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Previous work has indicated that complement is a mediator of ischemia/reperfusion (I/R) injury. To
investigate the components of complement responsible for this effect, we examined a model of renal
I/R injury in C3-, C4-, C5-, and C6-deficient mice. We occluded the renal arteries and veins (40-58 min-
utes) and, after reperfusion (0-72 hours), assessed renal structural and functional injury. C3-, CS-,and
Cé6-deficient mice were protected from renal I/R injury, whereas C4-deficient mice were not protect-
ed. C6-deficient mice treated with antibody to block C5a generation showed no additional protection
from I/R injury. Reconstitution with C6 alone restored the I/R injury in C6-deficient mice. Tubular
epithelial cells were the main structures damaged by complement-mediated attack, and, in contrast,
the renal vessels were spared. Neutrophil infiltration and myeloperoxidase activity were reduced in C-
deficient mouse kidney, but by a similar extent in C3-deficient and C6-deficient mice. We conclude
that the membrane attack complex of complement (in which C5 and C6 participate) may account for
the effect of complement on mouse renal I/R injury. Neither C5a-mediated neutrophil infiltration nor
the classic pathway, in which C4 participates, appears to contribute to I/R injury in this model. By con-
trast with other organs, such as the heart, the primary effect of complement in the ischemic area is on
the parenchymal cell rather than the vascular endothelial cell. The membrane attack complex of com-

plement is a potential target for prevention of I/R injury in this model.

J. Clin. Invest. 105:1363-1371 (2000).

Introduction

Ischemia reperfusion (I/R) injury occurs when blood
flow is restored after an extended period of ischemia
(1). It is a common source of morbidity and mortality
in conditions such as myocardial infarction, stroke, gut
ischemia, and cardiopulmonary bypass; for which there
is often no specific therapy. Renal I/R damage is a fea-
ture of acute hypovolemic renal failure (2, 3) and has a
major impact on short- and long-term graft survival
after organ transplantation (4, 5).

The pathophysiology of I/R injury is complex, with at
least three major components contributing to the
process of reperfusion injury: molecular oxygen, neu-
trophils, and components of the activated complement
(C) cascade (6-8). More recent studies have recognized
the importance of factors produced by activated
endothelium in I/R injury, such as adhesion molecules,
cytokines, platelet-activating factors, leukotrienes, P-
selectin, and endothelin (9-12). Although the genera-
tion of oxygen-derived free radicals and neutrophil acti-
vation are most noteworthy, C activation is an early
event in the course of reperfusion injury. The generation
of C effector molecules may influence the function of
other factors, such as free radicals, neutrophils, and the

products of activated endothelium (8). C activation
releases a number of biologically active products, sever-
al of which possess proinflammatory activity in vitro.
The early products C4a, C3a, and C5a, the anaphylatox-
ins, can induce smooth muscle contraction, increase vas-
cular permeability, and cause the release of histamine
(13, 14). In addition, C5a can act directly on neutrophils,
promoting chemotaxis and activation (13), and can act
on both neutrophils and endothelium to upregulate cell
adhesion molecules such as CD11b/CD18 and intercel-
lular adhesion molecule (ICAM-1) (15, 16). The mem-
brane attack complex (MAC), C5b-9, inserts into the
membrane of target cells, directly inducing cell injury
and necrosis (17). Sublethal amounts of C5b-9 can acti-
vate neutrophils and endothelium by upregulating
adhesion molecules and promoting the release of cell
stimulants such as hydrolytic enzymes, reactive oxygen
species, arachidonic acid metabolites, and cytokines
(18-21). In addition, C5b-9 can enhance the procoagu-
lant properties of endothelium (22).

The role of C in I/R injury has been studied in a num-
ber of organs such as heart, lung, brain, intestine, and
muscle. Weisman et al. demonstrated that C inhibition
with soluble C receptor type 1 (sCR1), administered
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before coronary occlusion, reduced myocardial infarct
size after reperfusion in rats (23). Using cobra venom
factor (CVF) to deplete C in rats, Ikai et al. showed that
systemic shock was reduced in intestinal I/R (24), and
Eppinger et al. showed that lung I/R injury was reduced
in rats (25). Weiser et al. found that hind limb I/R
injury was reduced in C-deficient (def) mice (26). These
studies suggest that C play an important pathogenic
role in I/R injury. However, much less is known about
the relative importance of the early (C4a, C3a), inter-
mediate (C5a), and late (C5b-9) products of C activa-
tion in the generation of I/R injury. This is important
because by understanding the means by which C par-
ticipates in the pathogenesis of I/R injury, one can be
more precise about targets for therapy. In renal I/R
injury, little is known about the role of C.

