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1 The objective of the present study was to examine the role of the endothelial selectins (i.e. P- and
E-selectin) in leukocyte-endothelium interactions in colonic venules by use of intravital microscopy.

2 Balb/c mice were exposed to dextran sodium sulphate (DSS) in the drinking water for 5 days or
treated intraperitoneally (i.p.) with tumour necrosis factor-a (TNF-a) for 3 h.

3 In DSS-treated mice, mRNA of both P- and E-selectin were expressed and leukocyte rolling and
adhesion was increased to 27+3 cells min71 and 36+8 cells mm71, respectively. An anti-P-selectin
antibody abolished DSS-induced leukocyte rolling, whereas an antibody against E-selectin had no
e�ect. Established leukocyte adhesion was insensitive to inhibition of the selectins.

4 DSS markedly increased production of TNF-a in the colon. TNF-a increased leukocyte rolling to
22+3 cells min71 and adhesion to 45+4 cells mm71. Only inhibition of P-selectin signi®cantly reduced
(494%) leukocyte rolling provoked by TNF-a. Leukocyte adhesion was not changed by late anti-P-
selectin antibody treatment. In contrast, pretreatment with the anti-P-selectin antibody not only
abolished leukocyte rolling but also completely inhibited ®rm adhesion in response to TNF-a.
5 This study demonstrates that P-selectin plays an important role in leukocyte rolling in colonic
venules, both in experimental colitis and when stimulated with TNF-a. Moreover, P-selectin-
dependent leukocyte rolling was found to be a precondition for TNF-a-induced ®rm adhesion. Thus,
these ®ndings suggest that P-selectin may be a key target to reduce pathological recruitment of
in¯ammatory cells in the colon.
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Introduction

In¯ammatory bowel diseases (IBD), i.e. ulcerative colitis and

Crohn's disease, are characterized by release of pro-
in¯ammatory cytokines, such as tumour necrosis factor-a
(TNF-a) and interleukin-8 (IL-8), and by increased in®ltra-

tion of leukocytes into the intestinal tissue (Deventer, 1997).
Tissue accumulation of circulating leukocytes is mediated by
a coordinated expression of speci®c adhesion molecules

regulating the interactions between leukocytes and endothe-
lial cells in the microcirculation (Springer, 1994; Vestweber &
Blanks, 1999). The extravasation process of leukocytes is a

multistep process, involving a reversible rolling adhesive
interaction, ®rm adhesion to the endothelium and transmi-
gration (Springer, 1994). Leukocyte rolling is considered to
be principally mediated by the selectin family of adhesion

molecules (P-, E- and L-selectin) although subsets of integrins
have been reported to support rolling under certain
conditions (Carlos & Harlan, 1994; Vestweber & Blanks,

1999). On the other hand, ®rm adhesion of leukocytes has

been shown to be mediated by integrins on leukocytes which
bind to members of the immunoglobulin gene superfamily,
such as intercellular adhesion molecule-1 (ICAM-1) and

vascular cell adhesion molecule-1 (VCAM-1) on endothelial
cells (Carlos & Harlan, 1994; Springer, 1994) and thereby
promoting a strong adhesive interaction and arrest of rolling

cells.
Substantial e�ort has been devoted to studies in experi-

mental animal models of colitis in order to improve the

current medical treatment of IBD. One of these models is
based on oral administration of dextran sodium sulphate
(DSS) in the drinking water of mice, which results in an acute
colitis with several morphological and pathophysiological

features in common with human ulcerative colitis, including
super®cial ulceration, mucosal damage and leukocyte in®ltra-
tion (Okayasu et al., 1990; Cooper et al., 1993; Elson et al.,

1995). In a recent study by Soriano et al. (2000), it was
demonstrated that leukocyte adhesion in colonic venules is
supported by VCAM-1 and MAdCAM-1 in response to DSS
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challenge in mice. On the other hand, the adhesive
mechanisms behind leukocyte rolling in colonic venules in
response to DSS is not known. We have recently found that

the polysaccharide fucoidan, which inhibits P- and L-selectin,
markedly reduces DSS-induced leukocyte recruitment in the
colon (Zhang et al., 2001). Nonetheless, the exact role of the
individual selectins in leukocyte ± endothelium interactions in

