
INTRODUCTION

Leucocyte infiltration into tissues occurs through multiple and
sequential steps and various cell adhesion molecules including
selectins, immunoglobulin superfamily molecules and integrins
are important in such process. Selectins and their carbohydrate-
containing ligands mediate leucocyte rolling on the vascular
endothelium, i.e. the first step of leucocyte adhesion to endothe-
lial cells [1]. Selectin family consists of three adhesion molecules,

P-, L- and E-selectin. P-selectin is expressed on the surface of acti-
vated endothelial cells and in platelets [2,3]. Similarly, E-selectin
is expressed on the activated endothelium in the early stages of
inflammation [4]. In contrast to P- and E- selectin, L-selectin is
constitutively expressed on the surface of leucocytes and binds to
the natural ligands on endothelial cells [5].

Both P- and L-selectin bind to sulphated sugar chains on the
ligands. Several studies reported that sulphatide, a sulphated 
glycolipid, specifically interacts with L-selectin by binding to 
its sulphated sugar chains [6,7]. Furthermore, sulphated poly-
saccharides have been shown to interfere with the adhesive inter-
actions of selectins with their natural ligands on endothelial cells
or on leucocytes [8,9]. For instance, sulphatide can interfere with
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SUMMARY

Leucocytes infiltrate into renal tissue and are involved in the pathogenesis of crescentic glomerulone-
phritis. The initial event in the process of leucocyte infiltration is characterized by selectin-mediated
leucocyte rolling on endothelial surface. Role of selectins in pathogenesis of glomerulonephritis has still
been controversial. Sulphated glycolipids and sulphated polysaccharides interfere with the binding of
P- and L-selectin with carbohydrate ligands on endothelial cells or on leucocytes. Here we evaluated
the role of selectins and the preventive effects of sulphated colominic acid (SCA), a synthetic sulphated
polysaccharide, on experimental crescentic glomerulonephritis in Wistar-Kyoto (WKY) rats. Crescen-
tic glomerulonephritis was induced by injection of nephrotoxic serum (NTS) in WKY rats. Rats sub-
sequently received intraperitoneal injection of saline, neutralizing or non-neutralizing monoclonal
antibody (mAb) to rat P-selectin and L-selectin, SCA (5 or 10 mg/kg/day) or nonsulphated colominic
acid (CA) (10 mg/kg/day) for 2 weeks. Localization of P-, E-selectin, ligands for L-selectin and 
intraglomerular leucocytes was examined by immunohistochemistry. Gene expression of platelet-
derived growth factor (PDGF) B chain in glomeruli was quantified using real-time RT-PCR. P-selectin 
was highly expressed on glomerular endothelial cells after injection of NTS, whereas E-selectin 
and L-selectin ligands were not detected. Anti-P-selectin mAb, but not anti-L-selectin mAb, signifi-
cantly reduced glomerular infiltration of macrophages, crescent formation, and proteinuria. SCA 
also reduced proteinuria, macrophage infiltration, and crescent formation in a dose-dependent manner.
Furthermore, SCA suppressed gene expression of PDGF B chain in glomeruli. Our results indicate 
that P-selectin partially mediate glomerular infiltration of macrophage in experimental crescentic
glomerulonephritis. Moreover, SCA may inhibit intraglomerular infiltration of macrophages by 
interfering with P-selectin-dependent adhesion pathway, and progression of experimental crescentic
glomerulonephritis.

Keywords selectin crescentic glomerulonephritis sulphated colominic acid platelet-derived
growth factor

Clin Exp Immunol 2002; 129:43–53

Correspondence: Dr Kenichi Shikata, Department of Medicine III,
Okayama University Medical School, 2-5-1 Shikata-cho, Okayama
700–8558, Japan

E-mail: shikata@md.okayama-u.ac.jp

© 2002 Blackwell Science



44 D. Ogawa et al.

the binding of P-selectin to neutrophils [10]. We also reported the
preventive effect of sulphatide, which binds both P- and L-
selectin, on mononuclear cell infiltration into renal interstitium
after unilateral ureteral obstruction [11]. Sulphated colominic
acid (SCA), a synthetic sulphated polysaccharide, interferes with
the binding of P-selectin to neutrophils in vitro [9]. SCA also
exhibits a potent antiviral activity against human immunodefi-
ciency virus type 1 [12,13]. Recently, SCA has been demonstrated
to block P-selectin-dependent infiltration of leucocytes in acute
lung injury induced by cobra venom factor [9].