The renal tubule is one of the main targets damaged
in renal I/R injury, with important functional conse-
quences on the regulation of urine volume and com-
position. The tubular epithelial cell may actively con-
tribute to the process of injury, given that when
stimulated by inflammatory mediators such as com-
plement, proximal tubule cells in culture release profi-
brotic growth factors, cytokines, and matrix proteins
(27-30). A key question about the potential role of C in
reperfusion injury is whether it acts predominantly on
the parenchymal cell or on the endothelial cell of ves-
sels delivering blood to the ischemic area or whether it
acts mainly by recruiting inflammatory cells into the
damaged area. Endothelial- and neutrophil-mediated
damage has been suggested as a predominant mecha-
nism by myocardial reperfusion studies (31).

We set out primarily to dissect the contribution of
specific complement components in renal I/R injury,
namely C3, C4, C5, and C6. A secondary objective was
to characterize more fully the tissue segment targeted
by the complement attack.

Methods

Animals. Homozygous C3- and C4-def mice were
derived by homologous recombination in embryonic
stem cells as described previously (32, 33). Because C3-
and C4-def mice were produced in C57/BL6 (B6) with
129 strain embryonic stem cells, we used B6x129 F2 lit-
termates as wild-type (WT) controls for most experi-
ments. We also performed experiments (when indicat-
ed) with B6 C3-def mice that were backcrossed onto the
B6 parental strain for eight generations, once these
were available. Backcrossed-to-B6 skin grafts were
accepted indefinitely (>100 days). C5-def mice have a
spontaneous mutation of their complement compo-
nent. CS5-def (B10.D2.osn) and CS-sufficient (sufj
B10D2.nsn) mice were purchased from The Jackson
Laboratories (Bar Harbor, Maine, USA). C6-def mice
were derived from a Peruvian strain backcrossed with
C3H/He mice for ten generations. These C3H/He C6-
def mice were provided by P. Lachmann (Cambridge,
United Kingdom) (34), and the C3H/He (WT) mice
were purchased from Harlan UK Ltd. (Bicester, United

Kingdom). All C-def mice had no plasma activity of
their respective C components. Eight-week-old male
mice were used throughout the experiments.

Ischemia protocol. Mice (25-30 g) were anesthetized by
inhalation of Enflurane (Abbott Laboratories Ltd.,
Kent, United Kingdom) and by intraperitoneal admin-
istration of Hypnovel (6.64 mg/kg; Roche Products Ltd.,
Welwyn Garden City, United Kingdom), to reduce the
usage of Enflurane. We preferred this form of anesthe-
sia, as it proved less toxic than barbiturate and allowed
more reproducible I/R injury. Body temperature was
kept constant by placing a warm pad beneath the ani-
mal. Using a midline abdominal incision, renal arteries
and veins were bilaterally occluded for 58 minutes
(except CS-def and C5-suf mice, which had their vessels
occluded for 40 minutes) with microaneurysm clamps
(Codman, Berkshire, United Kingdom). This period of
ischemia was predetermined (for this anesthetic proto-
col) using a range of occlusion times of 30-62 minutes
and found to give reversible injury. After occlusion, 0.8
mL of prewarmed (37°C) saline was placed in the
abdominal cavity and the abdomen was closed. After
removal of the clamps, the kidneys were observed for an
additional 1 minute to see the color change indicative
of blood reflow. After suturing, the incision mice were
returned to their cages. Sham-treated mice had identi-
cal surgical procedures except that microaneurysm
clamps were not applied. Tail blood samples were taken
at 6, 24, and 48 hours of reperfusion. Mice were sacri-
ficed at 72 hours; blood samples were collected by car-
diac puncture; and kidneys were harvested for assess-
ment of renal injury. Additional, identically treated
groups of mice were also sacrificed at 2, 6, 24, and 48
hours of reperfusion. Harvested kidney samples were
used for histological examination and immunochemi-
cal staining. Although in previous studies of renal I/R
injury in mice, an ischemia of 30-32 minutes was
applied (9, 35), we found that under our anesthesia con-
ditions, for most strains of mice, 58 minutes of ischemia
was optimal to reproduce functional impairment while
avoiding the no-reflow phenomenon. In total, 375 mice
were evaluated in this study.

