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Inflammatory cell infiltration of the colon is observed at an early stage of radiation-induced colitis.

The emigration of inflammatory cells from the circulation requires interactions between cell adhesion
molecules on the vascular endothelium and molecules on the surface of leukocytes. To elucidate this
process, the present work analyzes the kinetics of the expression of intercellular adhesion molecule-1
(ICAM-1) and the accumulation of inflammatory myeloperoxidase (MPO)-positive cells in relation to
the appearance of acute radiation colitis prior to an overt radiation-induced ulcer. Colon tissues were
obtained from Wistar Kyoto rats at various times after 22.5 Gy irradiation to the rectum. Histologically,
crypt depletion and numerous inflammatory cells were observed 4 days after irradiation, and mucosal
ulcer 6 days after irradiation. ICAM-1 immunopositivity was present in the endothelial cells of small
vessels in the mucosa of both control and irradiated rats. ICAM-1 mRNA expression was detected in
normal colon and irradiated colon by reverse transcription-PCR. In Northern blotting, ICAM-1 mRNA
levels were found to increase markedly in the irradiated colon compared to the normal colon. In Western
blotting, ICAM-1 protein expression also increased with a peak one day after irradiation, and remained
elevated up to 6 days thereafter. The number of MPO-positive cells in lamina propria mucosa increased
in a time-dependent fashion from 6 h to 6 days after irradiation. These data suggest that up-regulation of
ICAM-1 in endothelial cells and accumulation of MPO positive cells play important roles in the devel-
opment of radiation-induced colonic ulcer.

INTRODUCTION

Radiation-induced colitis may be encountered as one of the most harmful side-effects of
radiation therapy for pelvic malignancies1). During the treatment of these malignancies with
external, intracavitary, or combined irradiation, the rectum often receives a substantial expo-
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sure2). Nearly all patients who undergo pelvic irradiation experience some degree of colitis.
The most common acute symptoms of radiation-induced colitis are diarrhea and tenesmus,
although rectal bleeding may on occasion be encountered. In a study assessing the histological
changes after pelvic irradiation, 95% of patients were found to have acute intestinal radiation
damage3).

Leukocyte infiltration and accumulation in irradiated pig kidney and rat rectum have
been well documented4,5). However, the pathological consequences of leukocyte infiltration
and accumulation in irradiated normal tissues are not fully understood. Leukocytes are
believed to be one of the key participants in the development of tissue injury in a variety of
acute inflammatory diseases. Leukocytes contain large amounts of myeloperoxidase (MPO)
that generate toxic oxygen metabolites. Extremely powerful oxidant, HOCl (hypochlorous
acid), production is regulated by a complex, multicomponent system in which a latent enzyme
must be specifically activated to fuel the discharged MPO with its required H2O2

6). Leukocyte
infiltration in irradiated tissues can cause parenchymal damage by this oxidant, and conse-
quently can cause organ dysfunction and tissue failure7). Thus, an assessment of the MPO
positive cell number could be important for evaluating radiation-induced tissue damage.

Inflammatory processes are mediated by the interaction of adhesion molecules expressed
by inflammatory cells and by resident cells. Cell adhesion molecules on leukocytes and endot-
helial cells have been found to play a crucial role in the passage of leukocytes from blood
vessels into tissues after irradiation. Four classes of adhesion molecules are known, including
adhesion molecules of the immunoglobulin superfamily, selectins, integrins, and cadherins8).
The immunoglobulin family includes ICAM, a vascular cell adhesion molecule, a neural cell
adhesion molecule, a mucosal adhesion cellular adhesion molecule, and a platelet endothelial
cell adhesion molecule. Selectins are preferentially involved in the first step of cell-cell inter-
action, the so-called rolling phase, whereas the vascular cell adhesion molecule and ICAM are
important for later steps, the so-called sticking and transmigration phases9). ICAM-1 expres-
sion on endothelium plays an important role in migration of activated leukocytes into the sites
of inflammation10). Increased expression of ICAM-1 in the colon of patients with inflamma-
tory bowel disease (IBD) has been reported11–14). Recent studies have shown that ICAM-1
expression can be induced by ionizing radiation15,16). ICAM-1 expression regulates leukocyte
migration into the tissue region of highest adhesiveness. Prophylactic treatment with anti-
ICAM-1 antibodies significantly attenuated colonic damage and neutrophil infiltration of the
colon in dextran sulphate sodium (DSS) colitis17). Furthermore, ICAM-1 knockout mice had
no increase in inflammatory cell infiltration into the lung in response to irradiation18). In radia-
tion-induced colitis, ICAM-1 might play an important role in causing indirect tissue damage
mediated by leukocyte infiltration. However, ICAM-1 expression has not been reported in this
model.