DSS-induced colitis remains to be determined.
Although the clinical correlate of experimental models of

colitis remains uncertain, there is convincing evidence in the

literature showing that TNF-a plays an important role in the
pathophysiology of human IBD. For example, numerous
clinical trials have demonstrated marked improvement in

patients with Crohn's disease treated with high-a�nity
chimeric and humanized monoclonal antibody directed
against TNF-a (van Dullemen et al., 1995; Stack et al.,

1997; Targan et al., 1997). However, the adhesive pathways
in TNF-a-induced leukocyte ± endothelium interactions in the
colonic microcirculation have not been speci®cally addressed
previously. Thus, the individual role of the endothelial

selectins, i.e. P- and E-selectin in TNF-a induced leukocyte
rolling in colonic venules is unknown and it is not known
whether such a selectin-mediated rolling adhesive interaction

may be a prerequisite for the subsequent ®rm leukocyte
adhesion in response to TNF-a challenge.
Based on the considerations above, the aim of this study

was to de®ne the molecular mechanisms behind leukocyte
rolling in colonic venules by selectively inhibiting the function
of P- and E-selectin. Moreover, we wanted to determine

whether initial leukocyte rolling is a necessary precondition
for subsequent ®rm adhesion in the colonic microcirculation.
For these purposes, we used intravital ¯uorescence micro-
scopy in the mouse colon exposed to DSS and TNF-a.

Methods

Animals

Male Balb/c mice weighing 21 ± 26 g were maintained on 12-h
dark diagonal 12-h light cycles and given food and water ad
libitum. The animal experiments were approved by the
Regional Ethical Committee for Animal Experimentation.

Antibodies

RB40.34 against murine P-selectin (rat IgG) and the isotype
control antibody R3-34 (rat IgG) were from Pharmingen, San
Diego, CA, U.S.A. 10E9.6 against murine E-selectin (rat

IgG) were produced as described (Bosse & Vestweber, 1994).
Herein, 40 mg of RB40.34 and 100 mg of 10E9.6 were used,
which blocks the function of P- (Bosse & Vestweber, 1994;

Johnston et al., 1997; Thorlacius et al., 1997; Kanwar et al.,
1999; Mansson et al., 2000) and E-selectin (Bosse &
Vestweber, 1994; Ramos et al., 1997), respectively.

Experimental protocol

All mice were non-fasting. Experimental colitis was induced

by administration of 5% DSS (MW=40,000, Lot 9391A,
ICN Biomedicals Inc, Aurora, Ohio, U.S.A) in the drinking
water for 5 days, which results in a reproducible colitis

characterized by reduced body weight, rectal bleeding,
mucosal ulceration, crypt destruction and in®ltration of
leukocytes (Cooper et al., 1993). Induction of colitis was

con®rmed herein by development of diarrhoea and presence
of gross macroscopic bleeding (blood around the anus or in
the cage). Control mice received normal drinking water
without DSS. At day 5, animals were anaesthetized and

prepared for intravital microscopy. A catheter was inserted in
the jugular vein for intravenous (i.v.) injection of antibodies
and additional anaesthesia. In separate experiments, we

studied leukocyte ± endothelium interactions provoked by
TNF-a (R & D Systems Europe, Ltd., Abingdon, Oxon,
UK). Intraperitoneal injection of TNF-a (0.5 mg) in 0.5 ml

PBS was performed 3 h prior to microscopic observation.
Leukocyte rolling and adhesion were observed before and
after i.v. administration of the antibodies. A di�erent

protocol was used to delineate the role of selectin-mediated
rolling in the extravasation process of leukocytes, i.e. the
anti-P-selectin antibody was administered immediately prior
(5 min before) to i.p. treatment with TNF-a. Blood samples

were taken from the tail artery after the experiment for
analysis of systemic and di�erential leukocyte counts using a
hemocytometer and a 3 cm long segment of the distal colon

was resected for ELISA.