Assessment of renal function. Blood urea nitrogen (BUN)
was measured by coupled enzyme reactions involving
urease and glutamate dehydrogenase using a Sigma Kit
(BUN [Rat]; Sigma-Aldrich Co., Dorset, United King-
dom). Serum creatinine was measured by HPLC and
performed by hospital research services. We achieved
reproducible correlation between the two assays, and
therefore creatinine data are not shown.

Assessment of renal morphological changes. After surgical
removal from mice, kidneys were cut coronally, fixed in
4% paraformaldehyde and embedded in paraffin. Sec-
tions (2 Pm) were stained with periodic acid-silver
nitrate (PAS) and reviewed in a blinded fashion by two
persons. One whole deep coronal section was examined
under a microscope. The percentage of tubules dam-
aged in the corticomedullary junction was estimated
using a five-point scale (9) as follows: 0, normal kidney;
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1, less than 10% necrosis; 2, 10-25% necrosis; 3, 25-75%
necrosis; and 4, more than 75% necrosis. Martius scar-
let and blue (MSB) staining, a method highly selective
for fibrin, was performed to detect thrombosis (36).

Myeloperoxidase activity. Myeloperoxidase (MPO) activ-
ity, used as an indicator of neutrophil infiltration, was
assayed in supernatants of kidney homogenates as
described previously (37). Briefly, kidney tissue (quar-
ter-kidney) was homogenized in 5§ mM potassium
phosphate buffer (pH 6.0). Homogenates were cen-
trifuged at 30,000 g for 30 minutes at 4°C. The pellets
were resuspended in 1 mL of extraction buffer (50 mM
potassium phosphate buffer [pH 6.0] containing 0.5%
hexadecyl trimethylammonium bromide [HTAB]) and
followed by three rounds of freeze/thawing. Super-
natants were generated by clarification 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, Illinois,
USA), using BSA for the standard curve. MPO was
assayed by a microtiter plate method. Briefly, 100 UL of
sample was mixed with 100 UL of reaction buffer (50
mM potassium phosphate buffer [pH 6.0], containing
0.167 mg/mL of 0-dianisidine dihydrochloride, and
0.0006% H,O,). Absorbance was measured at 460 nm
using a microplate reader. MPO content was expressed
as units of MPO activity per milligram of protein.

Immunochemical staining. Frozen sections (4 lm) were
cut and fixed with acetone and then stained using an
indirect method. The following antibodies were used:
for neutrophil staining, rat anti-mouse neutrophil
(Serotec Ltd., Oxford, United Kingdom) and horserad-
ish peroxidase-conjugated (HRP-conjugated) goat
anti-rat IgG; for C3 staining, rabbit anti-human C3d
(Dako Ltd., Cambridge, United Kingdom) and HRP-
conjugated goat anti-rabbit IgG.

Inhibition of terminal C pathway activity. Monoclonal
anti-mouse C5 (BB5.1) and the isotype-matched con-
trol antibody 135.8 were used in this study (38). Anti-
bodies (50 mg/kg) were administered intraperitoneal-
ly 16 hours before the induction of renal ischemia.

Reconstitution of C6 in C6-def mice. Human C6 was puri-
fied from a monoclonal affinity column and stored in
PBS. Coomassie blue staining of this preparation run
on an SDS-PAGE gel showed that the majority of it was
in a single band at the appropriate molecular size (120
kDa). The dose (75 g per mouse) was chosen based on
an assumption of correcting the serum compartment
to about 55 pg/mL (39).

