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Abstract

The kidney widely expresses membrane-associated comple-
ment regulatory proteins (membrane inhibitors of comple-
ment). The aim of this work was to evaluate the roles of
these molecules in rat kidneys in vivo. To suppress functions
of rat membrane inhibitors of complement, two mAbs, 512
and 6D1, were used. 512 and 6D1 inhibit functions of mem-

brane inhibitors of complement at C3 level (rat Crry/p65)
and C8/9 level (rat CD59), respectively. F(ab')2 fragment
of 512 or 6D1 was perfused in the left kidneys, and perfusate
was discarded from the renal vein. After perfusion, the left
kidneys were connected to systemic circulation. In rats per-

fused with 5I2, mouse IgG was found in glomeruli, peritubu-
lar capillaries, vascular bundles, and tubules 15 min after
recirculation. Binding of C3 and C5b-9 was evident in these
areas. 1 d after perfusion with 512, cast formation, dilatation
of tubular lumen, and tubular cell degeneration were ob-
served. At day 4 through day 7, significant mononuclear
cell infiltration and proximal tubule damage were observed.
These changes were completely prevented by complement
depletion. Rats perfused with 6D1 showed the binding of
mouse IgG in the similar areas as 512, but C3 or C5b-9
deposition was not observed. Rats perfused with 6D1 or

vehicle only did not show any pathology in the left kidneys.
These results suggest that rat Crry/p65 plays protective

roles against spontaneously occurring indiscriminate attack
to tubulointerstitial tissues by autologous complement and
that rat Crry/p65 is one of the important factors to maintain
normal integrity of the kidney in rats. (J. Clin. Invest. 1995.
96:2348-2356.) Key words: alternative pathway * tubuloint-
erstitial nephritis * 5I2Ag * Crry/p65 * CD59

Introduction

Tubulointerstitial injury is an important determinant of kidney
function because it correlates better with glomerular filtration
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rate than glomerular injury (1, 2). Several immunological and
nonimmunological mechanisms of progressive tubulointerstitial
injury have been proposed (3) including autologous comple-
ment activation in the kidney parenchyma (4, 5). Ammonia is
thought to be a major nonimmunological activator of alternative
pathway of complement in the kidney (6, 7). In the normal
condition, however, complement activation is well regulated in
the kidney, and normal renal function is maintained. Wehave
suggested that cell membrane-associated complement regula-
tory proteins (membrane inhibitors of complement) expressed
abundantly in the kidney play protective roles against comple-
ment-mediated renal injuries (8).

To assess in vivo roles of membrane inhibitors of comple-
ment, we have used neutralizing mAbs against rat inhibitors.
Our recent study revealed that the systemic administration of
mAb512 (9) which inhibits functions of a rat membrane inhibi-
tor at C3 level (5I2Ag [10] or a rat counterpart of mouse Crry/
p65 [11-14]), induced deposition of C3 in the capillary endo-
thelial cells resulting in symptoms resembling endotoxin shock
in rats (decreased blood pressure, increased vascular permeabil-
ity, and leukocyte infiltration in organs) (15). In contrast, ad-
ministration of mAb6D1 (16), which neutralizes functions of
rat CD59, did not induce significant change although 6D1 bound
to the capillary endothelial cells in a pattern similar to 5I2 (15).
The findings obtained in our previous work prompted us to
investigate the consequences of in vivo suppression of mem-
brane inhibitors of complement in the kidney by specific mAbs.

Results obtained in the present work demonstrated for the
first time that in vivo suppression by a specific mAbof a renal
membrane inhibitor operating at C3 but not C8/9 level induced
complement-dependent tubulointerstitial injury in rats and pro-
vided supporting evidence that complement system is poten-
tially harmful in the normal kidney if membrane inhibitors of
complement fail to play protective roles against indiscriminate
attack of autologous complement. The details of experiments
and the possible relevance to progressive tubulointerstitial in-
jury will be discussed.

Methods

Animals. Female Wistar rats weighing - 280 g were purchased from
Chubu Kagaku Shizai Co. Ltd. (Nagoya, Japan) and were allowed free
access to food and water.