In this study, we therefore investigated the expression of ICAM-1 and infiltration of
MPO positive cells in an early phase of radiation-induced colitis.
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MATERIALS AND METHODS

Animals
Male Wistar Kyoto rats (10 weeks old, n = 48) were provided by IZM(Shimane, Japan)

and fed with food and water ad libitum. All experiments were performed in accordance with
the guidelines for animal experimentation at the Institutional Animal Care and Use Committee
of Nagasaki University School of Medicine.

Radiation techniques
Before irradiation, the animals were anesthetized with an intraperitoneal injection of 40

mg/kg of sodium pentobarbital. Thereafter, the animals were placed in a supine position. After
a midabdominal laparotomy, the small intestine was moved and the descending colon was
pulled from the posterior abdominal wall. Two small sheets of lead (2mm thickness) were
then arranged beside the descending colon. The descending colon was exposed and covered
with a gauze moistened with 0.9% NaCl solution. Lead shielding (3.18mm thickness) containing
a window (0.8 ×2cm) was used to shield the rat except for a 0.8 ×2cm area of the descending
colon. Irradiation was accomplished using a Toshiba EXS-300 X-ray, 200KV, 15mA unit
with filters of 0.5mm Cu and 0.5mm Al. The distance from tube target to the descending
colon was approximately 50cm, and the dose rate was approximately 0.458Gy/min19). The
total dose administered was 22.5Gy. This dose was selected because it induced severe radia-
tion colitis effectively 20). Our preliminary study showed that 22.5Gy induced 100% of macro-
scopical ulceration in Wistar Kyoto rats. Control animals were treated in an identical fashion
without irradiatiation.

Tissue preparation
The animals were euthanized by an intraperitoneal injection of sodium pentobarbital

at 0h (control), 6h, 1 day, and 2 days, 4 days, and 6 days after irradiation. A portion of the
descending colon was fixed in 10% neutral-buffered formalin and embedded in paraffin. Par-
affin blocks were then sectioned (4µm thick), stained with hematoxylin and eosin, and exam-
ined immunohistochemically by light microscopy. Fresh tissues were obtained arbitrarily at 0h
(control), 6h, 1day, 2 days, 4 days, and 6 days for immunohistochemistry, MPO cell counting,
reverse transcription-PCR (RT-PCR), Northern blotting, and Western blotting to study early
events of ICAM-1 associated inflammation.

Immunohistochemistry
Paraffin embedded sections (3µm) and cryostat sections (8µm) were used for

immunostaining of ICAM-1. Internal peroxidase activities were suppressed with 1% H2O2 in
methanol for 10 minutes. Sections were preincubated with normal bovine serum to prevent
nonspecific binding, and then incubated overnight at 4°C with anti-rat ICAM-1 antibody
(Seikagaku Corp., Tokyo, Japan). Secondary reagents were made by using the Vector Elite
ABC kit (Vector Laboratories Inc., Burlingame, CA), and DAB was used for color develop-
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ment. In addition, the catalyzed signal amplification method (CAS system, DAKO JAPAN,
Tokyo, Japan) was applied to paraffin sections. Treatment of the primary antibody was omit-
ted in the negative control samples.

Myeloperoxidase staining
Frozen tissues were embedded in OCT compound (Tissue-Tek, Sakura Fine technical

Corp., Tokyo, Japan), and cryostat sections (8µm) of irradiated descending colon were air-
dried for 2h, fixed in acetone for 10 min at –20°C and then used for MPO staining. MPO
staining, showing the localization of inflammatory cells (leukocytes and macrophages), was
performed by reaction with a peroxidase substrate solution containing 0.05% 3,3'-
diaminobenzenzidine tetrahydrochloride (DAB) and 0.01% hydrogen peroxide in 50 mM Tris
(pH 7.2) for 5 min at room temperature. The sections were counterstained with methyl green.
The number of cells positive for MPO staining was counted every 500 ×500µm2 in the irradi-
ated descending colon (at least three fields in each rat) and the average value was used for the
representative data. In this field about ten crypts were scanned microscopically. For MPO-
positive cell counting, six rats were used for each data point.