Leucocytes contribute to the glomerular injury seen in a
variety of glomerulonephritis through the release of inflammatory
cytokines including platelet derived growth factor (PDGF) [14],
nitric oxide [15], proteases and other inflammatory mediators
[16]. Accumulating evidence suggests that leucocyte adhesion
molecules including b2 integrins and immunoglobulin superfamily
molecules such as intercellular adhesion molecule-1 (ICAM-1)
mediate leucocyte recruitment in various types of glomeru-
lonephritis [17–20]. Anti-ICAM-1 antibody prevents leucocyte
recruitment into renal tissue and ameliorates tissue injury in 
crescentic glomerulonephritis [17,20]. However, the role of
selectins in glomerular leucocyte recruitment is still controversial
[21,22].

To elucidate the specific role of selectins in the pathogenesis
of crescentic glomerulonephritis, we employed nephrotoxic 
serum (NTS) nephritis in Wistar-Kyoto (WKY) rats as animal
model. This model is characterized by accumulation of various
inflammatory cells in the glomeruli, including macrophages, CD4
and CD8 lymphocytes, which are known to play key roles in the
pathogenesis of crescentic glomerulonephritis [17]. For inhibition
of the selectin-dependent pathways, specific blocking antibodies
and SCA were used. Our results demonstrated the importance 
of P-selectin-dependent leucocyte adhesive pathway and pre-
ventive potential of SCA on crescentic glomerulonephritis in
WKY rats.

MATERIALS AND METHODS

Preparation of nephrotoxic serum
Normal WKY rat kidneys were perfused with physiologic saline
through a catheter placed in the aorta. Renal cortical tissue 

was removed, homogenized and diluted with physiologic saline 
at about 20% suspension. Two milliliters of renal cortical
homogenate were emulsified with an equal volume of Freund’s
complete adjuvant (Difco Laboratories, Detroit, MI). This 
emulsion was injected subcutaneously into rabbits once a week
for one month. Seven days after last injection, the rabbits were
bled from the inferior vena cava under anaesthesia. The sera were
decomplementized for 30 min at 56°C and absorbed with freshly
harvested rat erythrocytes. Preliminary immunohistochemical
experiments showed that intraperitoneal injection of 1·0 ml of 
the prepared NTS into WKY rats, which weighed about 140 g,
resulted in linear binding of rabbit IgG along the glomerular
basement membrane (GBM).

Preparation of sulphated colominic acid
SCA and nonsulphated colominic acid (CA) were prepared in
Marukin Chuyu Co. Ltd. (Kyoto, Japan) (Fig. 1). The preparation
of SCA was reported previously [12,13]. The sodium salt with an
average molecular mass of 24 000 (n = 50) was used in the present
study. The compound was dissolved in saline before use.

Experimental protocol
Female WKY rats (140 g) were obtained from Charles River
Japan (Atsugi, Kanagawa, Japan). All rats were fed standard
chow and water ad libitum. WKY rats were randomly divided into
nine groups of 8 rats each (Table 1). One group of rats (saline
group) was administered saline every day after intraperitoneal
injection of 1·0 ml of NTS, which induced glomerulonephritis. To
confirm the role of selectins, 2 mg/kg/day of mouse neutralizing
anti-rat-P-selectin monoclonal antibody (mAb) (ARP2-4) [23,24]
or the F(ab¢)2 fragment of neutralizing anti-rat-L-selectin mAb
(HRL3) [25] was administered intraperitoneally to 8 rats each
every day after NTS injection. Mouse IgG was administered
intraperitoneally at 2 mg/kg/day every day as a control for ARP2-
4, and a non-neutralizing mAb to rat-L-selectin (HRL2) as a
control for HRL3 [25]. SCA (5 mg/kg/day and 10 mg/kg/day) or
CA (10 mg/kg/day) was administered every day by intraperitoneal
injection for 14 days. As normal controls, one group of rats were
injected with 1·0 ml of normal rabbit serum instead of NTS
(normal control group). Twenty-four-hour urine collections were
obtained from rats that were individually housed in metabolic
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Fig. 1. Chemical structures of (a) sulphated colominic acid and (b) colominic acid.
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cages. Rats were fasted during the collection period, but were
allowed free access to water. On days 1, 4, 8, 11 and 14, urine
samples were collected and urinary protein levels were measured
by the pyrogallol red method.

At day 14, the rats were sacrificed and both kidneys were
removed. Portions of these tissues were processed for light
microscopy, immunofluorescence staining and immunoperoxi-
dase staining. Serum creatinine level and creatinine clearance
were measured on day 14.

All experimental protocols described in the present study
were approved by the Ethics Review Committee for Animal
Experimentation of Okayama University Medical School.