Antibodies. Characteristics of rat Crry/p65 (5I2Ag) and mouse mAb
512 were described previously (9, 10). F(ab')2 fragment was prepared
as reported earlier (15). A mouse mAb6D1 (16) that inhibits function
of rat CD59 (17) was described previously. Mouse mAb 2A1 (18)
directed against rat C5b-9 was kindly provided by Dr. W. G. Couser
(University of Washington, Seattle, WA). 2A1 was labeled with biotin
according to the method described by Guesdon et al ( 19). Cobra venom
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Table L Experimental Protocol

Group Antibody CVF 15 min Day 1 Day 4 Day 7

I 512 F(ab)'2 - 3 6 7 6
II 512 F (ab)'2 + 3 6 6 6

III vehicle - 3 6 6 6
IV 6D1 F(ab)'2 - 3 6 6 0

The number in each column indicates the number of rats examined.
Vehicle, modified Tyrode's buffer.

factor (CVF)' was routinely purified as described before (15). FITC-
labeled mouse mAb against rat leukocyte common antigen (LCA)
(clone OX-i ) was purchased from Dainippon Pharmaceutical Co.
(Osaka, Japan). An mAbagainst vimentin (clone V9) was purchased
from Dako Corp. (Santa Barbara, CA) and biotinylated as described
above.

Serum CH5O. Blood samples were drawn from the tail vein into
syringes containing EDTA (Sigma Chemical Co., St. Louis, MO) be-
fore, 3 h, 24 h, and 4 d after kidney perfusion. Serum CH50 concentra-
tion was measured using sensitized sheep red blood cells (Ishizu Phar-
maceutical Co., Osaka, Japan) according to manufacturer's direction.

Urinary protein excretion. Rats were housed in metabolic cages
overnight (16 h) everyday from day 0 to day 5. Urinary protein was
measured by pyrogallol red method (20).

Kidney perfusion. To localize 5I2 solely in the left kidney and to
avoid the systemic effects of 512, isolated left kidney perfusion was
performed according to the method described previously (21, 22). All
the perfusate was discarded through the cannula in the vein. The kidney
was perfused at a rate of 2 ml/min using a peristaltic pump. After
kidney perfusion, tubes were removed, and the holes of the vessels were
repaired by microsurgery. Then blood circulation was reestablished by
releasing the clamps. The average time required for whole procedure
was - 15 min.

Experimental protocol. Rats were divided into four groups. Rats of
group I were perfused with 0.3 mg of F(ab')2 fragment of 512 in 10
ml of Tyrode's buffer. Rats of group II were depleted of complement
by intravenous injection of 25 U of purified CVF. After 24 h, kidneys
were perfused with 0.3 mg of F(ab')2 fragment of 512. Group III rats
were perfused with Tyrode's buffer (vehicle) (21, 22) only and used
as controls. Group IV rats were perfused with 0.3 mg of F(ab')2
fragment of 6D1. Rats were killed at 1, 4, and 7 d after perfusion. To
see the binding of mAbs and rat complement, rats were also killed 15
min after perfusion. Protocol and the number of rats examined are
summarized in Table I.

Histology and immunohistology. For light microscopic examination,
methacarn-fixed and paraffin-embedded kidney tissues were cut at 2 ,Jm
and stained with periodic acid-Schiff (PAS). To assess tubulointerstitial
injuries, kidney sections were arbitrary divided into three regions, i.e.,
cortex, outer medulla, and inner medulla. Using semiquantitative indi-
ces, sections were analyzed for the evaluation of acute tubulointerstitial
damage. In each region, extents of tubular cast formation, tubular dilata-
tion, and tubular degeneration (vacuolar change, loss of brush border,
detachment of tubular epithelial cells, and condensation of tubular nu-
clei) were scored according to the following criteria by two blinded
observers: 0, normal; 1, < 30%; 2, 30%-70%; 3, > 70%of the pertinent
area.