Intravital microscopy

Animals were anaesthetized with 7.5 mg ketamine hydro-
chloride (Ho�man-La Roche, Basel, Switzerland) and 2.5 mg

xylazine (Janssen Pharmaceutica, Beerse, Belgium) per 100 g
body weight intraperitoneally. The colon was prepared for
intravital microscopy as described earlier (Soriano et al.,
2000). In brief, a midline incision of the abdomen was made

and a segment of the colon was exteriorized on a pedestal for
microscopic observation of the colonic microcirculation.
Great care was taken to avoid any bleeding from the margins

of the abdominal wall. Observations of the colonic micro-
circulation were made using an Olympus microscope (IX70,
Olympus Optical Co. GmbH, Hamburg, Germany) equipped

with lenses (610/NA 0.25 and 640/NA 0.6). The micro-
scopic image was televised using a charge-coupled device
videocamera (FK 6990 Cohu, Pieper GmbH, Berlin,
Germany) and recorded on videotape (Sony SVT-S3000P S-

VHS recorder) for subsequent o�-line analysis. After
positioning under the microscope, a 10-min equilibration
period preceded quantitative measurements. Analysis of

leukocyte ¯ux and leukocyte-endothelium interactions (rolling
and adhesion) were made in venules (inner diameter 15 ±
35 mm) with stable resting blood ¯ow. Blood perfusion within

individual microvessels was studied after contrast enhance-
ment by i.v. administration of 0.05 ml (5 mg ml71) ¯uor-
escein isothiocyanate (FITC)-labeled dextran (MW 150000,

Sigma Chemical Co., St. Louis, MO, U.S.A.). In vivo
labelling of leukocytes with rhodamine-6G (0.1 ml,
0.5 mg ml71) enabled quantitative analysis of leukocyte ¯ow
behaviour in the colonic microcirculation. Quanti®cation of

microcirculatory parameters was performed o�-line by frame-
to-frame analysis of the videotaped images. Microcirculatory
analysis included determination of leukocyte rolling by

counting the number of rolling leukocytes passing by a
reference point in the venule per 20 s and expressed as cells
min71. Firm leukocyte adhesion was measured by counting
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the number of cells adhering to the venular endothelium
(500 ± 800 mm long segments) and remained stationary during
the observation period of 30 s, and is given as cells mm71

venule length. Blood ¯ow velocities were measured o�-line by
frame-to-frame analysis of the videotaped images using
CapImage software (Zeintl, Heidelberg, Germany). The
velocity was calculated as a mean value from 8 ± 10

measurements per venule and is expressed as mm s71.
Venular wall shear rate was determined based on the
Newtonian de®nition: wall shear rate=8((red blood cell

velocity/1.6)/venular diameter) as described previously
(House & Lipowsky, 1987).

Reverse-transcription polymerase chain reaction
(RT ±PCR)

Total RNA was extracted from mouse colon tissue using
Rneasy1 Mini kit (Qiagen GmbH, Hilden, Germany) and
treated with RNase-free DNase (DNase 1; Amersham
Pharmacia Biotech, Sollentuna, Sweden) in order to remove

potential genomic DNA contaminants according to manufac-
turer's protocol. RNA concentrations were determined by
measuring the absorbance at 260 nm spectrophotometrically.

RT ±PCR was performed with SuperScrip One-Step RT±
PCR system (GIBCO-BRL Life Technologies, Grand Island,
NY, U.S.A.). Each reaction contained 500 ng of total RNA

as a template and 0.2 mM of each primer in a ®nal volume of
50 ml. Mouse b-actin served as an internal control gene. The
RT±PCR pro®le was 1 cycle of cDNA synthesis at 508C for

30 min and 948C for 2 min, followed by 35 cycles of
denaturation at 948C for 30 s, annealing at 558C and
extension at 728C for 1 min, 1 cycle of ®nal extension at
728C for 10 min. After RT ±PCR, aliquots of the RT±PCR

products were separated on 2% agarose gel containing
ethidium bromide and photographed. The primers sequences
of E-selectin, P-selectin and b-actin were as follows: P-selectin

(f) 5'-ACG AGC TGG ACG GAC CCG-3' ;P-selectin (r) 5'-
GGC TGG CAC TCA AAT TTA CAG-3'; E-selectin (f) 5'-
GGT AGT TGC ACT TTC TGC GG-3'; E-selectin (r) 5'-
CCT TCT GTG GCA GCA TGT TC-3'; b-actin (f) 5'-ATG
TTT GAG ACC TTC AAC ACC-3', b-actin (r) 5'-TCT CCA
GGG AGG AAG AGG AT-3'.

ELISA

The mouse colon was removed, opened longitudinally,

washed in PBS containing penicillin, streptomycin and
fungizon (100 U ml71) and then kept in cold serum-free
medium (DMEM). A 3 cm long segment of the colon was cut

into small pieces (0.5 cm). About 100 mg of colon tissue
fragments were incubated with 1.0 ml of DMEM containing
10% serum in a well of 24-well culture plate at 378C for 24 h.

