*’ !, without demonstrat-
ing a positive correlation*’. This is the first study to
demonstrate conclusively a positive correlation between
intestinal permeability and endotoxaemia. This is an
important finding, as measuring intestinal permeability is
less invasive and more reproducible than measuring
endotoxaemia. It also suggests that demonstration of
ingreased permeability in IBD is a reliable predictor of
ingreasing systemic exposure to intestinal bacterial antigens.
[L-10 knockout mice from the C57/Blacké background
develop colitis with an associated disturbance in gut
mucosal barrier function, as measured by increased perme-
ability and endotoxaemia. These new findings are further
evidence that the IL-10 knockout model has many relevant
immunological, pathological and physiological similarities
to human IBD. The IL-10 knockout mouse model of colitis
is therefore suitable for use in trials of novel therapeutic
agents that might be of benefit in IBD. Intestinal perme-
ability measurements may prove to be a reliable indicator of
systemic endotoxaemia in patients with IBD.
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