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Evidence from in vitro studies indicates that comple-
ment activation regulates the expression of P-selectin
on endothelial cells. This suggests that in disorders
such as ischemia/reperfusion injury, in which both
complement and P-selectin have been shown to play
a role, complement activation is a primary event and
the effects of P-selectin are secondary. To test this
hypothesis in vivo , we examined a mouse kidney
model of ischemia/reperfusion injury. Surprisingly,
the time course and extent of expression of P-selectin
was unaltered in C3-deficient mice compared with
wild-type mice, in which there was rapid but tran-
sient up-regulation of P-selectin on capillary walls
and slower accumulation of complement split prod-
uct on the tubular epithelium. In addition, treatment
with anti-P-selectin antibody to reduce the neutro-
phil-mediated reperfusion damage was equally effec-
tive in the absence of C3. These data imply that com-
plement and P-selectin-mediated pathways of renal
reperfusion injury are mutually independent, a con-
clusion that is possibly explained by the differences
in the location and time kinetics of complement acti-
vation and P-selectin expression. We conclude that in
vivo interaction between complement and P-selectin
is limited because of time and spatial considerations.
Consequently, complement and P-selectin pose dis-
tinct targets for therapy. (Am J Pathol 2004,
164:133–141)

Reperfusion injury after a period of ischemia1 involves the
development of endothelial and parenchymal damage,
neutrophil infiltration, as well as increased expression of
activated complement components2 and dysregulation
of adhesion molecules3 and cytokines.4,5 The clinical
outcome in conditions such as stroke, myocardial infarc-
tion, acute renal failure, and solid organ transplantation
depends on the severity of the ischemia/reperfusion (I/R)
injury. The pathophysiology is complex and thought to
involve at least three major contributory factors: activated

neutrophils, which cause tissue damage by releasing
cytotoxic proteases and oxygen-derived radicals; com-
plement; and adhesion molecules.6–8

Although complement activation and neutrophil infiltra-
tion have been shown to be important in the setting of
renal ischemia, as in other organs, the principal order of
involvement of these components is unclear. The cur-
rently accepted paradigm of complement and neutrophil
involvement in the inflammatory response suggests that
the earliest step is activation of the complement cas-
cade.9 Activation of complement releases a number of
proinflammatory mediators, of which C5a is a potent che-
moattractant that can directly mediate chemotaxis and
activation of neutrophils,10 resulting in tissue injury. Neu-
trophil recruitment is also dependent on the action of
adhesion molecules,11 in particular P-selectin, a 140-kd
membrane glycoprotein of platelet and endothelial cell
granules. After activation of endothelium, preformed P-
selectin is expressed on the cell surface, a process that
is rapid and can occur within 1 minute of endothelial
activation.12 P-selectin is responsible for the initial teth-
ering13 and rolling14 of neutrophils on the surface of
activated microvascular endothelium. Notably, recent
studies in mouse have demonstrated that blockade of
P-selectin conferred protection from ischemic injury after
reperfusion.15,16

It is known from in vitro studies that C5a-stimulated
human umbilical vein endothelial cells up-regulate P-
selectin, which are then able to bind nonstimulated neu-
trophils,17 and that neutrophils adhere strongly to P-se-
lectin-coated plates.18 This evidence points to a direct
causal link between activated complement, P-selectin
expression, and neutrophil recruitment. Other in vitro
studies have shown that the terminal membrane attack
complex (MAC) causes rapid surface expression of P-
selectin on cultured endothelial cells.19 In another study,
however, sublytic amounts of MAC were shown to up-
regulate expression of adhesion molecules such as en-
dothelial leukocyte adhesion molecule-1, but had no ef-
fect on P-selectin.20 These studies have highlighted
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interactions between all three major components, which
makes it difficult to understand the extent to which the
respective mechanisms interact in vivo, be they mutually
dependent, or whether they constitute separate path-
ways of injury. Such understanding is crucial to the de-
velopment of effective therapy.