For immunofluorescence microscopy, part of the kidney tissues were
snap frozen, cut at 2 jim, and fixed in acetone. Sections were stained

1. Abbreviations used in this paper: CVF, cobra venom factor; LCA,
leukocyte common antigen; PAH, para-aminohippurate; RPF, renal
plasma flow.

by FITC-labeled rabbit antibodies against mouse IgG and rat IgG, and
FITC-labeled goat antibodies against rat C3 (Cappel Laboratories, West
Chester, PA). For the detection of CSb-9 and vimentin, sections were
incubated with biotinylated 2A1 and V9 after treatment with avidin D
and biotin-blocking solution (Vector Laboratories, Burlingame, CA)
and then incubated with FITC-labeled streptoavidin (Cappel Labora-
tories). Deposition of rat C3 and C5b-9 in the kidney was semiquanti-
tively scored according to the extent of deposition in each region using
the following criteria: 0, normal; 1, < 30%; 2, 30%-70%; and 3, > 70%
of the pertinent area. Since normal rat tubular basement membrane of
cortex was positively stained for rat C3 and C5b-9 in a focal and inter-
rupted pattern, only circumferential staining was counted as positive. In
renal medulla, C3 and CSb-9 were negative in normal rats. Proximal
tubular cell damage was evaluated by the staining for vimentin interme-
diate filaments (23, 24). Vimentin was assessed only in the renal cortex
according to the extent of vimentin staining in the proximal tubules
using the same criteria as for rat C3 and CSb-9. For analysis of interstitial
leukocyte infiltration, sections were stained by FITC-OX1. The number
of positive cells was counted in randomly selected 10 microscopic fields
under higher magnification (x400). After washing with PBS, all the
sections were covered with 90% glycerol containing p -phenylenedi-
amine (25) and were examined by two blinded observers using an
epifluorescence microscope (Olympus Optical Co., Tokyo, Japan).

Renal function study. In a separate set of experiment, studies for
renal function of the perfused kidneys were performed. 24 rats were
divided into four groups (groups I-IV) according to the protocol de-
scribed above. All rats underwent studies for renal function at day 4.
Polyethylene tubes were placed into right jugular vein, left internal
carotid artery, and left ureter under pentobarbital anesthesia. To deter-
mine inulin and para-aminohippurate (PAH) clearance, solution of sa-
line-containing inulin (0.57 mg/min) and PAH (0.29 mg/min) was
infused from venous catheter after a priming dose of 100 mg/kg body
wt inulin. After 30 min period for equilibration, urine and blood samples
were collected from left ureter and carotid artery. After the clearance
study, blood samples were collected from arterial catheter and by left
renal vein puncture simultaneously, and the renal extraction of PAH
was calculated. Plasma and urine concentration of inulin and PAHwas
measured by the colorimetric methods described by Dische et al. (26)
and Marshall (27), respectively. GFRwas determined from inulin clear-
ance, and renal plasma flow (RPF) was calculated from PAHclearance
and extraction.

Statistical analysis. All values are provided as mean±SE. Statistical
analysis was performed by one-factor ANOVA.When significant differ-
ence was present, statistical analysis was further performed using
Scheffe's F test between two groups. Significant difference was set
when P value was < 0.05 (5%).

Results

Light microscopic findings
Significant tubulointerstitial change was observed by light mi-
croscopy in rats of group I. There were significant cast forma-
tion and dilatation of tubules along with vacuolar degeneration,
numerous mitotic figures, loss of brush border, and detachment
of tubular epithelial cells at days 1 and 4 (Fig. 1). Cellular
infiltration was prominent at days 4 and 7 (quantitative data
are shown in the next section Immunohistological findings).
Semiquantitative analysis revealed that the extents of tubular
cast formation, dilatation of tubules, and tubular degeneration
were significantly larger in group I rats than in other groups of
rats (Fig. 2). The tubulointerstitial changes observed by light
microscopy were prominent at days 1-4, and tended to heal by
day 7. In rats of group III (controls), there was no histological
alteration in left kidneys throughout the experiments. In rats of
groups II and IV, there was no significant tubulointerstitial
change as compared to the controls (Figs. 1 and 2).
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Figure 1. Light microscopic pictures at day 4 in groups I and IV rats. (A, C, and E) group I; (B, D, and F) group IV; (A and B) cortex (PAS,
x200); (C and D) outer medulla (PAS, x200); (E and F) inner medulla (PAS, x200). Tubular dilatation was seen in the cortex and outer
medulla in rats of group I (A and C, asterisks). Cellular infiltration is prominent in the outer medulla resulting in the loss of normal architecture
(C). In the inner medulla, cast formation and tubular degeneration were seen in rats of group I (E). In contrast, renal structure was normal in rats
of group IV (B, D, and F).
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Figure 2. Semiquantitative analysis of tubulointerstitial damage (tubular
cast formation, tubular dilatation, and tubular degeneration) using light
microscopic specimens. Data are shown as mean (column) and standard
error (bar). * Significant difference between group I and other groups;
* * significant difference between groups I and III; significant differ-
ence between groups I and II or groups I and IV; ^ group IV was not
examined at day 7.

