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SUMMARY

ICAM-1 (CD54), the ligand for LFA-1 and Mac-1, is up-regulated during inflammatory reaction on the
activated vascular endothelium. To determine its role in intestinal inflammation, we induced acute
experimental colitis in mice with a deleted ICAM-1 gene, by feeding them with 3% dextran sodium
sulphate (DSS) in drinking water for 7 days. Chronic colitis was elicited by DSS similarly, followed by
2 weeks with water. In the acute phase of inflammation, ICAM-1-deficient mice exhibited a significantly
lower mortality rate (5%) than control C57Bl/6J mice (35%). Control animals, but not the ICAM-1-
deficient mice, exhibited diarrhoea and rectal bleeding. Histological examination of large-bowel
samples evaluated the intensity of inflammatory changes, and type and extent of mucosal lesions. In
the acute phase, 33·3% of samples from ICAM-1-deficient mice exhibited mucosal defects (flat and
fissural ulcers), predominantly mild to moderate inflammatory infiltrate within the lamina propria
mucosae and lower grades of mucosal lesions. Much stronger inflammatory changes were present in
control animals, flat ulcers (sometimes multiple) and fissural ulcers being observed in 62·5% of samples.
Mucosal inflammatory infiltrate was moderate to severe, typically with higher grades of mucosal
lesions. In chronic colitis, smaller inflammatory changes were found in the large bowel. The two mouse
strains differed, the chronic colitis being accompanied by an increased serum level of anti-epithelial IgA
autoantibodies in C57Bl/6 control mice but not in ICAM-1-deficient mice. These findings provide direct
evidence of the participation of ICAM-1 molecule in the development of experimentally induced
intestinal inflammation.
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INTRODUCTION

Intestinal inflammation is characterized by the accumulation of
blood-borne polymorphonuclear leucocytes, monocyte/macro-
phages, and naive and memory T cells within submucosal intest-
inal epithelium [1]. Emigration of leucocytes to the site of
inflammation has been described to rely on an initial contact of
circulating leucocytes with the activated endothelium which leads,
via the interactions of sequentially acting receptor/counter-
receptor pairs, to the firm attachment of the rolling cells to the
endothelium (for review see [2]). These steps include several
groups of molecules, namely selectins (P-, E- and L-selectin) and
their ligands (PSGL-1, ESL-1), chemoattractants and their receptors,

a4-integrin (VLA-4, CD49d),b2-integrins LFA-1 and Mac-1, and
immunoglobulin superfamily members such as ICAM-1 (CD54)
and vascular cell adhesion molecule-1 (VCAM-1; CD106).
Although interactions of these individual players represent a
possible mechanism in the development of acute or chronic colitis,
the particular contribution of these molecules in the initiation and
progression of inflammatory bowel disease (IBD) remains to be
determined. The importance of these molecules in inflammatory
conditions of the gastrointestinal tract is suggested by a recent
paper [3], in which an inhibitor ofb2-integrin expression
(NPC 15669) attenuated acetic acid-induced colitis in rats.

ICAM-1 is a cell adhesion molecule which is up-regulated on
activated vascular endothelium upon stimulation via IL-1, IL-17,
tumour necrosis factor-alpha (TNF-a), interferon-gamma (IFN-g),
or lipopolysaccharide (LPS) [4–8], and it is also expressed on
lymphocytes, monocytes, and epithelial cells [9]. This molecule
has been described to be a natural ligand for LFA-1 and Mac-1
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integrins. ICAM-1 is a type I membrane glycoprotein consisting of
five immunoglobulin-like extracellular domains, a transmem-
brane-spanning domain, and a short cytoplasmic tail [7,10,11].
The gene for ICAM-1 is composed of seven exons. Exon 1 encodes
the signal sequence, exons 2–6 encode extracellular immunoglo-
bulin domains 1–5, respectively, and exon 7 encodes the trans-
membrane-spanning domain plus cytoplasmic tail [12,13]. Two
groups developed mouse strains with targeted mutations in the
ICAM-1 locus through the disruption of exon 5 [14], or exon 4
[15]. Further studies with ICAM-1-deficient mice have shown that
these mice are resistant to septic shock [15], protected against
ischaemic renal injury [16], and cerebral ischaemia reperfusion
injury [17]. A recent study indicates that ICAM-1 plays a major
role in the pathogenesis of glomerulonephritis and participates in
vascular injury inFaslpr mice [18].