Previous work in complement-deficient mice showed a
significant sparing of renal I/R injury, including a 40%
reduction of infiltrating neutrophils.21 As it is now ac-
cepted that P-selectin expression is a prerequisite for the
initial adhesion of neutrophils to activated endothelium,
and that complement may also have a bearing on neu-
trophil activity at sites of inflammation, we reasoned that
determining the activity of P-selectin in complement-de-
ficient mice would help to identify the interaction between
these two systems. If P-selectin activity were reduced in
the absence of functional complement, this would sug-
gest a role for complement in the regulation of P-selectin
expression. On the other hand, if P-selectin activity were
unabated in the absence of complement activation, this
would suggest that P-selectin expression was indepen-
dent of complement.

Here we report evidence that P-selectin and comple-
ment contribute separately to renal injury after I/R, and
propose that differences in the site and timing of the
P-selectin and complement activities may explain their
lack of interaction in vivo.

Materials and Methods

Animals

Homozygous C3-deficient mice were derived as de-
scribed previously.22,23 As C3-deficient mice were pro-
duced using C57BL/6 (B6) parents with SV129 embry-
onic stem cells, progeny were backcrossed onto the B6
parental strain for a minimum of six generations. Progeny
were maintained in specific pathogen-free conditions.
Wild-type B6 controls were purchased from Harlan UK
Ltd. (Bicester, UK). Male mice were used throughout the
experiments. All procedures for animal work were con-
ducted in accordance with the Home Office Animals
(Scientific Procedures) Act of 1986.

Ischemia Protocol

The renal ischemia protocol has been described previ-
ously.21 Briefly, Mice, weighing 22 to 25 g were anesthe-
tized by inhalation of Enflurane and by intraperitoneal
administration of Hypnovel (6.64 mg/kg), to reduce us-
age of Enflurane (Abbott Laboratories Ltd, Kent, UK). We
preferred this form of anesthesia because it proved less
toxic than barbiturate and allowed more reproducible I/R
injury. The mortality through the whole study was 2 to 3%.
Body temperature was kept constant by placing a warm
pad beneath the animal. Using a midline abdominal in-
cision, renal arteries and veins were bilaterally occluded
for 55 minutes with microaneurysm clamps (Codman,
Berkshire, UK). This period of ischemia was predeter-
mined based on a previous study in this laboratory.21

After removal of the clamps, 0.4 ml of warm saline was
placed in the abdomen, the incision was sutured, and
animals were returned to their cages. Tail blood samples
were taken at 24 hours after removing the clamps, and at
48 hours the mice were sacrificed. Terminal blood sam-
ples were collected by cardiac puncture and kidneys
were harvested for morphological analysis. Groups of
additional mice were performed identically and sacrificed
at 5, 15, 30, and 60 minutes after reperfusion, whereupon
kidneys were harvested for immunochemical staining
and blood samples obtained by cardiac puncture for
assessment of renal function.

P-Selectin Blockade and Neutrophil Depletion

P-selectin experiments used a function-blocking rat anti-
mouse P-selectin antibody RB40.34, or isotype-matched
control antibody A110.1 (BD Pharmingen, San Diego,
CA). For our ischemia studies, groups of wild-type (WT)
and complement-deficient mice were given a 40-�g dose
of RB40.34 or A110.1 by intraperitoneal injection and 4
hours after antibody treatment, animals were subjected to
bilateral renal ischemia as described above. The dose of
antibody (RB40.34) was predetermined by the inhibition
of thioglycollate-mediated migration of polymorphonu-
clear neutrophils into the peritoneum of WT mice, using a
range of concentrations from 5 to 100 �g administered
intraperitoneally to WT mice. We found that 40 �g was the
optimal dose for inhibiting polymorphonuclear neutrophil
recruitment to the peritoneum. In a further study we con-
firmed that functioning RB40.34 is efficacious at 6 hours
after intraperitoneal administration. WT mice were admin-
istered a 40- or 25-�g dose of RB40.34 by intraperitoneal
injection and serum was obtained 6 hours later. Har-
vested serum was then administered intraperitoneally to
WT mice and its ability to block thioglycollate-induced
peritoneal migration of polymorphonuclear neutrophils
was determined. We found that transferred serum had
sufficient anti-P-selectin activity to completely block poly-
morphonuclear neutrophil migration into the peritoneum
at both concentrations. In other experiments, WT or com-
plement-deficient mice were administered a 150-�l dose
of rabbit anti-mouse neutrophil serum (ANS; Intercell
Technologies, Hopewell, NJ), or control normal rabbit
serum (DAKO Ltd., Cambridge, UK), together with a
40-�g dose of either anti-P-selectin monoclonal antibody
(mAb) or isotype-matched control mAb per animal by
intraperitoneal injection. Four hours after administration of
antibody and ANS, animals were subjected to 55 minutes
of bilateral renal ischemia, as previously described.
Normal rabbit serum used above was dialyzed against
phosphate-buffered saline (PBS) to remove sodium
azide. The dose of ANS and control normal rabbit serum
was chosen on the basis of a previous study.24 The
efficacy of neutrophil depletion was confirmed by count-
ing circulating neutrophils in treated animals 4 hours after
ANS treatment.
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Inhibition of Complement Activity and P-Selectin
Blockade