Mouse serum C activity assay. This assay was used to
examine the activity of C in mouse serum after treat-
ment with anti-C5 antibody. Blood samples were col-
lected by cardiac puncture and stored at -70°C. The
functional activity of the alternative pathway of C was
assessed by a hemolytic C assay according to the
method described by Klerx et al. (40). Briefly, 50 UL of
rabbit erythrocytes (Harlan Sera-Lab Ltd., Loughbor-
ough, United Kingdom) were suspended in 100 pL of
veronal buffered saline at a concentration of 1 X

103/mL and then incubated in a 96-well plate with seri-
al dilutions of mouse serum and zymosan (Sigma-
Aldrich Co.) for 1 hour at 39°C. The plate was cen-
trifuged for 10 minutes, and then supernatants were
collected and transferred to a new 96-well plate.
Absorbance was measured at 405 nm using a
microplate reader, and the percentage hemolysis at
each serum concentration was determined according

to the following formula:
(equation 1)

OD5(test sample) — OD,, (heat-inactivated sample)

OD,5(100% hemolysis) — OD,

% Hemolysis =

,05(0% hemolysis)

One hundred percent hemolysis was obtained by expos-
ing the red cells to water instead of veronal buffered
saline, and 0% hemolysis was determined by exposing the
erythrocytes to zymosan in the absence of serum.

Neutrophil chemotaxis. C5a activity in mouse serum
was evaluated using a CSa-dependent neutrophil
migration under agarose assay as described previous-
ly (41). Viable human neutrophils (>95%) were isolat-
ed from human blood as described elsewhere (42).
Four sets of three equidistant wells were punched into
the agarose/gelatin bed of each tissue culture plate
with a custom-made hole punch as described else-
where (41). Mouse serum (20%) was divided equally
into two groups: (a) zymosan-activated (ZAS) or (b)
nonactivated. Mouse serum was diluted with gelatin
veronal-buffer (0.15 gelatin, 141 mmol/L NaCl, 0.5
mmol/L MgCl,, 0.15 mmol/L CaCl,, and 1.8 mmol/L
sodium barbital [GVB?*]). The chemoattractant (i.e.,
ZAS or sera) was placed in the inner well and incubat-
ed at 37°C for 45 minutes. Purified human neu-
trophils (10¢/well) were then placed in the middle
well, and the vehicle (GVB?*) into the outside well.
The plates were then incubated at 37°C for 2 hours,
followed by fixation with 2% glutaraldehyde
overnight. Neutrophil migration was measured with
an inverted microscope equipped with an ocular
micrometer. The chemotactic index is described as the
distance the neutrophils move toward the chemoat-
tractant divided by random migration (i.e., movement
toward the vehicle control). All experiments were per-
formed in quadruplicate. The chemotactic index for
nonactivated mouse sera for each set of test sera (i.e.,
anti-CS-treated mice; C6-deficient mice; saline-treat-

Table 1
Severity score of renal tubule damage

X100

Mice Reperfusion time Deficient Sufficient Pvalue
c3 48 hours 1.8+0.3(n=8) 3.5+0.2(n=8) 0.0014
Cc4 48 hours 3.4+03(n=8) 3.5+0.2(n=28) NS

(&) 48 hours  1.8+0.3(n=4) 29+0.2(n=4) 0.0134
Cé6 72hours  1.8+0.2(n=16) 3.4%x0.2(n=16) 0.0001

Values shown are means * SEM. Numbers in parentheses represent the

num-

ber of animals studied at each group. P values are for comparisons between

deficient and WT control mice.
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Figure 1

Effect of renal ischemia and reperfusion on renal function in C-def
and WT mice. Mice underwent renal ischemia for 58 minutes (C3-,
C4-, C6-def, and WT mice) or for 40 minutes (C5-def and WT mice).
Serum urea nitrogen (BUN) was measured at 6-72 hours after
removal of the clamps or sham surgery. (a) C3-def and WT mice; (b)
C4-def and WT mice; (c) C5-def and WT mice; (d) C6-def and WT
mice; and (e) B6 C3-def and WT mice. Values shown are means *
SEM. P values are for comparisons between values in deficient and
WT mice. Dashed line represents the BUN level in sham-treated mice.
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ed mice) was subtracted from the ZAS group as
described previously (41).

Intraperitoneal neutrophil migration. To determine
whether neutrophils can be recruited to sites of
inflammation in C6-def mice, thioglycollate, an effec-
tive inducer of neutrophil-mediated inflammation
was used as described previously (43). C6-def and WT
(CH3/He) mice (four mice per group) were injected
intraperitoneally with 1 mL of 3% thioglycollate in
PBS. Control WT mice were injected with PBS. After 3
hours, mice were sacrificed and the peritoneal cavity
was washed with 3 mL of PBS three times. Total cells

were recovered from the wash by centrifugation at 350
2. Red blood cells were lysed by suspending in 0.5 mL
water for 5 seconds. Isotonicity was restored by adding
30 mL of PBS. Total numbers of cells were counted
using a hemocytometer, and the subpopulations were
determined by differential counts on hematoxylin-
stained smears.