Histopathological examination
Immunofluorescence staining. P-selectin, E-selectin, ligands

for L-selectin, and ICAM-1 were detected by the indirect
immunofluorescence method as described previously [18,26–28].
Briefly, sections were fixed with cold acetone for 3 min and
stained with mouse anti-P-selectin antibody (ARP2-3) [23,24],
anti-E-selectin antibody (Y-18; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA), the soluble fusion protein of rat L-selectin
with human IgG (LEC-IgG) [27], and anti-rat ICAM-1 antibody
(1A29) [29] for 24 h at 4°C. Then, the sections were stained with
fluorescein isothiocyanate (FITC)-labelled goat anti-mouse 
IgG antibody (Jackson Immunoresearch Laboratories, West
Grove, PA, USA), FITC-labelled swine anti-goat IgG antibody
(Cedarlane Laboratories, Ontario, Canada), FITC-labelled 
goat anti-human IgG antibody (Cappel, Aurora, OH) or FITC-
labelled goat anti-mouse IgG antibody (Jackson Immunoresearch
Laboratories) for 30 min at room temperature, respectively. 
The sections were washed in PBS, mounted with PermaFluor
(Shandon, Pittsburgh, PA, USA) and examined under a fluores-
cence microscope (LSM-510, Carl Zeiss, Jena, Germany).

In order to identify the localization of P-selectin positive cells
in the glomeruli, serial sections were prepared and incubated 
with anti-rat endothelial cell mAb (OX-43; BMA Biomedicals,

Rheinstrasse, Switzerland) as described previously [30]. Then, the
section was stained with FITC-labelled goat anti-mouse IgG anti-
body (Jackson Immunoresearch Laboratories), and observed
using a fluorescence microscope (LSM 510; Carl Zeiss, Jena,
Germany). As negative control, the second antibody alone, FITC-
labelled goat anti-mouse IgG antibody, was used.

Immunoperoxidase staining. Leucocyte infiltration in the
glomerulus was examined by immunoperoxidase staining using a
Vectastain ABC kit and Avidin Biotin Blocking Kit (Vector Lab-
oratories, Inc., Burlingame, CA, USA) as described previously
[26]. In brief, the frozen sections (4-mm thick) were fixed with cold
acetone for 3 min and nonspecific protein binding was blocked by
incubation with normal goat serum and avidin for 20 min The sec-
tions were first incubated with mouse mAbs against rat leucocyte
common antigen (OX-1), mouse anti-rat monocyte/macrophage
(ED1), rat CD4 and rat CD8 (Serotec, Oxford, UK) in a solution
containing biotin, for 60 min at room temperature. Then the sec-
tions were incubated with biotin-labelled goat anti-mouse IgG
antibody (Jackson Immunoresearch Laboratories) for 30 min at
room temperature. Endogenous peroxidase activity was blocked
by incubating the sections in methanol containing 0·3% H2O2 for
30 min After that, the sections were incubated with ABC reagent,
containing avidin and biotinylated horseradish peroxidase, for
30 min at room temperature. Peroxidase activity was visualized by
3,3-diaminobenzidine and hydrogen peroxide. The sections were
then counterstained with Mayer’s haematoxylin. The nuclei of
OX-1, ED1, CD4, CD8 positive cells in 50 glomeruli per kidney
were counted under high magnification (¥400).

Light microscopy. The renal tissue was fixed in 10% formalin
and embedded in paraffin. Paraffin sections (4-mm thick) were
then stained with periodic acid-Schiff’s reagent (PAS). Fifty
glomeruli in each rat were examined and crescent formation with
two or more layers of cells along Bowman’s capsule was counted.

Quantitative real-time reverse transcription-polymerase 
chain reaction
Glomeruli were isolated from the kidney cortex using a sieving
mesh. Total RNA was extracted from the glomeruli by using an
RNeasy Midi kit using the instructions provided by the manufac-
turer (Qiagen, Valencia, CA, USA). Two micrograms of total
RNA from each sample was used for reverse transcription using
a reverse transcription-PCR kit (Perkin Elmer, Foster City, CA,
USA). Quantitative real-time RT-PCR was used to quantify the
amounts of PDGF B chain and b-actin mRNAs. RT-PCR exper-
iments were repeated twice under identical conditions to verify
the results. cDNA was diluted 1 : 10 with autoclaved deionized
water and 5 ml of the diluted cDNA was added to the Lightcycler-
Mastermix (0·5 mm of specific primer, 3 mm MgCl2 and 2 ml Master
SYBR Green, Roche Diagnostics, Mannheim, Germany). This
reaction mixture was filled up with water to a final volume of 
20 ml. PCR reactions were carried out in a real-time PCR cycler
(Lightcycler; Roche Diagnostics). The program was optimized
and performed finally as denaturation at 95°C for 10 min followed
by 40 cycles of amplification (95°C for 15 s; 59°C for 4 s; 72°C for
9 s in PDGF B chain and 22 s in b-actin). The temperature ramp
rate was 20°C/s. At the end of each extension step, the fluores-
cence of each sample was measured to allow the quantification of
the PCR product. After completion of the PCR, the melting curve
of the product was measured by temperature gradient from 60 
to 95°C at 0·2°C/s with continuous fluorescence monitoring to
produce a melting profile of the primers. The amounts of PCR
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Table 1. Serum creatinine level and creatinine clearance of each treat-
ment group in WKY rats with crescentic glomerulonephritis on day 14