In this experiment, 1 mg of monoclonal anti-mouse C5
antibody (BB5.1) was injected intraperitoneally 16 hours
before induction of renal ischemia, in the presence or
absence of 40 �g of anti-P-selectin mAb, provided intra-
peritoneally 4 hours before induction of ischemia. The
efficacy of inhibition of complement activity by anti-
mouse C5 antibody was confirmed by measuring hemo-
lytic activity in animals treated with this antibody as de-
scribed previously.21,25

Assessment of Renal Function

Blood urea nitrogen (BUN) was determined using a stan-
dard urease assay kit from Sigma [BUN (Infinity); Sigma-
Aldrich Co., Dorset, UK]. We have previously found ex-
cellent correlation between BUN and serum creatinine
measurements in this setting (correlation coefficient r2 �
0.8675).26

Assessment of Renal Pathology

Kidney removed surgically at specified times after isch-
emia, was cut coronally and fixed in a solution of 1%
paraformaldehyde for 24 hours and embedded in paraf-
fin. Sections (2 �m) were stained using the periodic
acid-Schiff reaction and reviewed in a blinded manner by
two persons. From four coronal sections per animal, at a
magnification of �160, the percentage of tubules in the
corticomedullary junction showing epithelial necrosis was
estimated, using a well-established five point scale: 0,
normal kidney; 1, less than 10% necrosis; 2, 10 to 25%
necrosis; 3, 26 to 75% necrosis; and 4, greater than 75%
necrosis.24 To detect the presence of thrombosis within
kidney sections, Martius scarlet and blue staining was
used for highly selective detection of thrombosis.27

Immunochemical Staining

Coronally cut kidney (half kidney) was embedded in OCT
compound and frozen in liquid nitrogen. Frozen sections
(4 �m) were air-dried for a minimum of 20 minutes at
room temperature and then acetone-fixed. Sections were
incubated with rat anti-mouse P-selectin clone RB40.34,
followed by biotin-conjugated secondary antibody and
finally by streptavidin-peroxidase conjugate. For neutro-
phil staining, rat anti-mouse neutrophil antibody (Serotec,
Oxford, UK) was followed by horseradish peroxidase-
conjugated goat anti-rat IgG. For C3 staining, rabbit anti-
human C3d was followed by fluorescein isothiocyanate-
conjugated goat anti-rabbit IgG. The primary antibody for
C3d staining, all secondary reagents and streptavidin-
peroxidase conjugate were purchased from DAKO, Cam-
bridge, UK. The amount of complement deposition and
P-selectin expression were quantified using LUCIA im-
age analysis software (Jencons-PLS, Forest Row, East
Sussex, UK). Briefly, at a magnification of �400, for each
animal, 20 fields from two stained kidney sections were

photographed. Areas of positive staining in each image
were outlined, highlighted, and calculated automatically.

Neutrophil Counts and Myeloperoxidase (MPO)
Activity

After immunochemical staining for neutrophil infiltration
as described above, discrete, individually stained neu-
trophils were counted within the corticomedullary junction
using an eyepiece graticule at a magnification of �250
and expressed as number of neutrophils per field. For
each animal, 10 fields from four kidney sections were
counted. MPO activity, used as an indicator of neutrophil
infiltration, was measured as previously described.28,29