The culture medium was harvested and stored in 7208C until
analysis of TNF-a by using double-antibody speci®c
Quantikine ELISA kit using recombinant murine TNF-a as
standard (R & D Systems, Europe). TNF-a production was

expressed as pg mg71 colon tissue.

Statistical analysis

Statistical evaluations were performed using Kruskal ±Wallis
one-way analysis of variance on ranks for unpaired samples

(Dunn's method) and Wilcoxon signed rank test for paired
samples. The results are presented as mean values+s.e.m.
Unless stated otherwise, n represents number of animals.

Results

Leukocyte rolling in experimental colitis

After DSS treatment both P- and E-selectin mRNA were

expressed in the colon tissue (Figure 1). Leukocyte ±
endothelium interactions were analysed in colonic venules
after an equilibration time of 10 min. It was found that the

level of leukocyte rolling and adhesion in control mice was
2.6+1.2 cells min71 and 0.5+0.5 cells mm71, respectively
(Figure 2a+b, n=5). Notably, it was observed that in DSS-

treated mice, the number of rolling and ®rmly adherent
leukocytes increased signi®cantly to 26.8+3.2 cells min71 and
35.7+8.3 cells mm71, respectively (Figure 2a+b, P50.05 vs
controls, n=21). In order to examine the individual role of

the selectins in leukocyte ± endothelium interactions in
experimental colitis, we used monoclonal antibodies directed
against P- and E-selectin. We found that i.v. injection of

40 mg of RB40.34, which is directed against P-selectin,
completely abolished leukocyte rolling in DSS-treated
animals, i.e. leukocyte rolling was reduced to zero (Figure

2a, P50.05 vs before antibody injection, n=5). In fact, we
observed also that 20 mg of RB40.34 signi®cantly reduced the
number of rolling leukocytes by 89% (data not shown). In

contrast, administration of a monoclonal antibody against E-
selectin (10E9.6, 100 mg, n=6) had no e�ect on leukocyte
rolling in DSS-induced colitis (Figure 2a, P40.05 vs before
antibody injection). Moreover, an isotype-matched control

Figure 1 Expression of P- and E-selectin mRNA in the colon. B-
actin serves as an housekeeping gene. Mice were treated with DSS
(5%) for 5 days. The results presented are from one experiment,
which is representative of four others performed.
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antibody (R3-34, 40 mg, n=5) had no e�ect on the frequency
of rolling leukocytes in DSS-treated mice (Figure 2a, P40.05
vs before antibody injection, n=4). The level of leukocyte

adhesion in DSS-treated mice was insensitive to inhibition of
P- and E-selectin (Figure 2b, P40.05 vs before antibody
injection, n=5±6).

TNF-a-induced leukocyte rolling in colonic venules

We found that administration of DSS (5%) for 5 days

markedly increased the colonic content of TNF-a from
0.1+0.05 to 2.3+1.1 pg mg71 tissue (P50.05 vs control
mice, n=6). Considering that TNF-a is also an important

mediator in clinical IBD, we next wanted to evaluate the
mechanisms of leukocyte rolling and ®rm adhesion provoked
by TNF-a in the colonic microcirculation. In line with DSS-

treated mice, we observed that mRNA of both P- and E-
selectin were expressed after challenge with TNF-a (0.5 mg,
i.p.) for 3 h (Figure 3). This treatment with TNF-a increased

leukocyte rolling and adhesion to 21.5+2.6 cells min71 and
44.5+4.2 cells mM71, respectively (Figure 4a+b, P50.05 vs
PBS, n=22). It was found that administration of the anti-P-
selectin antibody (40 mg) markedly reduced TNF-a-induced
leukocyte rolling by more than 94% (Figure 4a, P50.05 vs
before antibody injection, n=5), whereas treatment with the
anti-E-selectin antibody (100 mg) had no e�ect (Figure 4a,

P40.05 vs before antibody injection, n=5± 6). Again,
leukocyte adhesion was unchanged after administration of
antibodies against both selectins (Figure 4b, P40.05 vs

before antibody injection, n=5). Interestingly, in separate
experiments, we found by paired observation that pretreat-
ment with the anti-P-selectin antibody (40 mg, n=5) not only

abolished leukocyte rolling in response to TNF-a challenge,
but also completely inhibited ®rm adhesion of leukocytes to
the vascular endothelium (Figure 5, P50.05 vs control
antibody, n=5).