Statistical analysis. All data are presented as mean *
SEM and subjected to one- and two-factor ANOVA.
Individual group values were compared using Stu-
dent’s paired ¢ test. Chemotaxis data were analyzed by
one-way ANOVA and Student’s ¢ test.

Figure 2

Effect of renal ischemia and reperfusion on renal mor-
phology in C3-def and WT mice. Light microscopy of kid-
ney corticomedullary junction showing tubular damage
at 24, 48, and 72 hours of reperfusion in C3-def mice (a,
¢, and e) and WT mice (b, d, and f). x80.
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Figure 3

Effect of renal ischemia and reperfusion on renal mor-
phology in C4-, C5-, and C6-def and WT mice. Light
microscopy of kidney corticomedullary junction show-
ing tubular damage at 48 hours of reperfusion in C4-
def (a) and WT (b) mice; C5-def (¢) and WT (d) mice;
and C6-def (e) and WT mice (f). x80.

Results
Renal I/Rinjury depends on C3 but not C4. As illustrated in
Figure 1a, Figure 2, and Table 1, C3-def mice were pro-
tected against renal I/R injury. The C3-suf controls in
these experiments were B6x129 F2 mice. The degree of
protection was equivalent to 33-55% reduction of BUN
measured 24-72 hours after blood flow was reestab-
lished. In a further experiment, B6-backcrossed C3-def
mice were available and were compared directly with B6
C3-suf littermates. Here, C3-def mice showed 45%
reduction in functional injury compared with C3-suf
mice (Figure 1le). These data confirm the previous exper-
iment and indicate that the difference in susceptibility
to injury was due to C3, rather than minor differences
in genetic background. Morphological damage was evi-
dent in ischemic kidney as early as 2 hours after the
commencement of reperfusion, but the difference in
structural and functional injury between C3-def and
-suf mice was only appreciable by 24 hours (Figure 1a).
Because C3 plays a role in both the classic and alterna-
tive pathways of C activation, to distinguish possible
classic pathway involvement, we examined I/R injury in
C4-def mice. As can be seen in Figure 1b; Figure 3,a and
b; and Table 1, structural and functional injury at 24 and
48 hours of reperfusion was not significantly different
between C4-def and WT mice. These results indicate that
classic pathway mediation did not apply in this model.
The terminal components of complement mediate renal I/R
injury. To delineate the role of CS5 (which is activated
downstream of C3) we performed I/R experiments in C5-
def mice and congenic (B10D2) controls. B10D2 mice
proved more sensitive to ischemia than B6 mice. For this
reason, we used a reduced ischemic time (40 minutes),

adjusted to give comparable functional and structural
impairment with that in B6 mice subjected to 58-minute
ischemia (data not shown). Under these conditions, the
functional injury in C5-def mice was reduced by 35-40%
of the level in WT B10D2 mice (Figure 1c). Renal tubu-
lar damage was reduced as shown in Figure 2, c and d,
and Table 1. These results suggest a substantial role for
C5 in the generation of renal I/R injury.

Because CS is cleaved into C5a and CS5b, the experi-
ments in C5-def mice do not distinguish between the
possibility of an effect of C5a and an effect of C5b-9 (in
which C5b is a participant). To help dissect these effec-
tor functions of C5, we performed ischemic studies in
C6-def mice. These mice are able to generate C5a but
cannot form C5b-9. Compared with C6-suf controls,
C6-def mice exhibited significant sparing of morpho-
logical and functional injury. The BUN was reduced by
31-55%, as reflected in Figure 1d. The tubular damage
was reduced by 47% (Table 1). The histological pattern
of injury was indistinguishable in the WT controls for

Table 2
MPO activity in mouse kidney

Units of MPO activity per milligram, OD 460 nm

Mice Reperfusion time  Deficient Sufficient Pvalue
c3 24 hours 1.924£0.29(n=6) 3.23%£0.36(n=6) 0.017
@3 24 hours 2.3+0.29(n=8) 3.644%+0.46 (n=8) 0.0334
C3  Shamcontrol 0.78 +0.01 (n=4) 0.70+0.01 (n=4) NS
C6  Shamcontrol 0.75+0.01(n=4) 0.80+0.01(n=4) NS