The present study was designed to seek definitive evidence for
the role of ICAM-1 in acute and chronic intestinal inflammation.
To this goal, we induced colitis in mice with disrupted ICAM-1
gene, and in control C57Bl/6J mice, by an oral administration of
dextran sodium sulphate (DSS) [19]. We performed detailed
analysis of the severity of clinical symptoms of colitis and
evaluated the intensity and extent of the inflammatory changes in
the large bowel using a histochemical technique. The study was
completed by the determination of epithelial autoantibody produc-
tion in this experimental model of colitis.

MATERIALS AND METHODS

Animals
ICAM-1-deficient mouse strain C57Bl/6J-ICAM-1tm1Bay [14] was
originally obtained from the Jackson Laboratory (Bar Harbor,
ME), and has been propagated in our specific pathogen-free
(SPF) breeding colony with a routine testing for ICAM-1 gene
mutation using the polymerase chain reaction (PCR) technique.
The control mice C57Bl/6J were purchased from Top VELAZ Ltd
(Prague, Czech Republic). All mice were female, 3 months old and
weighed around 20 g. The animals were purchased as specific
pathogen-free, and were kept under standard conditions. During
experiments, mice of both strains were kept in the same room.

Induction of colitis
Acute colitis was induced in wild-type or ICAM-1-deficient
mice by addition of 3% DSS (w/v 40 kD) into drinking water
for 7 days [19]. To induce chronic colitis DSS treatment was
followed by 2 weeks of water [19]. Control mice received only
water.

Clinical evaluation
In the course of DSS treatment, clinical symptoms and mortality
were checked daily. Animals were evaluated for stool consistency
(presence of diarrhoea), rectal prolapse, presence of rectal bleeding
and lethargy.

Pathological and histological evaluation of colitis
After the mice were killed (day 7 in acute colitis and day 21 in
chronic colitis), blood was taken and the colon was removed. The
length of the colon from the ileocaecal junction to the anal verge
was measured. For morphological evaluation, the colon was
divided into three separate parts (ascendant, transverse, and des-
cendent) and fixed in 4% formalin solution. The samples were
randomly taken from each part of the large bowel of both groups of

animals. Each segment was submitted for histological processing.
All slides were stained with haematoxylin–eosin and serial four to
seven sections from each paraffin block sample were examined
under the light microscope. Histological observation of the sam-
ples was orientated predominantly to the estimation of the grade of
mucosal lesions and the presence of mucosal defects (ulcers) and
their characterization. The intensity of mucosal inflammatory
infiltrate, the changes in goblet cells (reduction or hyperplasia)
and crypt epithelium were used for more detailed characterization
of the inflammatory process. The crypt scoring was based on the
method used by Cooperet al. [20]: grade 0, intact crypt; grade 1,
loss of the basal one-third of the crypt; grade 2, loss of the basal
two-thirds of the crypt; grade 3, loss of the entire crypt. We
evaluated also the presence of flat, fissural or aphtoid ulcers. Flat
ulcers were defined as large mucosal defects, the fissural ulcers are
narrow deep mucosal defects, and aphtoid ulcers are mucosal
defects that appear above the intestinal lymphatic tissue. The
inflammatory infiltrate in the mucosa was scored semiquantita-
tively as minimal, mild, moderate and severe. The scoring obser-
vations were performed blindly, in ignorance of ICAM-1 status;
the histological slides were marked with numbers only.