We observed no signi®cant di�erences in systemic
leukocyte di�erentials (Table 1) or haemodynamic parameters
(Table 2) between the experimental groups.

Discussion

The present study demonstrates a critical function of P-
selectin in mediating leukocyte rolling in colonic venules both

when stimulated by exogenous TNF-a and in experimental
colitis. In contrast, we observed that inhibition of E-selectin
has no e�ect on TNF-a- and DSS-induced leukocyte rolling,
indicating that P-selectin constitutes a critical and non-

redundant mediator of leukocyte rolling in colonic venules. In
fact, we found that P-selectin-dependent leukocyte rolling is a

a

b

Figure 2 Venular (a) leukocyte rolling and (b) adhesion in the
mouse colon after 5 days of administration of DSS (5%) in the
drinking water. Mice were treated intravenously with a control
antibody, or antibodies against E-selectin (Anti-E) and P-selectin
(Anti-P). Data represents mean+s.e.m. *Indicates signi®cant di�er-
ence (P50.05 vs before antibody injection, n=5±21).

P-selectin

E-selectin

β-actin

Control TNF-α

Figure 3 Expression of P- and E-selectin mRNA in the colon. B-
actin serves as an housekeeping gene. Mice were treated with TNF-a
(0.5 mg, i.p.) for 3 h. The results presented are from one experiment,
which is representative of three others performed.
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precondition for the subsequent TNF-a-induced ®rm adhe-

sion of leukocytes to the microvascular endothelium. Taken
together, these ®ndings indicate that P-selectin plays a key
role in leukocyte rolling in colonic venules in vivo and may be

an important pharmacological target to treat in¯ammatory
conditions in the large bowel.
Numerous previous studies have used intravital microscopy

to delineate adhesive pathways in leukocyte ± endothelium
interaction in organs and tissues, such as the liver (Vollmar et
al., 1995), skin (Nolte et al., 1994), mesentery (Mayadas et
al., 1993) and cremaster muscle (Thorlacius et al., 1997).

However, there is only a limited knowledge about micro-
circulatory changes in the colon, which is due to the di�culty
of studying this tissue using conventional intravital micro-

scopy. Herein, we used an inverted microscopic technique to
study leukocyte ± endothelium interactions in the colon. In an
experimental model of colitis based on oral administration of

DSS for 5 days with features in common with ulcerative
colitis (Okayasu et al., 1990; Cooper et al., 1993; Elson et al.,
1995), we found that inhibition of P-selectin function

abolished leukocyte rolling, suggesting that P-selectin plays
a dominant role in supporting leukocyte rolling in colonic
venules. These ®ndings are supported by a recent study
showing that early (day 1) leukocyte rolling in TNBS-induced

colitis is predominately mediated by P-selectin (Sans et al.,
2001). However, in that study by Sans et al. (2001), it was
found that all members of the selectin family of adhesion

molecules, i.e. P-, E-, and L-selectin, signi®cantly contributed
to late (day 7) leukocyte rolling in TNBS-provoked colitis.
This is in contrast to the ®ndings in our present study

showing that late (day 5) leukocyte rolling in DSS-induced
colitis is completely independent of E-selectin function and
critically dependent on P-selectin. The reason for this

discrepancy is not known at present but may be due to the
di�erent nature of DSS- and TNBS-induced colitis. Thus, in
contrast to DSS, challenge with TNBS evokes a strong
lymphocyte response (Elson et al., 1995), and it is possible

that at day 7 in TNBS-provoked colitis a signi®cant
proportion of rolling leukocytes is comprised of mononuclear
leukocytes. Indeed, this conclusion is also supported by a

previous study showing that anti-neutrophil serum, which
causes depletion of circulating neutrophils, attenuates DSS-
induced colitis, indicating that neutrophil accumulation plays

an important role in this model of colitis (Domek et al.,
1995).
The feasibility of targeting adhesion molecules in IBD has

gained support in studies on experimental colitis and
observations documenting increased expression of adhesion
molecules in colonic tissues from patients with IBD. For
example, inhibition of ICAM-1, VCAM-1, and MadCAM-1

has been reported to ameliorate induction of colitis
(Hamamoto et al., 1999; Sans et al., 1999; Taniguchi et al.,
1998; Bennett et al., 1997; Wong et al., 1995). The speci®c