Values shown are means = SEM. Numbers in parentheses represent the num-
ber of animals studied at each group. P values are for comparisons between
deficient and WT control mice.
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Figure 4

Inhibition of mouse C activity by anti-C5 mAb. WT C3H/He mice received a single intraperitoneal injection of anti-C5 (BB5.1) or control (135.1)
mAb (50 mg/kg), 16 hours before induction of renal ischemia. Sera were collected for analysis at 72 hours of reperfusion. (a) Hemolytic assay.
Values shown are means + SEM of triplicate determination for each of three mice. (b) Chemotactic assay. Anti-C5 mAb inhibited ZAS-induced
neutrophil chemotaxis under agarose versus control mAb. Chemotactic index of nonactivated mouse serum was subtracted from the chemo-
tactic index of ZAS in each treatment group to normalize data. Values shown are means + SEM. AP < 0.05 versus anti-C5 mAb treated sera.

the C3-def mice and the C6-def mice (Figures 2d and
3f). These data provide evidence for the participation
of C6 and strongly implicate the involvement of the
MAC (C5b-9) in renal I/R injury.

To evaluate further the role of C5a in the C6-def mice,
we blocked the formation of C5a using mAb. As can be
seen in Figure 4, treatment of WT (C3H/He) mice with
BBS5.1 inhibited both complement hemolytic activity
(Figure 4a) and chemotactic activity (Figure 4b) medi-
ated by C5b-9 and C5a, respectively. Despite the ability
of BB5.1 to block C5a activity, C6-def mice pretreated
with BBS5.1 failed to prevent the injury further, com-
pared with control antibody 135.8 treatment. This is
illustrated in Figure 5.

C6-def mice were derived from a mutant strain later
backcrossed with C3H/He. To verify that the protec-
tion afforded in these mice was due to C6 deficiency
rather than another undefined difference, we recon-
stituted the C6-def mice with C6. Preliminary tests in
duplicate mice showed that a single intraperitoneal
injection of C6 (75 Pg/mouse) restored serum com-
plement hemolytic activity to 20% of the WT value
(C3H/He), which peaked 16 hours after dose (data not
shown). For ischemic study, C6-def mice were treated
with C6 before and after the ischemic period. C6-
reconstituted mice displayed similar sensitivity to the
renal injury as did the WT mice (Figure 6). The histo-
logical injury in the reconstituted mice WT mice was
indistinguishable (data not shown). These results
establish that resistance to I/R injury in the mutant
strain was due to deficiency of C6.

Morphological injury of the tubule is a direct consequence of
complement. Tubular injury (tubule thinning, dilata-
tion, loss of proximal brush border, protein casts) was

and only occasionally stained for complement. Stain-
ing for fibrin both with specific antibody (data not
shown) and MSB (Figure 7, c and d) showed no vascu-
lar abnormality, in particular no evidence of throm-
bosis in any mouse.

Neutrophil infiltration was maximal in the corti-
comedullary region corresponding to the area of severe
injury and complement deposit. Histological infiltration
was reduced in C3-def mice (cf. Figure 7e with 7f) togeth-
er with reduction in neutrophil MPO activity by 41% at 24
hours (Table 2). Interestingly, C6-def mice showed signif-
icant decline in neutrophil activity, by 37% at 24 hours
(Table 2), despite the ability of C6-def mice to generate
anaphylatoxins C3a and C5a. Furthermore, blockade of
C5a formation in C6-def mice did not lead to additional
reduction of MPO activity, compared with control anti-
body-treated C6-def mice (2.10 £ 0.33 vs. 2.17 £0.42 units
of MPO activity per milligram of protein). To exclude an

607 —= Anti-C5 Ab (n=5)
B Control Ab (n=4)

Pvalue: NS

T

24 72 h

h 48 h
After 58-minute renal ischemia

Figure 5

Effects of anti-C5 mAb on I/R injury in C6-def mice. C6-def mice received
an injection of anti-C5 or control mAb (50 mg/kg) 16 hours before
induction of renal ischemia. BUN was measured at 24, 48, and 72 hours
of reperfusion or after sham surgery. Values shown are means + SEM. P
values are shown for comparisons between values in deficient and WT
mice. Dashed line represents the BUN level in sham-treated mice.