In contrast to tubulointerstitial tissue, there was no signifi-
cant alteration in the glomerulus throughout the experiments in
rats of group I and other groups.

Immunohistological findings
Distribution of rat Crry/p65 in the normal rat kidney. Rat Crry/
p65 is present in the glomerulus (mesangial area and in the
capillary walls), tubular basolateral membrane, and/or cyto-
plasm of tubules, peritubular capillaries, vascular bundles, and
in the medullary capillaries as reported previously (28).

Distribution of antibody in vivo. 15 min after kidney perfu-
sion, binding of mAb512 was seen along glomerular, peritubu-
lar, and medullary capillaries including vascular bundles of
outer medulla in rats of groups I (Fig. 3, A, C, and E) and II.

There was also antibody binding to the basal membrane of the
proximal tubules (Fig. 3 A). At day 1 (24 h after perfusion),
mouse IgG was still significantly observed in the tubules and
vascular bundles while it became nearly undetectable in glomer-
uli and peritubular capillaries. After 4 d, mouse IgG disappeared
from the kidney except for weak staining in vascular bundles.
In rats of group IV, 6D1 bound to glomerulus, peritubular capil-
laries, vascular bundles, and distal tubules 15 min after perfu-
sion (Fig. 3, B, D, and E). The fate of 6D1 in the kidney was

almost identical with that of 512. Rat IgG was not detectable
in all rats throughout the experiment.

Deposition of complement. 15 min after perfusion/recircula-
tion, kidneys from Group I revealed strong deposition of C3 in
peritubular capillaries of cortex, vascular bundles, distal tubules
of outer medulla, and in the inner medulla (Fig. 4, A, C, and
E). C5b-9 was also detected in the same area but the staining
intensity was weaker than C3. Complement deposition was only
weakly seen in the glomerulus at this early stage. At days 1
and 4, circumferential binding of C3 and C5b-9 was observed
along cortical tubular basement membrane. There was also bind-
ing of C3 in the outer and inner medulla. C5b-9 was detected
in the tubules and tubular casts. In the glomerulus, complement
became no longer detectable at day 1 and onwards. In rats of
groups II, III, and IV, there was no abnormal deposition of
complement in the kidney (Fig. 4 B, D, and F). These rats
showed deposition of C3 and C5b-9 only faintly in the vascular
bundles and vessels of the inner medulla throughout the experi-
ment. These data were semiquantitated and given in Fig. 5.

Cellular infiltration. In rats of group I, cellular infiltration
was not so prominent at day 1 in cortex and medulla. There
was, however, significant leukocyte infiltration at days 4 and 7.
Cellular infiltration was most prominent in the outer medulla.
In other groups of rats, cellular infiltration was minimal and
did not change throughout the experiments. Leukocyte infiltra-
tion was not seen in the glomeruli of all rats throughout the
experiments. These results are shown in Fig. 6.

Vimentin staining. In normal rats, glomeruli and renal vascu-
latures are reported to express vimentin intermediate filaments
while tubular cells do not express vimentin (23). Distribution
of vimentin in the left kidneys of groups II, III, and IV was
quite similar to that reported in the normal kidneys. In contrast,
significant numbers of tubular epithelial cells of group I rats
expressed vimentin from days 4-7.

Renal function
GFRand RPF in rats of Group I were not significantly different
from rats of other groups at day 4 (Table II).