Harvested kidney tissue (quarter kidney), was homoge-
nized in 5 mmol/L of potassium phosphate buffer (pH
6.0). Homogenates were centrifuged at 30,000 � g for 20
minutes at 4°C. The pellets were resuspended in 1 ml of
extraction buffer (50 mmol/L potassium-phosphate
buffer, pH 6.0, containing 0.5% hexadecyl trimethylam-
monium bromide) and then subjected to three rounds of
freeze-thawing. Supernatants were generated by clarifi-
cation at 13,000 � g for 15 minutes at 4°C. Sample
protein concentrations were determined using a Micro
BCA protein assay reagent kit (Pierce Chemical Co.,
Rockford, IL), using bovine serum albumin for a standard
curve. MPO was assayed using a microtiter plate
method, which involved mixing 100 �l of sample with 100
�l of reaction buffer (50 mmol/L potassium-phosphate
buffer, pH 6.0, containing 0.167 mg/ml of O-dianisidine
dihydrochloride and 0.0006% H2O2). Absorbance was
measured at 460 nm and MPO content was converted to
U of MPO activity per mg of protein and represented as
percentage MPO activity above that of normal mouse
kidney.

Intraperitoneal Neutrophil Migration

To determine the intrinsic ability of neutrophils to migrate
to sites of inflammation in C3-deficient mice, thioglycol-
late, an effective inducer of neutrophil-mediated inflam-
mation was used as described previously.30 Because the
action of thioglycollate is dependent on the activity of the
alternative pathway of complement activation, C3-defi-
cient mice and WT controls were administered 150 �l of
WT serum intraperitoneally as a source of C3. Control WT
and C3-deficient mice were injected with PBS. After 45
minutes, all mice were injected intraperitoneally with 1 ml
of 3% thioglycollate (Difco, Detroit, MI) in PBS. After 3
hours, mice were sacrificed and the peritoneal cavity was
washed with 3 ml of PBS three times. Total cells from the
lavage were recovered by centrifugation at 350 � g. Red
blood cells were lysed by resuspending in 0.5 ml of water
for 15 seconds. Isotonicity was restored by adding 30 ml
of PBS. Contaminating macrophages were removed by
adherence to nontissue culture-grade Petri dishes for 30
minutes at room temperature. Unbound neutrophils were
recovered and counted using a hemocytometer and sub-
populations were determined by differential counts on
hematoxylin-stained smears.
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Statistical Analysis

Results are expressed as arithmetic means (� SEM).
Statistical analyses between experimental groups were
performed using unpaired Student’s t-test. A difference
was considered to be significant when P � 0.05.

Results

P-Selectin and Activated Complement Are
Expressed at Different Sites and Different Times
after Reperfusion in Ischemic Kidney

We performed detailed examination of P-selectin expres-
sion and C3 split product deposition in the first 24 hours
after the reperfusion of ischemic mouse kidney. Quanti-
tative image analysis of stained tissues showed that P-
selectin expression was rapidly up-regulated, with peak
expression by 4 hours after reperfusion (Figure 1a and
Figure 2, b and c). In contrast, peak deposition of C3 split
product occurred at least 24 hours after reperfusion, by
which time P-selectin expression had almost returned to
baseline (Figure 1a and Figure 2, e and f). Up-regulation
of P-selectin occurred only on the capillary wall, whereas
C3 deposit (and MAC; not shown) was present mainly on
the surface of damaged tubules (Figure 2, e and f).
Neutrophil infiltration peaked at 24 hours after reperfu-
sion, primarily involving the interstitial areas around dam-
aged tubules (Figure 2, h and i).

P-Selectin Expression Is Unimpaired in C3-
Deficient Mice

We next examined C3-deficient mice to determine
whether up-regulation of renal P-selectin was altered in
the absence of complement activation. P-selectin expres-
sion after 30 minutes of reperfusion was not significantly
different from that in WT mice (mean area of P-selectin
expression/section 80.9 � 9.3 �m2 versus 90.0 � 4.63
�m2; P � 0.05). Similarly, after 4 hours of reperfusion
there was no significant difference in P-selectin expres-
sion between C3-deficient and WT mice (315.5 � 59.1
�m2 versus 225.9 � 31.7 �m2; P � 0.05). Thus, dysregu-
lation of P-selectin occurred in the absence of comple-
ment activation.