maximal in the area of the corticomedullary junction
(Figures 2 and 3). This corresponded to an area of uni-
form complement deposition on the basolateral tubu-
lar surface in WT mice (cf. Figure 7b with 7a). Large
and small blood vessels were normal in appearance
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Figure 6

Reconstitution of C6-def mice with C6 and its effect on I/R injury.
C6-def mice received two injections of purified C6 (75 plg/mouse) at
16 hours before and 1 hour after the period of ischemia. BUN was
measured at 24 and 48 hours of reperfusion. Values shown are
means £ SEM. Numbers in parentheses represent the number of ani-
mals studied at each group. P values are for comparisons between
C6-def and restored mice and WT controls. Dashed line represents
the BUN level in sham mice.

intrinsic neutrophil defect in the C6-def mice, the capaci-
ty for neutrophil migration was evaluated. Intraperitoneal
injection of thioglycollate induced a neutrophil response
in C6-def mice that was no different from WT C3H/He
(total cell counts in the peritoneal washout 4.6 X 10¢+0.33
vs. 4.1 X 106 £ 0.35, of which 87.5% and 85.4% were neu-
trophils, respectively). These data argue against a strong
role for C5a/neutrophil-mediated injury in this model
and imply that neutrophil recruitment is partly a conse-
quence of MAC-mediated damage.

Discussion

This study set out to examine the role of C in the gene-
sis of renal I/R injury, in particular to determine the rel-
ative importance of the early (C3, C4), intermediate
(C5), and late (C6) components of the C cascade. Struc-
tural and functional injury was reduced by about one-
half in C-def mice, in accord with the results of studies
of other organs in laboratory animals with early C

Figure 7

Staining for product of complement activation, neu-
trophils, and fibrin on kidney tissue. C3-defand WT
mice were induced with 58-minute renal ischemia fol-
lowed by 24-hour reperfusion. (a and b) Immuno-
chemical staining of C3d at kidney corticomedullary
junction in C3-def (a) and WT (b) mice. Arrows
point to the deposition of C3d on the basolateral
surface of renal tubular epithelium; asterisks show
locations of peritubular capillaries. X128. (c and d)
MSB staining at damaged tubular area in C3-def (c)
and WT (d) mice. X80. Nuclei, erythrocytes, fibrin,
and connective tissue should be stained as black, yel-
low, red, and blue, respectively. Necrotic tissue tubu-
lar epithelial cells are stained gray-blue (d). Arrows
point at peritubular capillaries showing no fibrin for-
mation. (e and f) Immunochemical staining of neu-
trophils at kidney corticomedullary junction in C3-
def (e) and WT (f) mice. x50.
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pathway deficiency or depletion (23-26). More emphat-
ically, our results show that mice with isolated deficien-
cy of terminal pathway activation (C6) exhibited a sim-
ilar degree of protection to those with more proximal
interruption of the complement cascade (C3). These
results provide compelling evidence that MAC (to which
C6 contributes) is a critical effector mechanism through
which C mediates renal postischemic injury.
Furthermore, the C6-def mice treated with anti-CS
antibody gain no further protection against I/R injury.
Cleavage of CS5 by the classic or alternative pathway gen-
erates C5a and CSb. C5a is a biologically active peptide
that engages receptor on neutrophils and other inflam-
matory cells (44-46). C5Sb is the first component to par-
ticipate in the assembly of C5b-9, the MAC. C6-def ani-
mals are thus unable to generate functional MAC but
can form CSa. Preventing C5a formation in mice in
which MAC was disabled lead to no further benefit, as it
neither improved renal function nor reduced inflam-
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matory cell infiltration. Our data therefore do not sup-
port a model of renal I/R injury in which C5a/neutrophil
mediation plays a key role. This is in contrast to heart,
intestine, and lung, in which therapeutic C5a blockade
led to significant prevention of I/R injury (47-49).

According to our results, the resistance shown by C5-
def mice to renal I/R injury was probably due to the
inability to generate C5b, rather than C5a. A key role for
CS5 also applies in rat myocardial I/R injury, in which
administration of anti-C5 antibody lead to significant
reduction of injury (50). However, a limitation in that
study, as in the present study of CS-def mice, is that it
was unable to distinguish between the possible effects of
CSa and MAC, as both routes are defective without CS.
Our results in the C6-def mice, however, resolve this
issue and clearly emphasize the role of MAC in renal I/R.