Serum creatinine Creatinine clearance
Group level (mg/dl) (ml/min/100 g rat)

Saline 0·64 ± 0·19 368·1 ± 89·7
CA (10 mg/kg) 0·58 ± 0·18 356·2 ± 137·5
SCA (5 mg/kg) 0·49 ± 0·06 391·8 ± 53·2
SCA (10 mg/kg) 0·46 ± 0·09 409·4 ± 86·4
mouse IgG (2 mg/kg) 0·56 ± 0·11 424·0 ± 134·2
ARP 2–4 (2 mg/kg) 0·63 ± 0·16 376·2 ± 133·5
HRL2 (2 mg/kg) 0·64 ± 0·09 368·1 ± 89·7
HRL3 (2 mg/kg) 0·58 ± 0·12 388·5 ± 100·2
Normal control 0·43 ± 0·05 484·7 ± 91·8

Data are mean ± SEM of 8 rats in each group. Numbers in parenthe-
ses represent the daily dose of the drug. There are no statistically signifi-
cant differences.

CA, colominic acid; SCA, sulphated colominic acid; mouse IgG, used
as a control for ARP 2–4; ARP 2–4, neutralizing anti-rat P-selectin mAb;
HRL2, non-neutralizing anti-rat L-selectin mAb used as a control for
HRL3; HRL3, neutralizing anti-rat L-selectin mAb.
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products were normalized with a housekeeping gene (b-actin) to
calculate the relative expression ratios for PDGF B chain mRNA.
The following oligonucleotide primers specific for rat PDGF B
chain (Gene Bank accession no. Z14117) and b-actin (accession
no. V01217) were used: PDGF, 5¢-AGGTGTTCCAGATCTCGC-
3¢ (sense) and 5¢-GTCACTGTGGCCTTCTTG-3¢ (antisense); 
b-actin, 5¢-TTGTAACCAACTGGGACGATATGG-3¢ (sense)
and 5¢-ATCGGAACCGCTCATTGCC-3¢ (antisense).

Statistical analysis
All values are expressed as the mean ± SEM. Differences between
groups were examined for statistical significance using anova fol-
lowed by Scheffe’s test. A P-value less than 0·05 denoted the pres-
ence of a statistically significant difference.