Serum complement activity
In rats of groups I, III, and IV, there was no significant change
of serum complement activity (CH50) at 3 h, 1 d, and 4 d after
perfusion or injection. In group II rats that were intravenously
injected with CVF24 h before perfusion, CH50 was undetect-
able at 3 h and 1 d after perfusion and returned to the normal
level at day 4.

Urinary protein excretion
Urinary protein significantly increased in rats of group I com-
pared with other groups of rats at days 0-1. Urinary protein
excretion readily came to the normal range at days 2-3 and
onwards. The degree of proteinuria in group I rats was mild
(< 15 mg/16 h) (Fig. 7).

Discussion

In the normal human kidney, expression of three major mem-
brane inhibitors of complement, membrane cofactor protein
(CD46) (29), decay accelerating factor (CD55) (30) and 20-
kD homologous restriction factor (HRF20 [31], membrane in-
hibitor of reactive lysis [32], P18 [33], or CD59 [34, 35]), is
observed (8). In the rat kidney, the patterns of distribution of
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Figure 3. Distribution of mAbs 15 min after perfusion/recirculation. (A, C, and E) Group 1 (512); (B, D, and F) group IV (6D1); (X200); (A
and B) cortex; (C and D) outer medulla; (E and F) inner medulla. The kidney perfused with 512 showed binding of mAb in peritubular capillaries
(arrows), basal membrane of proximal tubules (arrow heads), vascular bundles (VB), and in the medullary capillaries and collecting ducts (c).
The kidney perfused with 6D1 also showed binding of mAbin the peritubular capillaries (arrows), distal tubules (DT), medullary capillaries, and
in collecting ducts (c). Binding of 6D1 was weakly seen in the vascular bundles.

two membrane inhibitors, 5I2Ag (10) (rat Crry/p65 [11-13])
and rat CD59 (16, 17), are similar to those of human counter-
parts (28). Since the alternative complement pathway is under
the pressure of automatic activation due to spontaneous hydroly-
sis of thioester bond on a-chain of C3 molecule, C3b molecules
can happen to be generated even on the self cell membranes.

These C3b molecules initiate amplification of alternative com-
plement pathway unless membrane inhibitors such as rat Crry/
p65 restrict it. Our previous work testified to this notion using
an in vivo model (15). In the present work, it was clearly
demonstrated that functional suppression of rat Crry/p65 of a
rat kidney by 5I2 (without Fc region) resulted in C3 and C5b-9
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Figure 4. Deposition of rat C3 in the kidney 15 min after perfusion/recirculation. (A, C, and E) Group I: (B, D, and F) group IV; (X200); (A
and B) cortex; (C and D) outer medulla; (E and F) inner medulla. Rat C3 was strongly detected in the peritubular capillaries (arrows), vascular
bundles (VB), distal tubules (DT), and in the inner medulla of a group I rat. In contrast, there was no significant binding of rat C3 in the kidney
from group IV.

deposition, tubular damage, and interstitial leukocyte infiltration
within several days, whereas suppression of CD59 had no such
effect.

By blocking the function of rat Crry/p65 using mAb 5I2,
complement activation at C3 level was accelerated and forma-
tion of membrane attack complex was subsequently increased.

The increased amount of formed membrane attack complex
might exceed the inhibitory activity of CD59. This is thought
to be the reason why not only C3 but also C5b-9 was deposited
in the kidney tissues of group I despite the presence of CD59.
Once alternative pathway of complement was activated in the
kidney, increased vascular permeability and direct action of
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Figure 5. Semiquantitative analysis of deposition of rat C3 and C5b-9
(membrane attack complex) in the kidney assessed by immunofluores-
cence microscopy. Deposition of C3 was most prominently seen in the
outer and inner medulla at days 1 and 4 in rats of group I. Deposition
of C5b-9 was clearly seen in these rats in the outer medulla at day 1

and day 4. Complement deposition was decreased by day 7. In other
groups of rats (II, III, and IV), complement deposition was minimal
throughout the experiments. Data are shown in mean (column) and
standard error (bar). * Significant difference between group I and
other groups; ^ group IV was not studied at day 7.