RT-PCR
The total RNA was extracted with the single-step guanidinium thiocyanate-phenol-chlo-

roform method21). The yield and purity of RNA were confirmed by measuring the ratio of the
absorbencies at 260 and 280nm. To identify ICAM-1-specific cDNA, PCR was performed
using ICAM-1-specific primers. Rat ICAM-1-specific primers were synthesized: sense primer,
5' TGTGCTTTGAGAACTGTGGC 3'; antisense primer, 3' GGTTCTGTCCAACTTCTCAG5'.
Sense and antisense primers corresponded to exon 2 and exon 4, respectively. The rat
β -actin PCR primers were 5'-TCCTCCCTGGAGAAGACTA-3' (sense) and 5'-AGTACTTG-
CGCTCAGGAGGA-3' (antisense). Each primer pair was chosen to span the introns of their
respective rat genes. Using the primers, it is expected that DNA fragments of 584 and 313 bp
are amplified from the ICAM-1 and β-actin RNA, respectively.

Northern blot analysis
The expression of ICAM-1 mRNA in descending colon was examined in control (n = 2)

and irradiated animals 2 days after exposure (n = 2). The total RNA (30µg) was prepared by
formaldehyde/1.0% agarose gel electrophoresis and transferred onto a nylon membrane
(Hybond N, Amersham Life Science, Buckinghamshire, U.K.). The PCR products of ICAM-1
(584bp) were subcloned, sequenced, and used as cDNA probes. The random primer method
was used to label the cDNA with [32P]dCTP (rediprime DNA labelling system, Amersham).
Specific activity of the probe was about 8 × 104 cpm/mg. Hybridization was performed at
42°C in a solution containing 0.87mol/L NaCl, 50% formamide, 0.5% SDS, and 167 mg/ml
salmon sperm DNA. The membrane was washed in 0.1XSSC and 0.1% SDS at 50°C and
autoradiographed on Hyper film-MP (Amersham) at –80°C for 24 hours. Assays were per-
formed in duplicate and experiments were repeated twice.
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Western blot analysis
The colon tissues were frozen immediately after tissue sampling. The tissues were then

suspended in RIPA buffer (50 mM Tris, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate
and 0.05% SDS, pH 7.4), broken into pieces on ice and subjected to three freeze-thaw cycles.
The insoluble cell debris was removed by centrifugation. Supernatants were collected and the
protein concentration was quantified using a protein assay reagent (Bio-Rad Laboratories,
Hercules, CA). The level ICAM-1 protein in descending colon was evaluated at 0 (control),
6h, 1day, 2 days, 4 days, and 6 days after irradiation. For each data point two rats were used
for assays and the assays were performed in duplicate. Proteins (30µg) from the irradiated
descending colon were separated by polyacrylamide gel electrophoresis (PAGE) under dena-
turing and reducing conditions and transferred to Hybond ECL Nitrocellulose Membranes
(Amersham). Membranes were rinsed in TBS, blocked with 5% low-fat dried milk in TBS
containing 0.1% Tween 20 (TTBS), and then incubated for 2h at a room temperature with a
1 : 500 dilution of the anti-rat ICAM-1 antibody (Seikagaku Corp., Tokyo, Japan). After ex-
tensive washing of the membranes with TTBS, they were incubated for 1h with a 1 : 20,000
dilution of the horseradish-peroxidase-conjugated goat anti-mouse IgGs in TTBS containing
3% low-fat dried milk. The membranes were washed and developed with a horseradish per-
oxidase chemiluminescence detection reagent (ECL Plus system, Amersham) and were ex-
posed to Hyperfilm ECL (Amersham).

Statistics
Values were expressed as the mean ± SD. Student’s t-test was used to test the signifi-

cance between groups. A P value less than 0.05 denoted the presence of a statistically signifi-
cant difference.

RESULTS

Histopathology of radiation-induced colitis
In control animals no lesions were observed in the intestinal mucosa. The crypts were