ELISA for anti-epithelial antibodies
In order to study the reactivity of serum antibodies from mice with
chronic colitis we used isolated intestinal epithelial cells. For the
preparation of these cells, female Wistar rats aged 2–3 months
from the Institute of Physiology, ASCR, Prague, were used.
Intestinal cells were isolated essentially by the method described
before [21]. Suspensions of isolated cells were centrifuged at 48C
and washed twice in PBS. Microtitre plates were coated with
isolated epithelial cells (5×106 cells/10 ml, 50ml per well), incu-
bated overnight at 48C, and sediment cells were fixed for 10 min at
room temperature with 0·5% glutaraldehyde. After several wash-
ings with PBS, the diluted sera were applied and ELISA was
performed as described previously with minor modifications [22].
Optimal dilutions of sheep peroxidase-conjugated anti-mouse IgA
and IgG were used (The Binding Site, Birmingham, UK). Samples
of pooled sera from BALB/c mice were used as a reference serum.
The results are expressed as percentage of internal reference serum
values.

Statistical analysis
The results are expressed as mean6 s.e.m. Statistical analysis was
performed using Student’st-test for unpaired data (two-tail) andP
<0·05 was considered statistically significant.

RESULTS

Lower mortality and missing clinical symptoms of colitis in
DSS-treated ICAM-1-deficient mice
An oral administration of DSS was used to evaluate the clinical and
pathological changes in ICAM-1-deficient and control (þ/þ) mice
in acute and chronic intestinal inflammation. The clinical symp-
toms of intestinal inflammation, i.e. diarrhoea, rectal bleeding and
rectal prolapse, were observed on day 6 of DSS feeding. Clinical
findings for acute colitis presented in Table 1 show that the
symptoms of colitis were found only in wild-type animals. Diar-
rhoea, rectal prolapse and lethargy were not detected in ICAM-1-
deficient mice. The mortality inþ/þ mice (35%,n¼ 23) was
substantially higher than in ICAM-1-deficient mice (5%,n¼ 22).
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Histological findings indicate that ICAM-1-deficient mice are
protected from severe forms of intestinal inflammation

Acute colitis. Post-mortemexamination and histological eval-
uation were performed to test whether the deficiency of ICAM-1
molecules influences the development of colitis. In comparison
with mice receiving drinking water, oral administration of 3% DSS
induced shortening of the colon; the colon length was decreased by
36% in control mice and by only 26% in ICAM-1-deficient mice.
This difference was statistically significant (P¼ 0·0278). The
results of histological examination of the colon are presented in
Table 2. In C57Bl/6 mice, shortening of crypts (grade 1, 2 or 3
lesions) in 23 of 24 examined samples (95·9%) was found. Single
ulcers were found in 15 samples (62·5%), while multiple ulcers
were present in five samples (20·9%). Flat ulcers, defined as large
mucosal defects, represented the most frequent type of mucosal
defect (25·0%) (Fig. 1A). Fissural, narrow, deep ulcers (Fig. 1B)
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Table 1. Clinical evaluation—acute colitis

C57BI/6 ICAM-1-deficient

Symptom %* x/n %* x/n

Diarrhoea or semiformed stool 100 (8/8) 0 (0/9)
Rectal prolapse 50 (4/8) 0 (0/9)
Rectal bleeding 100 (8/8) 0 (0/9)
Lethargy 75 (6/8) 0 (0/9)
Mortality 35 (8/23) 5 (1/22)

*Indicates the percentage of animals with the symptom.
x/n, Number of affected animals to the total number of analysed

animals.

Table 2. Histological evaluation of acute dextran sodium sulphate (DSS)-induced colitis

Control mice ICAM-1-deficient

Findings n % n %

Ulcers
flat 6 25·0 1 5·5
fissural 3 12·5 5 27·8
aphtoid 1 4·1 0 0
multiple 5 20·9 0 0
total 15 62·5 6 33·3

Lesions*
none 1 4·1 3 16·6
grade 1 2 8·4 1 5·5
grade 1þ grade 2 1 4·1 4 22·3
grade 1þ grade 3 9 37·5 5 27·8
grade 2 2 8·4 0 0
grade 2þ grade 3 4 16·6 3 16·6
grade 3 5 20·9 2 11·2
total 23 95·9 15 83·4