P-Selectin Blockade Is Effective in the Absence
of Complement Activation

To examine the function of P-selectin in the absence of
complement activation, we induced I/R injury in C3-defi-
cient or WT mice after pretreatment with anti-P-selectin
antibody or control antibody. Whereas the combined ef-
fect of C3 deficiency and P-selectin blockade was to
reduce renal functional impairment by 62 to 73%, C3
deficiency alone led to 46 to 52% reduction, and P-
selectin inhibition to 27 to 28% reduction, compared with
their respective controls (Figure 3a). Thus, P-selectin
blockade was effective even in the absence of comple-
ment activation. Furthermore, the effects of C3 deficiency
and P-selectin inhibition were additive, implying that P-
selectin exerts an effect on renal functional injury inde-
pendently of complement. Structural damage, consisting
of thinning and degeneration and shedding of the tubular
epithelium, with tubule cast formation, was present only in
the hypoxia-sensitive region of the corticomedullary junc-
tion. The amount of damage was proportional to the
degree of functional impairment in the respective groups
of mice (Table 1 and Figure 4).

To confirm these findings and show that the observa-
tions in C3-deficient mice were the result of complement
deficiency and not an artifact of gene disruption, we
performed studies in WT mice treated with complement
inhibitor. For this we used an anti-mouse C5 mAb
(BB5.1), because this antibody has been shown to block
the formation of both C5a and C5b-9, which are thought
to be the main complement effector products of mouse
kidney I/R injury.21,31 Furthermore, a single intraperito-
neal injection of BB5.1 results in marked inhibition of
complement hemolytic activity for several days.25 We
confirm here that treatment of WT mice with BB5.1 inhib-
ited complement hemolytic activity for the full 24-hour
period required for our study when compared to non-
treated WT animals (20.55% � 1.35 versus 83.05% �
0.65; P � 0.05). Under these conditions, renal functional
impairment in the presence of combined complement
and P-selectin blockade was reduced by 63% compared
with only 31% with P-selectin treatment alone (Figure 3b).
Anti-P-selectin therapy was therefore effective in comple-
ment-inhibited as well as in complement-deficient mice.

Figure 1. Effect of ischemia (55 minutes) and reperfusion on P-selectin
expression, complement deposition, and neutrophil infiltration in WT mice.
a: Relationship between P-selectin and complement at different times after
reperfusion. In each group, mean areas of positive P-selectin expression or
complement deposition were determined within 40 high-powered fields per
animal (see Materials and Methods). b: Infiltration of neutrophils at different
stages after reperfusion. In each group, mean neutrophil counts were deter-
mined in 8 to 12 fields per animal. Numbers in parentheses represent
numbers of animals studied at each point.
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P-Selectin Blockade Is Sufficient to Explain the
Effects of Neutrophil-Mediated I/R Injury

As illustrated in Figure 5, both complement and P-selec-
tin can mediate inflammatory cell infiltration into postisch-
emic kidney, as assessed by neutrophil-specific immu-
nohistochemistry and neutrophil counts. Neutrophil
infiltration was compromised furthest in C3-deficient mice
treated with anti-P-selectin antibody, when compared
with C3 deficiency alone, or with P-selectin inhibition
alone (Figure 5c). The reduction in neutrophil infiltration
was proportional to the degree of functional impairment in
the respective experimental groups (Figure 3 and Figure
5c). Tissue MPO activity measurement was in agreement
with neutrophil counts, ie, anti-P-selectin treatment re-
duced MPO activity in WT mice (83.7% � 24.6 versus
142.6% � 28.8) and C3-deficient mice (23.6% � 8.5
versus 43.7% � 18.2), compared to control antibody
treatment. MPO activity is expressed as percentage of
normal nonischemic kidney. Residual MPO activity was
observed in both groups and may represent expression
by other infiltrating cells such as macrophages.

To clarify the efficiency of P-selectin blockade in pre-
venting neutrophil incursion into injured tissue, we com-

pared the effect of P-selectin blockade with a specific
neutrophil-depleting antiserum. Neutrophil depletion 4
hours before the induction of ischemia was found to be
effective because preliminary studies demonstrated a
78.3% reduction in the number of circulating neutrophils
compared to control-treated and normal WT control ani-
mals. As can be seen in Figure 6, both MPO activity
(Figure 6a) and functional renal injury (Figure 6b) were
reduced after neutrophil-specific depletion or P-selectin
blockade. Each treatment had a similar degree of effect.
The effect of combined P-selectin and neutrophil inhibi-
tion was nonadditive, indicating complete overlap of
function (Figure 6). Our preliminary studies showing com-
plete arrest of neutrophil migration in the presence of
P-selectin blockade (see Materials and Methods), sug-
gest that anti-P-selectin antibody was an efficient means
of preventing neutrophil migration into reperfused tissue.
The remaining MPO activity after P-selectin blockade
is therefore likely to be explained by a nonneutrophil
source.