regularly arranged and interstitial edema was not encountered (Fig. 1A). A few eosinophils
were present in the basal layer of the propria mucosa. Macroscopical changes were not evi-
dent 6 h after irradiation, but an inflammatory reaction had begun. Neutrophils and eosino-
phils increased noticeably at day 1 after irradiation and interstitial edema was prominent by
day 2. Crypt depletion progressed and robust neutrophil infiltration was observed 4 days after
irradiation (Fig. 1B). Mucosal ulcer, also associated with the presence of numerous neutro-
phils, was observed 6 days after irradiation (Fig. 1C). Dilated crypts were filled with neutro-
phils, and some crypt epithelia were destroyed by these neutrophils. Lymphocyte aggregation
and macrophage infiltration were also encountered in the interstitium. The regenerative
mucosa and viable crypt re-appeared 10 days after irradiation (data not shown). The mucosal
regeneration was complete within 16 days after irradiation (data not shown). The histological
findings of 10 and 16 days after irradiation were obtained from a preliminary study, but have
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Fig. 1. Time-dependent histopathological changes of colonic mucosa after irradiation (22.5Gy). A: Normal colon
mucosa. Crypts were arranged regularly and no significant stromal changes were observed. B: Radiation-in-
duced colitis 4 days after irradiation (22.5Gy). Glands were distorted and dilated with mucus and neutrophils
(arrows). Moderate interstitial cell infiltration was observed. C: Radiation-induced colitis 6 days after irra-
diation (22.5Gy). Erosive changes (arrow heads) appeared in this phase. Marked inflammatory cell infiltra-
tion occurred and most crypts were destroyed (arrows). Inflammatory cells consist mainly of neutrophils and
eosinophils. (H&E, × 50)
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Fig. 2. ICAM-1 immunohistochemistry. A: ICAM-1 immunopositivity was detected in endothelial cells of capillar-
ies in the normal mucosa (arrow heads). B: ICAM-1 expression was detected in endothelial cells of vessels
in the mucosa and submucosa 6h after irradiation (arrow heads: immunopositive endothelial cells). (ABC
method, A: frozen section of normal control, B: paraffin section from 6h after irradiation, × 100)

been repeatedly confirmed.

ICAM-1 immunohistochemistry and MPO positive cells
In normal colon, ICAM-1 immunoreactivity was observed in cryostat sections of the en-

dothelial cells of capillary vessels in the mucosal layer (Fig.2A), but not in paraffin-embedded
samples. The ICAM-1 expression on the endothelial cells of dilated venules in the submucosa
was enhanced from 6h after irradiation (Fig. 2B) and lasted for 6 days (data not shown) in
both cryostat and paraffin sections.

The number of the MPO-positive cells was measured by the method mentioned above
(Fig. 3). As shown in Fig.4, the number of MPO-positive cells increased in a time-dependent
fashion in the irradiated descending colon from 6 h after irradiation. Numerous MPO-positive
cells were encountered at day 6.
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Fig. 4. Time course of accumulation of MPO-positive cells. The number of MPO-positive cells increased after irra-
diation in a time-dependent fashion. The values are mean ± S.D. (n=6, each group). *p < 0.05 (vs. control)

Fig. 3. MPO-positive cells in colonic mucosa 2 days after irradiation. Cells with internal MPO activity were de-
tected by DAB coloration. MPO-positive cells were broadly distributed in the interstitial area of mucosa.
(DAB, × 100)

RT-PCR and Northern blot analysis
RT-PCR revealed the presence of ICAM-1 mRNA in normal and irradiated colon tissues

(Fig. 5). β-actin mRNA was detected in all samples to demonstrate that equivalent amounts of
tissue RNA were used for cDNA synthesis. By a Northern blot analysis, a major band of
2.6kb representing the rat ICAM-1 transcript was detected (Fig. 6). In the control animals, an
amount of the ICAM-1-specific transcripts were faintly detected. In contrast, the ICAM-1
mRNA increased greatly in the irradiated rats.
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Fig. 5. RT-PCR revealed ICAM-1 mRNA expression in normal and irradiated colon tissues. PCR products of
ICAM-1 mRNA were detected in all data points (584bp). M1: 100bp DNA ladder (Life Technologies,
Rockville, MD ). PCR products of β -actin mRNA (313bp), as an internal control, were detected in all
samples. M2: 100bp DNA ladder (Takara, Tokyo, Japan).

Fig. 6. Northern blotting of ICAM-1mRNA (2.6kb) in control and irradiated colon. Thirty mg of total RNA was
loaded in each lane. (Upper panel) The autoradiogram was developed after 24h of exposure at –80°C. Lane
1: control (0h); Lane2: irradiated rat (2 days). ICAM-1mRNA expression was strongly enhanced by irradia-
tion. (Lower panel) Ethidium bromide staining of the total RNA.

Western blot analysis
The results of the Western blot analysis are shown in Fig. 7. A major band of 59kD rep-

resenting rat ICAM-1 protein was detected. The control animals showed no increase of the
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Fig. 7. Western blot analyses of ICAM-1 in colon after irradiation. Thirty µg of protein was loaded in each lane. A
representative experiment is shown. ICAM-1 expression (59kD) was detected in the normal mucosa and its
expression was enhanced from 6h after irradiation through the 6th day. The peak expression was observed
one day after irradiation.