RESULTS

Metabolic data
Urinary protein excretion on days 1, 4, 8, 11 and 14 were mea-
sured in saline group, ARP 2–4 group, mouse IgG group and
normal control group (Fig. 2a). Before day 4, there was no dif-
ference between the groups with regard to urinary protein excre-
tion. However, after day 8, the urinary protein excretion of saline
group increased significantly compared with that in the normal
control group. In the saline group, urinary protein excretion 
on day 14 was over 200 mg/day. Administration of ARP 2–4 
(anti-P-selectin) significantly decreased the level of urinary
protein on day 14 to 137·1 ± 11·1 mg/day compared with that in 
saline (215·8 ± 19·0 mg/day) and mouse IgG groups (212·4
± 23·7 mg/day). On the other hand, there was no difference in
urinary protein excretion between HRL3 (anti-L-selectin; neu-
tralizing) and HRL2 (anti-L-selectin; non-neutralizing) groups
(HRL3, 180·2 ± 16·0 mg/day; HRL2, 214·7 ± 30·1 mg/day)
(Fig. 2b). In SCA and CA groups, there was no difference
between the groups in urinary protein excretion before day 4.
However, after day 8, the urinary protein excretion of 
SCA groups decreased significantly compared with that in CA
group in a dose-dependent manner (SCA, 5 mg/kg/day,
140·2 ± 11·5 mg/day; SCA, 10 mg/kg/day, 90·0 ± 16·2 mg/day; CA,
209·9 ± 20·6 mg/day) (Fig. 2c). In contrast, no differences in serum
creatinine level and creatinine clearance were noted in SCA
(5 mg/kg/day) group, SCA (10 mg/kg/day) group, CA group 
and saline group (Table 1). There was no difference in blood 
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(c)Fig. 2. Urinary protein excretion over 24 h measured on days 1, 4, 8, 11
and 14 after the injection of NTS. (a) Saline (�), anti-P-selectin mono-
clonal antibody (mAb) (ARP 2–4)(�), mouse IgG (�) and normal control
(�) group. Urinary protein excretion in saline group significantly increases
after day 8, compared with normal control group. Administration of ARP
2–4 decreases urinary protein excretion on day 14 compared with mouse
IgG group. Data are mean ± SEM of 8 rats in each group. *P < 0·01 versus
mouse IgG group, ** P < 0·01 versus saline group. (b) Anti-L-selectin mAb
(HRL3; �) and non-neutralizing anti-L-selectin mAb (HRL2; �) group.
There is no difference in urinary protein excretion between the groups. (c)
Sulphated colominic acid (SCA: 5 mg/kg/day; � and 10 mg/kg/day; �) and
nonsulphated colominic acid CA (10 mg/kg/day; �) group. Urinary protein
excretion significantly decreases in SCA group after day 8, compared with
CA group, in a dose-dependent manner. Data are mean ± SEM of 8 
rats in each group. *P < 0·01 versus CA group, ** P < 0·01 versus SCA
(5 mg/kg/day) group.

leucocyte count in CA, SCA (5 mg/kg/day), SCA (10 mg/kg/day)
and saline group on day 14 (3480 ± 1907/ml, 3975 ± 1204/ml,
3840 ± 1205/ml, 3600 ± 1474/ml, respectively).

Expression of P-selectin in the glomerulus
Indirect immunofluorescence study showed little or no expression
of P-selectin in the glomerulus before injection of NTS 
(Fig. 3a). In contrast, P-selectin expression was detected in the
glomerulus from day 1 in the saline group (Fig. 3b). Expression
of P-selectin was gradually intensified at day 4 (Fig. 3c), day 8
(Fig. 3d), day 11 (Fig. 3e) and day 14 (Fig. 3f). E-selectin and the
ligands for L-selectin were not detected in the glomeruli of 
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both normal control and saline groups. When serial sections were
stained with anti-P-selectin antibody and OX-43 (anti-rat
endothelial cell mAb), P-selectin expression was detected 
mainly in glomerular endothelial cells (Fig. 4a-d). No staining was
observed in the glomerulus both in normal and saline groups
when the secondary antibody alone was used as negative control.

Expression of ICAM-1 in the glomerulus
ICAM-1 expression was increased in the glomeruli of saline group
(Fig. 5a), ARP 2–4 group (Fig. 5b), SCA (10 mg/kg/day) group
(Fig. 5c) as compared with normal control rats (Fig. 5d). There
are no differences in ICAM-1 expression in ARP 2–4 group and
SCA group as compared with saline group.

Histopathological changes
The numbers of total leucocytes (OX-1 positive cells), macro-
phages (ED1 positive cells), CD4- and CD8-positive cells were
estimated in the glomeruli of each group on day 14 (Table 2). In
the saline group, total numbers of leucocytes, macrophages, CD4
and CD8 positive cells were higher than in normal control group.
In ARP 2–4 group, total leucocytes and macrophages in the
glomeruli were lower than in mouse IgG group and saline group.

There were no difference in total leucocytes and macrophages
between HRL3 group and HRL2 group. Total leucocytes 
and macrophages in the glomeruli were significantly lower in 
SCA groups than in CA group. Macrophage counts in the
glomerulus on day 14 were significantly lower in SCA groups 
than in CA group and the effect of SCA on these cells was 
dose-dependent. Immunoperoxidase staining showed that ED1
positive cells infiltrated in the glomerulus on day 14 in CA, SCA
(5 mg/kg/day) and SCA (10 mg/kg/day) groups (Fig. 6a-c). The
numbers of CD4- and CD8-positive cells were not different in
ARP 2–4, mouse IgG, HRL3, HRL2, SCA (5 mg/kg/day), SCA
(10 mg/kg/day), CA and saline group.