The above experiments show that C3-deficient mice
had reduced neutrophil infiltration after I/R. To demon-
strate that the defect in neutrophil infiltration was because
of C3 deficiency and not to an intrinsic defect in neutro-

Figure 2. Staining for P-selectin expression, complement activation product, and neutrophil infiltration. Normal untreated WT mice and WT mice treated with 55
minutes of bilateral renal ischemia followed by reperfusion for 4 and 24 hours. a, b, and c: P-selectin expression is seen on corticomedullary small peritubular
vessels. d, e, and f: Immunochemical staining of C3d is present on the basolateral surface of renal tubular epithelium. g, h, and i: Immunochemical staining of
neutrophils in the corticomedullary junction. Original magnifications: �1000 (a–c); �400 (d–f); �250 (g–i).
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phil migration in the mutant mice, we assessed the ca-
pacity for neutrophil migration after intraperitoneal injec-
tion of thioglycollate. In C3-deficient mice reconstituted
with whole serum, the neutrophil response was compa-
rable with that achieved in WT control mice (total cell
counts in the peritoneal washout: 6.91 � 106 � 1.97
versus 4.94 � 106 � 1.03). Neutrophil migration was
severely compromised in C3-deficient mice that had not
received whole serum as a means of restoring comple-
ment activity (total cell count in the peritoneal washout:
2.35 � 106 � 1.17). WT mice injected with whole serum
before challenge with thioglycollate elicited a neutrophil
response comparable to WT controls that received PBS
before thioglycollate, confirming that whole serum did not

induce an indirect effect on the migration of neutrophils in
WT animals (data not shown).

Discussion

In this study we have attempted to define the relationship
between complement activation, P-selectin expression,
and neutrophil recruitment in the setting of renal I/R injury.
We anticipated that up-regulation of P-selectin would be
reduced in complement-deficient mice, in view of the
known ability of C5a and MAC to increase P-selectin
expression on cultured endothelial cells.17,19 However,
neither the expression nor the pathological function of
P-selectin was affected in complement-deficient animals.
Moreover the effects of C3 deficiency and P-selectin
appeared to be additive in the prevention of renal dys-
function. We therefore propose that the underlying mech-
anisms of complement-mediated and P-selectin-medi-
ated renal I/R injury are distinct.

The function of P-selectin is to mediate leukocyte em-
igration via the microvascular endothelium at sites of
inflammation.32 Although many factors, eg, chemokines,
leukotrienes, and integrins, can also contribute to neutro-
phil migration, P-selectin had a major effect in our model.
The anti-inflammatory effect of P-selectin blockade was
equal to the effect of specific neutrophil depletion in our
experiments, both in functional and MPO studies. Fur-
thermore, there was no additional benefit when neutro-
phil-depleting antibody was combined with P-selectin
blockade. In other words, P-selectin activity accounted
substantially for the migration of the neutrophil population
defined by immunodepletion. Tissue neutrophil activity
was not completely prevented by either treatment, and
therefore blockade of neutrophil function in our studies
could have been incomplete.

Previous work on C6-deficient mice has highlighted a
role for the terminal components of complement in renal
I/R injury, and suggested that chemoattractant factors
released at earlier stages of complement activation are
less important for the development of such injury.21 The
data presented here are consistent with this view, in that
P-selectin mediation was sufficient to account for the
neutrophil effect in our model of renal I/R injury, whereas
complement appeared to act separately and cause an
additive effect on tissue injury. Other studies have iden-
tified a role for the anaphylatoxin C5a in both cardiac33

and renal I/R damage, although data in the renal model
indicate that the effect of C5a may be mediated through
action on the tubule cell, which bears C5a receptors,
rather than a neutrophil-mediated effect.31