Inflammatory infiltrate
minimal 1 4·1 3 16·6
mild 2 8·4 7 38·9
moderate 12 50·0 8 44·5
severe 9 37·5 0 0

Goblet cells
normal 4 16·6 4 22·2
reduction 9 37·5 13 72·3
hyperplasia 9 37·5 1 5·5
foc.red./foc.
hyperplasia 2 8·4 0 0

Crypt epithelium
normal 9 37·5 4 22·2
thinning 15 62·5 14 77·8

Bleeding 14 58·3 0 0
Submucosal changes

oedema 15 16·6 (total) 17 94·4 (total)
45·0 (intense) 33·3 (intense)
16·6 (mild) 61·1 (mild)

inflammation 21 87·5 12 66·6
Transmural inflammation 19 79·1 12 66·6

Control C57Bl/6J mice,n¼ 24 samples; ICAM-1-deficient mice,n¼ 18 samples.
*Grade 1 to grade 3, Grades of crypt shortening (for description see Materials and

Methods).



and aphtoid ulcers above the lymphoid nodules located in the
mucosa of the large bowel were observed in 12·5% and 4·1% of
samples, respectively. Changes of goblet cells (reduction of
hyperplasia) were found in 37·5% of samples. The thinning of
crypt epithelium and the presence of bleeding were found in 62·5%
and 58·3% of samples, respectively. Submucosal oedema was
found in 61·6% of samples, and in 45·0% of samples the oedema
was severe. Microscopic evaluation showed also an inflammatory
infiltrate of the mixed type (lymphocytes and polymorphonuclear
leucocytes) in the lamina propria. Quantitatively, the infiltrate was
predominantly moderate (50·0%) and severe (37·5%). Transmural
inflammation was observed in 79·1% of samples. All morphologi-
cal changes were not equally distributed and the damage to the
mucosa as well as the extent of inflammation within the large-
bowel wall were not uniform.

In comparison with wild-type mice, microscopic changes in
ICAM-1-deficient animals were much less extensive (Table 2). In
these animals the ulcers were found only in six samples (33·3%).
The majority of mucosal defects revealed narrow fissural appear-
ance and no aphtoid or multiple ulcers were found. Flat ulcers were
observed only exceptionally (Fig. 1C). In no sample was bleeding
observed. Mucosal lesions were found in 15 of 18 samples
(83·4%), with the predominance of lower grade lesions. Mild

submucosal oedema was present in 11 of 18 samples (61·1%). In
13 of 18 samples (72·3%), reduction of goblet cells was found but
only one of 18 samples showed focal hyperplasia of goblet cells.
Microscopic examination discovered also an inflammatory infil-
tration of the mixed type (lymphocytes and granulocytes) within
the lamina propria, of predominantly moderate intensity.

Chronic colitis. The histological appearance of the chronic
phase of DSS-induced colitis was characterized by less prominent
changes in large-bowel mucosa, as well as in submucosa, com-
pared with the acute phase. All lesions found in chronic colitis
were focal. Significant differences were found between wild-type
mice and ICAM-1-deficient mice (Table 3). While mucosal defects
(ulcers) were found in nine samples of 21 (42·9%) wild-type
animals, one ulcer only was present in 24 samples (4·0%) of
ICAM-1-deficient animals. Flat ulcers represented the most fre-
quent type of mucosal defects in samples obtained from the wild-
type strain.

Shortening of crypts (grade 1 to grade 3 lesions) was observed
in all samples from wild strain (100·0%), but only in 14 of 24
samples (58·4%) were such changes found in ICAM-1-deficient
animals. Larger grade 3 and focal grade 1 to grade 3 lesions
together in one sample with prominent goblet cell reduction in
adjacent mucosa predominated in the wild-type animals
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Fig. 1. Histopathological manifestations of acute colitis. C57Bl/6 control
mice: (A) flat ulcer and hypersecretion of mucin in adjacent colonic
mucosa; (B) narrow fissural ulcer. ICAM-1-deficient mice: (C) flat ulcer;
(D) grade 3 lesion with cystic dilatation of the crypt and goblet cell
reduction . (Haematoxylin and eosin, mag.×63.)