Crescent formation was less in ARP 2–4 group compared with
mouse IgG group and saline group (ARP 2–4, 28·8 ± 1·4%; mouse
IgG, 43·8 ± 1·2%; saline, 43·4 ± 1·8%), however, there were 
no difference in crescent formation between HRL3 group and
HRL2 group (HRL3, 39·4 ± 1·8%; HRL2, 42·3 ± 1·3%) (Table 2).
It was also less in SCA groups compared with CA group and
saline group in a dose-dependent manner (SCA, 5 mg/kg/day,
35·1 ± 0·7%; SCA, 10 mg/kg/day, 26·5 ± 1·2%; CA, 42·5 ± 1·4%;
saline, 43·4 ± 1·8%) (Table 2). Light microscopy showed no cres-
cent formation in the glomeruli of normal control rats (Fig. 7a).
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Fig. 3. Expression profile of P-selectin in representative glomeruli from a rat of the saline group. Indirect immunofluorescence study
showed little or no expression of P-selectin in the glomerulus before injection of NTS (a). In contrast, P-selectin expression was detected
in the glomerulus from day 1 in the saline group (b). Expression of P-selectin was gradually intensified at day 4 (c), day 8 (d), day 11 (e)
and day 14 (f). Scale bar = 50 mm.
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In the saline (Fig. 7b) and CA (Fig. 7c) groups, severe mesangial
hypercellularity, mesangial matrix expansion, necrotizing lesions
and cellular crescent formation were observed in the kidneys har-
vested on day 14. On the other hand, histopathological changes
in the kidneys were improved in SCA group (10 mg/kg/day)
(Fig. 7d).

Expression of PDGF B chain mRNA in glomerulus
Real-time RT-PCR was used to quantify the relative abundance
of PDGF B chain and b-actin mRNA in the glomeruli. PDGF B
chain mRNA expression was significantly lower in SCA groups
than in CA group, and the effect of SCA was dose-dependent
(Fig. 8).

DISCUSSION

The adhesive interaction between leucocytes and endothelium 
is critically involved in the progression of inflammation. While 
leucocytes are only minimally adherent to the endothelium under
normal circumstances, stimulation with cytokines enhances their

adhesiveness to endothelial cells. The enhanced adhesive 
interaction is dependent on cell adhesion molecules expressed 
on endothelial cells such as P-selectin. Accumulation of CD4 
positive T lymphocytes, monocytes, and neutrophils is reduced
significantly in the inflammatory response at sites of contact
hypersensitivity in P-selectin-deficient mice [2]. Neutrophil accu-
mulation into the inflammatory site in the early stage of the arthus
reaction is inhibited by anti-P-selectin mAb [23]. These results
suggest that P-selectin plays an important role in leucocyte
recruitment into the inflammatory sites.

The role of P-selectin in the pathogenesis of glomeru-
lonephritis has still been controversial [21,22]. We and other
investigators showed increased expression of P-selectin in the
glomeruli of patients with renal diseases including crescentic
glomerulonephritis and diabetic nephropathy [31,32]. Huang et al.
[33] demonstrated that the expression of both P-selectin and
monocyte chemoattractant protein-1 was up-regulated in the
glomeruli of rats with anti-GBM antibody-induced glomeru-
lonephritis. Furthermore, treatment with an anti-P-selectin anti-
body prevented proteinuria and intraglomerular neutrophil

© 2002 Blackwell Science Ltd, Clinical and Experimental Immunology, 129:43–53

a

c d

b

Fig. 4. Immunofluorescence micrographs showing expression of OX-43 (a, b) and P-selectin (c, d) in representative glomeruli from a rat
of the saline group on day 14. (a) Indirect immunofluorescence staining for endothelial cell. (b) Higher magnification of (a), arrow indi-
cates endothelial cell. (c) Indirect immunofluorescence staining for P-selectin in a serial section of (a). (d) Higher magnification of (c),
arrow indicates P-selectin positive cell. Scale bar = 50 mm.
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Fig. 5. Expression of ICAM-1 in representa-
tive glomeruli of WKY rats with crescentic
glomerulonephritis on day 14. a-d: Im-
munofluorescence-stained sections (a) saline
group, (b) ARP 2–4 group, (c) SCA
(10 mg/kg/day) group, (d) normal control
group. ICAM-1 expression in the glomerulus
was detected at day 14, and there was no dif-
ference in the saline group (a), ARP 2–4 group
(b) and SCA group (c). There was little or no
expression of ICAM-1 in the glomerulus in
normal control group (d). Scale bar = 50 mm.