It is known that C5a and MAC can regulate the surface
expression of P-selectin on cultured endothelial cells. In
distinction, our present studies show that the expression
and function of P-selectin was unmodified by the ab-
sence of complement activation in C3-deficient mice, and
that anti-P-selectin treatment was effective even in the
presence of C5 blockade. In explaining the lack of effect
of complement on P-selectin in vivo, we note that P-
selectin had an early wave of expression peaking at 4
hours after reperfusion and that P-selectin was mainly

Figure 3. Effect of renal ischemia on renal function in WT, C3-deficient, and
complement-inhibited mice. a: WT and C3-deficient mice underwent 55
minutes of bilateral renal ischemia 4 hours after receiving anti-P-selectin mAb
or isotype-matched control mAb, as indicated. Blood urea nitrogen was
measured 24 to 48 hours after removal of the clamps. b: WT mice were
complement-inhibited by intraperitoneal administration of anti-C5 mAb 16
hours before induction of ischemia. WT and anti-C5-treated WT mice under-
went 55 minutes of bilateral renal ischemia 4 hours after receiving anti-P-
selectin mAb as indicated. Reperfusion was for 24 hours. Dashed line
represents BUN measurement in normal animals. Numbers in parentheses
represent the number of animals studied in each group. P values are for
comparisons as shown. P values of �0.05 were seen after 48 hours of
reperfusion.

Table 1. Severity Score of Renal Tubular Damage

Mice Score P value

WT control-treated 3.1 � 0.96 (n � 9) —
WT anti-P-selectin-treated 2.4 � 0.55 (n � 8) �0.05
C3-deficient control-treated 2.0 � 0.32 (n � 9) �0.001
C3-deficient, anti-P-selectin-

treated
1.3 � 0.56 (n � 8) �0.001

Values presented are means � SEM. Numbers in parentheses
represent the number of animals studies in each group. Between two
and three sections were evaluated per animal. P values are for
comparison of all groups to WT control-treated group.
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located on the capillary wall. In contrast, C3 deposition
occurred predominantly on the renal tubule and exhibited
a slower rate of accumulation. After reperfusion and sub-
sequent activation of endothelium by the resulting me-
tabolites of ischemia, preformed P-selectin translocates
to the endothelial cell surface within minutes, from intra-
cellular granules called Weibel-Palade bodies and from

the � granules of platelets.34 In addition to this early wave
of expression, P-selectin is also transcriptionally regu-
lated and expression is transiently induced 2 to 4 hours
later by lipopolysaccharide, tumor necrosis factor-�, and
interleukin-1.34 Although complement activation is also a
rapid process, the ongoing accumulation of complement
split product is likely to represent amplification of the

Figure 4. Effect of renal ischemia and reperfusion on renal morphology and fibrin deposition in WT and C3-deficient mice pretreated with anti-P-selectin or
control mAb. Light microscopy of kidney corticomedullary junction showing tubular damage at 48 hours of reperfusion. a: WT control-treated; b: WT
anti-P-selectin-treated; c: C3-deficient control-treated; d: C3-deficient, anti-P-selectin-treated mice. e and f: Martius scarlet and blue staining at damaged tubular
area in WT control-treated (e) and C3-deficient, anti-P-selectin-treated (f) mice. Fibrin, erythrocytes, nuclei, and connective tissue stain as red, yellow, black, and
blue, respectively. Original magnifications: �250 (a–d); �400 (e, f).
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complement cascade by the alternative pathway, after an
initial triggering event.35 It is highly possible therefore,
that the peak activities of complement and P-selectin did
not coincide in vivo, and hence failed to show significant
interaction. Concurrent analysis of neutrophil infiltration
shows a marked increase in numbers from 4 hours of
reperfusion, coinciding with peak expression of transcrip-
tionally induced P-selectin.36,37

In conclusion, our data suggest a particular order of
events after renal ischemia and reperfusion. An initial
burst of P-selectin expression is followed by P-selectin-
mediated neutrophil infiltration and complement attack
on the renal tubules. This order of events, as well as the
different tissue-compartment locations of P-selectin and
complement in post-ischemic mouse kidney, may explain
the independence of P-selectin and complement in the
functional inhibition studies. Furthermore, although anti-
P-selectin antibody and neutrophil depletion are likely to
be redundant as a therapeutic combination, dual therapy
targeting P-selectin and the complement cascade (at
intravascular and extravascular sites, respectively) may
prove successful.
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