Tissue injury in the present model was independent of
C4, tending to discount a role for classic pathway activa-
tion. However, other studies have shown that hypoxia can
activate the classic as well as alternative pathways (51, 52).
Moreover, classic pathway activation contributes to
ischemic damage in mouse muscle and intestine (26, 48).
We cannot account for the discrepancy, except to suggest
that it may be due to organ-specific differences in anato-
my or physiology. For example, human proximal tubular
epithelial cells have deficient expression of the C regula-
tory proteins CDS55 and CD46 (53) and can activate the
alternative pathway spontaneously at low concentrations
of serum (28). We have confirmed this observation in cul-
tured mouse and human tubular epithelial cells using
5-20% normal serum (unpublished data). In contrast,
human endothelial cells are reported not to show spon-
taneous activation of complement at this concentration
(17), possibly due to differences in the cellular content of
proteases that can cleave C3, or in the level of expression
of membrane-bound C inhibitors (28).

In addition, the outer medullary zone of the kidney is
very vulnerable to decrease in blood flow, especially the
S3 segment of proximal tubule (54). The containment of
injury at the corticomedullary area was characteristic of
this model. It is possible that the release of proteases by
proximal tubules in the area of hypoxia rapidly triggers
complement activation by its alternative pathway.
Together these factors could have favored alternative
pathway activation in the present study. Thus, renal I/R
injury is alternative pathway dependent, whereas muscle
I/R injury is classic pathway dependent. It will be impor-
tant to establish the significance of this finding by exam-
ination of a wider range of organs.

Another conspicuous feature of this model was the
apparent lack of endothelial involvement, at least with
histological and immunochemical analysis. This sparing
of the vessel wall from C attack is distinct from the case
with rat myocardial I/R injury, for example. Here, dif-
fuse, small vessel endothelial swelling and thrombosis
accompanied by C deposition and neutrophil infiltra-
tion was substantially prevented by C inhibition (23).
This led to marked reduction in distal tissue infarction
(23). Hence, C attack in renal I/R injury is based on the

renal parenchyma, and in myocardial reperfusion, injury
involves both acute endothelial injury as well distal
parenchymal injury. Our results do not exclude more
subtle changes in the endothelium enabling neutrophil
recruitment. However, the absence of overt vascular
injury or evidence of C attack suggest a different under-
lying process mechanism of C attack in renal I/R injury.
It remains possible that the distribution of C inhibitors
in different tissue compartments is a key factor in renal
injury, as renal vessels are relatively well endowed with
membrane-bound inhibitors such CD46 and CDS55 (53).

Taken together these findings suggest that MAC alone
may account for the contribution of complement to
injury of the hypoxia-sensitive deep renal tubule, inde-
pendently of vascular damage or C5a-mediated neu-
trophil infiltration. Renal I/R injury differs from that in
other organ models, in which vascular damage and C5a-
mediated injury play prominent roles. Other studies have
clearly established that neutrophils are key participants in
the development of I/R (55, 56). The data here do not dis-
count a role for neutrophils, but imply that their involve-
ment is largely through a means distinct from C5a. More-
over, the results in this study with C6-def mice suggest
that either MAC itself (57) or resulting tissue damage is a
stimulant to neutrophil recruitment. This notion is rein-
forced by the finding that the degree of infiltration in C3-
def' mice is no less than that in C6-def mice, which cannot
generate either C3a or C5a. This tends to minimize the
importance of C3a as well as C5a in this model.

The use of multiple-paired WT and deficient strains
allowed us to tease out the effective components of C.
The approach combining C deficiency with depletion
allowed us to pare away at the function of individual
components in the same genetic background. The
results here, alongside the results of other studies using
C inhibitors (23, 24, 50), suggest that therapeutic inter-
vention at the level of the terminal pathway could sig-
nificantly alter the extent of ischemic damage. Inter-
vention at this level of the C cascade would avoid
interfering with the antimicrobial functions of the
early components (C3a and C5a) and, in addition,
would preserve the immunomodulatory functions of
C3b and C3d, which might be compromised in more
proximal blockade of the C cascade.
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