Fig. 2.Histopathological manifestations of chronic phase of colitis. C57Bl/
6 control mice: (A) large grade 3 lesion, probably re-epithelized flat ulcer;
(B) grade 2 lesion. ICAM-1-deficient mice: (C) grade 1–3 lesion. (D)
Goblet cell reduction and proliferation of crypt epithelium are present in the
vicinity of the lesion. (Haematoxylin and eosin, mag.×63.)



(Fig. 2A,B). Focal grade 1 to grade 2 lesions represented the most
frequent alterations of large-bowel mucosa in ICAM-1-deficient
animals, while focal grade 1 to grade 3 lesions were rather
exceptional in this strain of mice. Goblet cell reduction and
proliferation of crypt epithelium were found in the vicinity of
such lesions (Fig. 2C,D).

In both strains of animals, signs of epithelial regeneration were
found, especially in the vicinity of the ulcers.

Low production of anti-epithelial IgA autoantibodies in DSS-
treated ICAM-1-deficient mice
Control and ICAM-1-deficient mice with DSS-induced chronic
colitis were tested for the presence of serum anti-epithelial cell
antibodies. Our results show that the levels of IgA autoantibodies
in wild-type mice were statistically significantly higher than in
water drinking mice, whereas only low levels of these IgA
autoantibodies were found in DSS-treated ICAM-1-deficient
mice, the difference between wild-type and ICAM-1-deficient
mice after DSS feeding being statistically significant
(P¼ 0·0006) (Fig. 3). No statistically significant differences were
found in levels of IgG antibodies (Fig. 3).

DISCUSSION

DSS given orally to mice and other rodents has been shown to
produce intestinal inflammation [19,23]. We used the model of DSS-
induced colitis in ICAM-1-deficient mice to address the question of
the participation of the ICAM-1 molecule in the development of
intestinal inflammation. The results of our experiments indicate that
ICAM-1 is one of the essential molecules involved in an effector
mechanism leading to severe intestinal damage. Our findings are
in agreement with previous data where the role of ICAM-1 in
development of an experimental colitis was suggested by ameliora-
tion of inflammation after anti-ICAM-1 antibody administration to
rats [24] and by anti-sense oligonucleotide ISIS 3082 treatment in
mice [25].

The pathogenic mechanisms of DSS-induced colitis are not
fully understood. However, recently it has been proposed that
intestinal inflammation is related to DSS-mediated toxic damage of
colonic crypt epithelium and increased mucosal permeability.
Besides this, enhanced colonic endothelial ICAM-1 expression
followed by cell infiltration are early events in the inflammatory
cascade [26]. In our study we have shown that ICAM-1 expression
is up-regulated in wild-type mice after DSS feeding, but not in
ICAM-1 deficient mice [27].

Our finding of different intensity and morphological picture of
the inflammatory process in the large bowel in the acute and
chronic stages suggests that ICAM-1 plays a role especially in
early phases of the inflammatory process and that it does not
influence healing mechanisms so intensively.

The participation of the ICAM-1 molecule in the pathogenesis
of human IBD was demonstrated by enhanced expression of this
molecule on colonic endothelial cells in tissue specimens and by
increased levels of the soluble form of ICAM-1 in sera and
mucosal specimens of patients with Crohn’s disease (CD) and
ulcerative colitis (UC) [4,28–31]. Moreover, the possible associa-
tion of ICAM-1 gene polymorphism with heterogeneous subsets of
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Table 3.Histological evaluation of chronic dextran sodium sulphate (DSS)-
induced colitis