Table 2. Densities (number/glomerulus) of total leucocytes (OX-1), macrophages (ED1), CD4 and
CD8 positive cells, and crescent (%) in glomeruli of each treatment group in WKY rats with crescentic

glomerulonephritis on day 14

Group OX-1 ED1 CD4 CD8 Crescent

Saline 20·5 ± 0·8 17·7 ± 0·8 2·0 ± 0·1 1·1 ± 0·1 43·4 ± 1·8
CA (10 mg/kg) 20·1 ± 0·4 18·0 ± 0·3 2·0 ± 0·1 1·0 ± 0·1 42·5 ± 1·4
SCA (5 mg/kg) 17·9 ± 0·4*† 14·4 ± 0·6*† 1·9 ± 0·1 0·9 ± 0·1 35·1 ± 0·7*†
SCA (10 mg/kg) 15·9 ± 0·4*†‡ 12·6 ± 0·5*†‡ 1·8 ± 0·1 0·9 ± 0·1 26·5 ± 1·2*†§
mouse IgG (2 mg/kg) 20·2 ± 0·4 18·1 ± 0·3 2·2 ± 0·1 1·2 ± 0·1 43·7 ± 1·2
ARP 2–4 (2 mg/kg) 16·3 ± 0·3*¶ 14·2 ± 0·4*¶ 2·0 ± 0·1 1·0 ± 0·1 28·8 ± 1·4*¶
HRL2 (2 mg/kg) 20·6 ± 0·5 17·6 ± 0·5 2·3 ± 0·1 1·2 ± 0·1 42·3 ± 1·3
HRL3 (2 mg/kg) 19·5 ± 0·6 17·2 ± 0·6 2·3 ± 0·1 1·2 ± 0·1 39·4 ± 1·8
Normal control 1·2 ± 0·1** 0·7 ± 0·1** 0·4 ± 0·1** 0·2 ± 0·1** 0**

Data are mean ± SEM of 8 rats in each group. Numbers in parentheses represent the daily dose of
the drug.

*P < 0·01 versus saline group, †P < 0·01 versus CA group, ‡P < 0·05 versus SCA (5 mg/kg) group,
§P < 0·01 versus SCA (5 mg/kg) group, ¶P < 0·01 versus mouse IgG group, **P < 0·01 versus saline,
CA,SCA (5 mg/kg), SCA (10 mg/kg), mouse IgG, ARP 2–4, HRL2, and HRL3 group.

CA, colominic acid; SCA, sulphated colominic acid; mouse IgG, used as a control for ARP 2–4;
ARP 2–4, neutralizing anti-rat P-selectin mAb; HRL2, non-neutralizing anti-rat L-selectin mAb used
as a control for HRL3; HRL3, neutralizing anti-rat L-selectin mAb.
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a b c

Fig. 6. Identification and quantification of ED1-positive cells in representative glomeruli of WKY rats with crescentic glomerulonephritis
on day 14. a-c: Immunoperoxidase-stained sections (a) CA group, (b) SCA (5 mg/kg/day) group, (c) SCA (10 mg/kg/day) group. Scale
bar = 50 mm.

accumulation in mouse anti-GBM glomerulonephritis [34] and in
rat concanavalin A-induced immune complex glomerulonephritis
[35]. On the other hand, Papayianni et al. [36] reported that
glomerular leucocyte recruitment was not attenuated by anti-P-
selectin antibody in rat model of immune complex glomeru-
lonephritis.

L-selectin, which is expressed on leucocytes, binds to natural
ligands on endothelial cells. We previously reported that soluble
L-selectin-IgG fusion protein binds to the distal tubules but 
not to glomeruli in the rat kidney suggesting that the ligands 
for L-selectin exist in distal tubular epithelial cells but not in
glomeruli under normal conditions [11,27]. We further demon-

a b

c d

Fig. 7. Histopathological findings of the kidney in crescentic glomerulonephritis in WKY rats on day 14. (a) Normal control group, (b)
Saline group, (c) CA group, (d) SCA (10 mg/kg/day) group (PAS staining, scale bar = 100 mm). Note severe mesangial hypercellularity,
mesangial matrix expansion, necrotizing lesions and cellular crescent formation are observed in the kidneys of saline and CA groups. In
comparison, note the improvement in histopathological changes in the SCA group.
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in rats with immune-complex glomerulonephritis. The different
result between our study and the previous report [36] might be
due to either differences in the blocking potential of anti-P-
selectin antibodies or differences in the type of infiltrated leuco-
cytes; neutrophil infiltration into glomeruli was predominant in
their model, while intraglomerular inflammatory cells were
mainly macrophages in our model.