role of P-selectin has recently been addressed in two studies,
however, reporting contradictory results. In one study by
Yoshida et al. (2001) it was shown that immunoneutralization

of P-selectin protected against TNBS-induced colitis whereas
Sans et al. (2001) could not con®rm such a role of P-selectin
in colitis provoked by TNBS. The reason for these
discrepancies are not clear at present. We have recently

shown that the polysaccharide fucoidan, which inhibits P-
and L-selectin, reduces colonic accumulation of neutrophils
and protects against DSS-induced colitis, which support a

role of P- and/or L-selectin in this model of experimental
colitis (Zhang et al., 2001). This notion is also supported by
the observation that P-selectin is increased in active clinical

colitis (SchuÈ rmann et al., 1995).
TNF-a has been demonstrated to be important in the

pathophysiology of IBD and inhibition of TNF-a has turned

out to be a successful approach in the treatment of IBD (van
Dullemen et al., 1995; Stack et al., 1997; Targan et al., 1997).
Although, DSS-induced colitis displays several features in
common with human IBD, clinical extrapolations based on

®ndings in experimental models of colitis should be cautious.
We found an increased production of TNF-a in the colonic
tissue of DSS-treated mice, suggesting that this DSS-induced

colitis in mice also exhibits molecular features in common
with human IBD. However, in this context, it is important to
note that the literature on the adhesive pathways of leukocyte

a

b

Figure 4 Venular (a) leukocyte rolling and (b) adhesion in the
mouse colon after 3 h of treatment with TNF-a (0.5 mg, i.p.). Mice
were treated intravenously with a control antibody, or antibodies
against E-selectin (Anti-E) and P-selectin (Anti-P). Data represents
mean+s.e.m. *Indicates signi®cant di�erence (P50.05 vs before
antibody injection, n=5±22).
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recruitment in response to TNF-a is complex and partly
contradictory. For example, one previous report has

suggested that P- and E-selectin may have overlapping
functions, and that inhibition of both P- and E-selectin is
required in order to reduce the recruitment of leukocytes in

TNF-a activated tissues (Ley et al., 1995). In contrast, others
have reported that interference with P-selectin alone is
su�cient to attenuate lipopolysaccharide- and cytokine-

induced leukocyte recruitment (Frenette et al., 1996; Johnston
et al., 1997, Mansson et al., 2000). In the present study, we
found that although both P- and E-selectin mRNA were
concomitantly expressed, interference of P-selectin by use of a

monoclonal antibody completely inhibited leukocyte rolling
in colonic venules in response to TNF-a challenge, whereas
inhibition of E-selectin had no e�ect. These results are

compatible with a previous study demonstrating that TNF-a-
induced leukocyte rolling is intact in E-selectin-de®cient mice,
whereas the number of ®rmly adherent leukocytes was

reduced (Milstone et al., 1998). Together with other ®ndings,
it may be suggested that E-selectin is not primarily involved
in supporting the rolling adhesive interaction, but may rather

facilitate downstream events such as activation and adhesion
of rolling leukocytes (Milstone et al., 1998; Simon et al.,
2000). This notion is also supported by a previous study,
which demonstrated that this anti-E-selectin antibody

(10E9.6) markedly reduced peritoneal recruitment of neu-
trophils but had no e�ect on TNF-a-induced leukocyte
rolling (Ramos et al., 1997). Collectively, these results suggest

that TNF-a-induced leukocyte rolling is exclusively depen-
dent on P-selectin and excludes the possibility of redundancy
of selectins in supporting leukocyte rolling in the colon. This

notion is in line with a recent study showing that P-selectin
plays a critical role in TNF-a-induced leukocyte rolling in the
striated muscle (Mansson et al., 2000).

Leukocyte extravasation is a multistep process, in which
selectin-mediated rolling is generally considered to be a
precondition for the subsequent adhesion and transendothe-
lial migration of leukocytes out into the extravascular space.