Control mice ICAM-1-deficient

Findings n % n %

Ulcers
flat 6 28·6 0 0
fissural 3 14·3 1 4·0
total 9 42·9 1 4·0

Lesions*
none 0 0 10 41·6
grade 1 2 9·5 7 29·1
grade 1þ grade 2 2 9·5 5 20·9
grade 1þ grade 3 13 61·9 2 8·4
grade 2 0 0 0 0
grade 2þ grade 3 1 4·8 0 0
grade 3 3 14·3 0 0
total 21 100·0 14 58·4

Inflammatory infiltrate
minimal 0 0 11 45·9
mild 9 42·9 9 37·5
moderate 12 57·1 4 16·6

Goblet cells
normal 1 4·8 16 66·6
reduction 19 90·5 6 25·0
hyperplasia 1 4·8 2 8·4

Crypt epithelium
normal 2 9·5 18 75·0
proliferation 19 90·5 6 25·0

Submucosal changes
oedema 5 23·8 7 29·1
inflammation 17 80·9 6 33·0

Transmural inflammation 12 57·1 2 8·4

Control C57Bl/6J mice,n¼ 21 samples; ICAM-1-deficient mice,
n¼ 24 samples.

*Grade 1 to grade 3, Grades of crypt shortening (for description see
Materials and Methods).
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Fig. 3. Presence of anti-epithelial antibodies determined by ELISA in sera
of ICAM-1-deficient and control mice with chronic colitis (seven mice
were used per group). Results are expressed as a percentage of the reactivity
of reference serum. Values are indicated as the mean6 s.e.m. of each
group. Statistically significant differences were found in the levels of IgA
antibodies (atP# 0·001) between dextran sodium sulphate (DSS)-treated
ICAM-1-deficient and wild-type control mice and between DSS-induced
and untreated mice.B, DSS;A, water.



patients with CD and UC has recently been described [32]. Despite
the lack of a closer similarity between the experimental mouse and
particular type of human IBD, this, as well as other models with
targeted gene mutations, represents a valuable tool for analysing
the pathogenic mechanisms of intestinal inflammation. However, it
has to be pointed out that human IBD in contrast to DSS-induced
colitis is a long-lasting disease mediated by specific components of
the immune system.

The presence of various autoantibodies in sera from patients with
IBD was repeatedly demonstrated [33]. On the basis of their findings
Das and co-workers suggested the co-expression of the epitopes of
ICAM-1 molecule and autoantigen mol. wt 40 kD on epithelial cells
activated by cytokines [34]. The induction of anti-epithelial cell
antibodies by DSS feeding in wild-type mice detected in our study
indicates that these autoantibodies appear as a consequence of
epithelial cell damage occurring during the inflammatory process.
The IgA isotype of these antibodies indicates that they probably
originate in mucosal associated lymphatic tissue. A lower production
of IgA autoantibodies in ICAM-1-deficient mice would therefore
correspond to a lower grade of epithelial damage.

Gene ablation techniques have already shown a qualitatively
new approach in an effort to elucidate the significance of various
immune factors in the development of human diseases. One of the
most important observations arising from the studies with geneti-
cally deficient mouse models is the finding that deletion of genes
involved in immunoregulatory T cell functions results in the
development of a spontaneous inflammation affecting preferen-
tially the gut mucosa: mouse strains with deficiency in TCRa-
chain, TCRb-chain, MHC class II, IL-2, IL-10 and G signalling
protein subunit (Ga2) generally develop a chronic inflammation
affecting, to a different extent, various parts of the gut (for review
see [35]). These results support the idea that immunoregulatory
defects in the mucosal response (probably because of a breakdown
of oral tolerance) to microflora antigens are substantially involved
in pathogenic mechanisms of chronic intestinal inflammation, and
bring new insights into the aetiology and pathogenesis of these
important disorders [23,36–38].

Animal models with targetted deletion of genes coding for
adhesion molecules have not been used for investigation of their
role in the intestinal inflammation. Our effort therefore represents
the first step in this direction. Our findings confirm that ICAM-1
participates in the development of severe forms of colitis and
suggest that blocking the function of this molecule can represent a
pivotal therapeutic intervention in this disease.
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