SCA is known to interfere with the binding of P-selectin, but
not E-selectin, to neutrophils in vitro [9] The present results
showed that urinary protein excretion in CA group was 
>200 mg/day, while administration of SCA at 5 or 10 mg/kg/day
decreased urinary protein excretion and macrophage infiltration
in the glomeruli. However, the number of CD4 and CD8-positive
cells did not change after treatment with SCA. Anti-P-selectin
antibody and SCA did not alter the expression of ICAM-1 in the
glomeruli. Furthermore, leukopenia was not seen in rats treated
with SCA suggesting that SCA did not activate leucocytes. 
These results suggest that SCA prevents the progression of rat
crescentic glomerulonephritis by inhibiting P-selectin-dependent
macrophage infiltration into glomeruli. De Vriese  et al. [39]
recently reported that fucoidan F7, which interferes with L- 
and P-selectin-dependent adhesion in vitro, does not seem to
prevent the development of anti-GBM glomerulonephritis in 
rats. However, they did not examine the effects of anti-selectin 
antibodies in their experiment. Although the exact cause of the
discrepancy between their results and ours is not clear at present,
it might be due to differences in experimental model.

As for the importance of lymphocytes in this model, Fujinaka
et al. described that CD8-positive cells play a crucial role in
glomerular accumulation of macrophages through stimulation of
ICAM-1 and induction of inflammatory cytokines in WKY 
rats administered with anti-GBM antibody [37]. They showed 
that accumulation of CD8-positive cells increases from day 3 
to day 6 after induction of nephritis. Although glomerular accu-
mulation of CD8-positive cells and ICAM-1 expression were not
changed on day 14 in our experiment, it might be possible that
anti-P-selectin antibody and SCA altered the accumulation of
CD8-positive cells resulting in decrease in glomerular macrophage
accumulation.

PDGF is thought to contribute to the progression of renal
injury in mesangial proliferative glomerulonephritis [14,40,41],
crescentic glomerulonephritis [42,43] and diabetic nephropathy
[44]. The glomerular expression of PDGF B chain mRNA
decreased following administration of SCA. Macrophages are one
of the major sources of cytokines including PDGF. Considered
together, it seems that SCA can reduce glomerular expression of
PDGF B chain by inhibiting macrophage infiltration, although the
direct effect of SCA on PDGF production from platelets or
mesangial cells remains to be determined.

In conclusion, we have demonstrated in the present study that
SCA ameliorates rat crescentic glomerulonephritis. Our results
suggest that P-selectin partially mediate glomerular infiltration 
of macrophages and SCA may inhibit P-selectin-dependent
macrophage infiltration in the glomeruli in experimental rat 
crescentic glomerulonephritis.
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Fig. 8. Quantitative real-time RT-PCR analysis of relative expression 
of PDGF B chain mRNA in glomeruli of WKY rats with crescentic
glomerulonephritis on day 14. Numbers in parentheses represent the daily
dose of each drug in mg/kg. Relative expression of PDGF B chain mRNA
is significantly reduced in SCA groups, relative to CA group, in a dose-
dependent manner. Data are mean ± SEM of 8 rats in each group. 
*P < 0·01.

strated that anti-L-selectin antibody prevented infiltration of
macrophages into the renal interstitium after unilateral ureteral
obstruction indicating that leucocyte infiltration into interstitium
is L-selectin-dependent in rats with unilateral ureteral obstruction
[11].

WKY rats are known to be more susceptible to anti-GBM
antibody than other strains, and injection of this antibody
enhances macrophage infiltration into the glomeruli, progressive
proteinuria and crescentic glomerulonephritis [17]. In this model,
ICAM-1 mediates glomerular infiltration of leucocytes mainly
composed of macrophages, which play a central role in progres-
sion of crescentic glomerulonephritis [17,37]. However, the
involvement of selectins in glomerular leucocyte infiltration has
been uncertain in this model. In the present study, we showed
over expression of P-selectin on glomerular endothelial cells in
this model, however, anti-E-selectin antibody and soluble L-
selectin-IgG fusion protein did not react in the glomeruli sug-
gesting that E-selectin and ligands for L-selectin are not
expressed in the glomeruli in this model. Recently, Ito et al. [38]
reported the same results of ours that P-selectin was highly
expressed in glomeruli, but E-selectin and L-selectin ligands were
not detected in model of acute thrombotic glomerulonephritis.
On the other hand, anti-P-selectin mAb reduced leucocyte infil-
tration into the glomeruli, while anti-L-selectin mAb did not
change glomerular leucocyte infiltration and crescent formation.
These results suggest that P-selectin but not L-selectin mediates
leucocyte infiltration into glomeruli in this model. In contrast to
our results, Papayianni et al. [36] reported that glomerular leuco-
cyte recruitment was not attenuated by anti-P-selectin antibody
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