complement on tubulointerstitial tissues occurred as the first
step of renal injury (- 15 min). At day 1, cellular infiltration
in the interstitial tissue was minimal while tubular degeneration,
dilatation, and cast formation were already present. At this
stage, there was significant deposition of C3 and C5b-9 along
tubular basement membrane of cortex and in the vascular struc-
tures and tubules of outer and inner medulla. Since proteinuria
was very mild, it is highly probable that most of the complement
proteins derived directly from the circulation due to the in-
creased vascular permeability. Anaphylatoxins, C5a and C3a,
generated in the process of complement activation are consid-
ered as the responsible pathogenetic mediators. Events after
the initial renal injury were the further development of tubular
dilatation, cast formation, degeneration, and interstitial leuko-
cyte infiltration. These might be the consequence of tubular
dysfunction and various chemotactic mediators produced by
kidney tissues and biologically active complement degradation
products. At day 7, renal pathology tended to heal. Thus, single
perfusion of 512 into the kidney and subsequent restoration

4 7 day

Figure 6. Quantitative analysis of leukocyte infiltration in tubulointersti-
tial tissue. Leukocyte infiltration was assessed by the number of LCA-
positive cells present in the section, and it was most prominently seen

in the outer medulla of group I rats at days 4 and 7. In cortex and inner
medulla, mild but significant leukocyte infiltration was observed at day
4. In other groups of rats, leukocyte infiltration was not observed. * Sig-
nificant difference between group I and other groups; '6group IV was

not studied at day 7.

of blood flow induced transient tubulointerstitial injury due to
functional suppression of rat Crry/p65.

In the present study, kidney functions (GFR and RPF) were
studied at day 4 when morphological alterations were most
prominently seen in group I. There was no significant difference

Table 11. Results of Functional Studies

Group n RPF Extraction GFR Filtration fraction

MLrtin mlmin

I 6 5.44±0.26 0.84±0.03 1.20±0.07 0.22±0.01
II 6 6.08±0.37 0.87±0.02 1.31±0.08 0.22±0.01

III 6 6.18±0.34 0.88±0.01 1.53±0.13 0.24±0.01
IV 6 6.38±0.43 0.87±0.12 1.33±0.06 0.20+0.01

Functions of the left kidneys were studied at day 4 and there was no
statistical difference among groups.
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Figure 7. Urinary protein excretion. Mild proteinuria was observed at
day 1 (the same day of perfusion recirculation) in rats of group I.
Proteinuria was very transient and was not observed at day 2 and on-
wards. In other groups of rats, there was no significant proteinuria
throughout the experiment.

between group I and other groups in these functional parame-
ters. This implies that the pathological changes induced by sin-
gle perfusion of 512 were not severe enough to affect GFR
and RPF. Other sensitive parameters might be required for the
detection of functional abnormalities in the present model.

In contrast to tubulointerstitial tissue, glomeruli did not
show any significant change by 512 or 6D1, although significant
binding of antibodies after perfusion with 512 and 6D1 was
observed. Complement deposition in the glomerulus was tran-
siently seen 15 min after perfusion/recirculation in rats perfused
with 512, but it was no longer observed at day 1 and onwards.
This may imply that glomerulus expresses more Crry/p65 than
is neutralized by perfused 512 or that glomerulus has other
complement regulator(s) which can compensate for the neutral-
ized Crry/p65. It is, however, highly probable that suppression
of rat Crry/p65 in the glomerulus may worsen the complement-
mediated injury when there is complement-activating stimuli.
In fact, our recent study showed that suppression of glomerular
Crry/p65 by 5I2 worsened anti-Thy 1 nephritis and supported
this hypothesis (36). In an experimental glomerulonephritis
using lectin and its antibodies, this is also true for rat CD59,
the target molecule of 6D1 (22).

Results obtained in the present work support the ideas that
the kidney is always under the threat of autologous complement
attack and that membrane inhibitors of complement abundantly
expressed in the kidney play a vital protective role against com-
plement-mediated tissue injury in normal and diseased condi-
tions. Complement-mediated renal injury will progress when
the balance between activation and inhibition of complement is
disregulated. The present work provides a new insight into the
role of the membrane inhibitor of complement and has relevance
to the understanding of the mechanism of tubulointerstitial in-
jury in humans.
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