ICAM-1 protein, but at 6h after irradiation it increased slightly. One day after irradiation, a
peak of the increase was observed and the increase remained relatively high until 6 days after
irradiation.

DISCUSSION

In this study, we demonstrated radiation-mediated induction of ICAM-1 and acute in-
flammation associated with MPO-positive cells in the colon. Radiation induces the expression
of cytokines, such as TNF and IL-122–24). These cytokines stimulate endothelial cells and lym-
phocytes, resulting in leukocyte adhesion, extravasation and macrophage activation25). The
number of adherent leukocytes significantly increases several hours after irradiation in vitro26)

and in vivo27). Adhesion molecules must be expressed on the surface of the vascular endothe-
lium before leukocyte. Leukocytes then migrate into the tissue region of highest adhesiveness,
which is regulated mainly by ICAM-1 expression16). However, it is unclear exactly how
integrin-binding mechanisms might operate to mediate leukocyte transmigration. Berman et
al28) speculated that CD31-mediated integrin activation might play a major role in transmigra-
tion. Even though leukocytes may have a beneficial function in this setting through phagocy-
tosis and disposal of cellular and connective tissue debris, nonetheless they contribute to the
development of radiation colitis and interstitial pulmonary fibrosis7,29).

In vitro studies have shown that radiation doses of 10–40 Gy induce ICAM-1 mRNA in
human cell lines 3–6h after irradiation in a time- and dose-dependent manner, and this was
followed by an increase at cell surface in the expression of this adhesion molecule15). In a
mouse model of cerebral irradiation, ICAM-1 mRNA increased in a dose-dependent manner
from 15 Gy to 40 Gy, and ICAM-1 immunopositivity was detected in endothelial cells from
4h to 7 days after irradiation30). Our results also showed that ICAM-1 expression was in-
creased from 6h to 6 days after a dose of 22.5 Gy irradiation to the colon.

Enhancement of ICAM-1 expression has been reported in Crohn’s disease11), ulcerative
colitis12), DSS-induced colitis13), and trinitrobenzene sulfonic acid (TNBS)-induced colitis14).
However, some other studies have shown unchanged expression in human IBD and TNBS-in-
duced colitis31). The assessment of changes in the expression of ICAM-1 in bowel inflamma-
tion has mainly relied on immunohistochemical staining of colonic samples from patients with
IBD. This approach has brought on conflicting results, probably because of technical limita-
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tions in quantification of staining intensity, about molecules between high constitutive expres-
sion and low stimulated expression. Our results revealed that paraffin sections were not ap-
propriate for the detection of ICAM-1 immunohistchemically because their sensitivity for
detection of constitutive expression was especially low. The contribution of ICAM-1 to leuko-
cyte recruitment in colonic tissues is derived from therapeutic interventions in experimental
models. The treatment with anti-ICAM-1 monoclonal antibody ameliorated the inflammatory
response in acetic acid-induced colitis in the rat32) and that an ICAM-1 antisense oligonucle-
otide prevented and reversed DSS-induced colitis in mice33).

Leukocytes are believed to be one of the key participants in the development of tissue
injury in a variety of acute inflammatory diseases. Leukocytes contain large amounts of MPO,
which are one of a group of enzymes that generate toxic oxygen metabolites for antibacterial
properties6). MPO-positive cells produce a second burst of oxygen radicals which contribute to
radiation-induced colonic ulceration and other radiation-induced tissue damage7). In the
present study, an increase of MPO-positive inflammatory cells was observed 6h after irradia-
tion, followed by crypt depletion associated with numerous MPO-positive inflammatory cells
in the lamina propria mucosa 4 days after irradiation. A time-dependent increase of MPO-
positive cells was evident up to 6 days after irradiation. ICAM-1 was expressed at a relatively
high level after irradiation, with the peak expression observed at day 1. Probably, in addition
to ICAM-1, other adhesion molecules may also participate in the process of leukocyte recruit-
ment in radiation-induced colitis one day after irradiation. Constitutive ICAM-1 expression in
non-inflamed intestine implies that this adhesion molecule may play a role in physiological
leukocyte traffic of the normal colon31).

In conclusion, we found that the expression of ICAM-1 elevated in the colon after irra-
diation, as well as early recruitment of MPO-positive cells which are activated to produce
oxygen radicals. The up-regulation of ICAM-1 and accumulation of MPO-positive cells may
be key steps in the development of radiation-induced acute colitis.
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