This paradigm has been challenged by studies reporting that
leukocyte rolling may be supported by a4-integrins (Johnston
et al., 1997), and some reports suggesting that leukocyte

rolling is not a prerequisite for ®rm adhesion to the
endothelial surface in certain organs such as the lung (Burns
et al., 2001). In order to evaluate the role of the selectin-

mediated rolling in the leukocyte response to TNF-a
stimulation, we used i.v. pretreatment with the monoclonal
antibody against P-selectin. It was found that inhibition of P-
selectin function not only abolished leukocyte rolling but

concomitantly completely inhibited TNF-a-induced adhesion
of leukocytes, indicating that P-selectin-dependent rolling is
indeed a precondition for TNF-a-induced leukocyte adhesion

in the colonic venules. This notion is in line with a previous
study showing that P-selectin plays a critical role in TNF-a-
provoked tissue recruitment of leukocytes in the cremaster

muscle (Mansson et al., 2000). In this context, it is
noteworthy that dislodgement of activated cells by inhibition
of ®rm adhesion and transmigration (i.e. events subsequent to

leukocyte activation) in an in¯amed tissue could cause distant
damage in the lung. Therefore, it is tempting to stipulate that
leukocyte rolling, which occurs prior to leukocyte activation,
may be an attractive step to target in pathological

in¯ammation. In addition, integrins are widely expressed in
all tissues, whereas expression of P-selectin is limited to
within the vasculature, and inhibitors of P-selectin would

potentially have fewer side e�ects compared with substances
directed against integrins. In fact, this notion is supported by
a previous study demonstrating that inhibition of neutrophil

Figure 5 Leukocyte rolling and adhesion in the mouse colon after
3 h of treatment with TNF-a (0.5 mg, i.p.). Mice were pretreated
intravenously with a control antibody or an anti-P-selectin antibody
(Anti-P). Data represents mean+s.e.m. *Indicates signi®cant di�er-
ence (P50.05 vs control antibody, n=5).

Table 1 Systemic leukocyte di�erential counts

PMNL MNL Total

PBS 1.0+0.1 2.8+0.4 3.8+0.5
DSS+control 1.8+0.2 3.0+0.3 4.7+0.4
DSS+anti-E 1.5+0.2 2.7+0.2 4.1+0.3
DSS+anti-P 1.2+0.2 2.2+0.1 3.2+0.2
TNF+control 1.0+0.1 2.9+0.2 3.9+0.2
TNF+anti-E 1.1+0.1 2.7+0.1 3.8+0.2
TNF+anti-P 1.1+0.1 3.0+0.3 4.1+0.4

DSS was administered for 5 days in the drinking water and
TNF-a was given i.p. for 3 h. Animals were treated with an
antibody against P-selectin (anti-P), E-selectin (anti-E), or a
control antibody (control). The cells were de®ned as
polymorphonuclear (PMNL) or mononuclear (MNL) leukocytes.
Data are mean+s.e.mean and represents 106 cells ml71 and n=5±7.

Table 2 Haemodynamic parameters in venules of colon

Red blood cell
Diameter velocity Wall shear rate
(mm) (mms71) (s71)

PBS 17.5+0.9 0.74+0.05 214+17
DSS+control 28.8+6.9 0.68+0.06 138+33
DSS+anti-E 21.0+1.9 0.79+0.19 176+79
DSS+anti-P 16.0+1.3 0.84+0.06 266+19
TNF+control 22.6+2.7 0.76+0.04 178+20
TNF+anti-E 23.0+2.5 0.68+0.19 161+49
TNF+anti-P 24.8+3.8 0.67+0.02 153+36

DSS was administered for 5 days in the drinking water and
TNF-a was given i.p. for 3 h. Animals were treated with an
antibody against P-selectin (anti-P), E-selectin (anti-E), or a
control antibody (control). Blood ¯ow velocities were
measured o�-line by a frame-to-frame analysis of the
videotaped images. Data are mean+s.e.mean and n=3±7.
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recruitment by immunoneutralization of CD18 at the site of
infection (peritonitis) increased neutrophil accumulation in
the lung and liver and tissue injury in liver (Mercer-Jones et

al., 1997).
Taken together, this study provides in vivo evidence that

leukocyte rolling in the colon is mainly supported by P-
selectin both in experimental colitis and in response to TNF-a
stimulation. On the other hand, E-selectin did not contribute
to leukocyte rolling, indicating that P-selectin exclusively
support rolling adhesive interactions in the colon. In

addition, this P-selectin-dependent leukocyte rolling is a
precondition for TNF-a-induced ®rm adhesion in colonic
venules. Finally, it may be suggested that P-selectin may be a

central target to interfere with leukocyte accumulation in
pathological in¯ammation in the large bowel.
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