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Role of the Terminal Complement Pathway in

Experimental Membranous Nephropathy in the Rabbit

GERALD C. GROGGEL, STEPHEN ADLER, HELMUT G. RENNKE, WILLIAM G. COUSER,
and DAVID ]. SALANT, Evans Memorial Department of Clinical Research and
Department of Medicine, University Hospital, Boston University Medical
Center, Boston, Massachusetts 02118; Department of Pathology, Brigham
and Womens Hospital, Boston, Massachusetts 02115

ABSTRACT Our recent observations of a comple-
ment-mediated, cell-independent mechanism of altered
glomerular permeability in rat membranous nephrop-
athy suggested a possible role for the terminal com-
plement pathway in the mediation of proteinuria in
certain forms of glomerular disease. To directly de-
termine whether the membranolytic terminal comple-
ment components (C5b-C9) are involved in glomerular
injury, we studied the development of proteinuria in
normal and C6-deficient (C6D) rabbits, in both of which
a membranous nephropathy-like lesion develops early
in the course of immunization with cationized bovine
serum albumin (cBSA) (pI 8.9-9.2). C6 hemolytic ac-
tivity of C6D was 0.01% that of control rabbits. After
1 wk of daily intravenous injections of cBSA, proteinuria
developed in 71% of controls (median 154, range 1-
3,010 mg/24 h, n = 24), whereas none of C6D were
proteinuric (median 6, range 2-12 mg/24 h, n = 12,
P < 0.01). After 1 wk of cBSA, both groups had qual-
itatively identical glomerular deposits of BSA, rabbit
IgG, and C3 on immunofluorescence microscopy, pre-
dominantly subepithelial electron-dense deposits on
electron microscopy, and minimal glomerular inflam-
matory cell infiltration of glomeruli. Glomeruli were
isolated from individual animals after 1 wk of cBSA
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and deposits of rabbit IgG antibody were quantitated
by a standardized in vitro assay using anti-rabbit IgG-
1251, Rabbit IgG deposits were found to be similar in
control (29.8+13.2, range 12.7-48.6 ug anti-IgG/2,000
glomeruli, n = 6) and C6D rabbits (32.6+13.8, range
16.8-48.8 ug anti-IgG/2,000 glomeruli, n = 5, P
> 0.05). After 2 wk, coincident with a prominent influx
of mononuclear cells and neutrophils, proteinuria de-
veloped in C6D rabbits.

These results document, for the first time, a require-
ment for a terminal complement component in the
development of immunologic glomerular injury. Since
the only known action of C6 is in the assembly of the
membrane attack complex, these observations suggest
that the membranolytic properties of complement may
contribute to glomerular damage.

INTRODUCTION

It has long been known that serum complement me-
diates tissue injury in the Arthus reaction (1) and het-
erologous phase of certain types of anti-glomerular
basement membrane (GBM)' nephritis (2) through its
leukocyte chemoattractant and immune adherent
properties (3). More recently, in two models of exper-
imental membranous nephropathy, we observed a form
of complement-mediated glomerular injury that oc-
curred independently of any inflammatory infiltrate
and in the face of selective neutropenia and pancy-
topenia (4, 5). These observations, together with others
demonstrating a cell-independent ameliorative effect
of complement depletion on hyperacute cardiac allo-

! Abbreviations used in this paper: ABC-33, antigen-bind-
ing capacity 33; cBSA, cationized bovine serum albumin;
C6D, C6 deficient; DDW, distilled and deionized water;
Fx1A, proximal tubular epithelial cell brush border antigen;
GBM, glomerular basement membrane; MAC, membrane at-
tack complex of complement.
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graft rejection (6, 7), suggested a hitherto undescribed
role for complement in the mediation of tissue injury.

In addition to its inflammatory properties, for which
C3b and C5a (3) are responsible, complement has a
cytolytic action that is mediated by a cell membrane-
bound complex of the terminal complement compo-
nents, C5b-9, also known as the membrane attack com-
plex (MAC) (8). Immunofluorescence studies of tissue
from patients with systemic lupus erythematosus (9,
10), idiopathic membranous nephropathy and anti-
GBM nephritis (11) have indicated the presence of the
neoantigen of the MAC. Poly C9, a polymer of C9 that
forms part of the MAC (12), has also been found in
glomerular lesions in patients with a variety of renal
diseases (13). While such findings support the hypoth-
esis that the MAC is responsible for tissue injury, they
by no means prove it.

Our previous studies on the cell-independent role of
complement in glomerular injury were performed in
the rat, which is the only species susceptible to the
passive Heymann nephritis model of membranous ne-
phropathy, but which lacks strains deficient in any of
the terminal components of complement. To directly
examine the role of terminal complement components
in glomerular injury, we used the rabbit, a species in
which a C6-deficient (C6D) strain exists, and in which
a membranous nephropathy-like lesion develops early
in the course of induction of chronic serum sickness
with cationized bovine serum albumin (cBSA) (14).
These studies compare the early, noninflammatory
phase of glomerular injury in normal and C6D rabbits
and document a requirement for C6 in the development
of proteinuria in this model. Since the only known
action of C6 is in the assembly of the MAC (8), these
observations strongly suggest a role for the MAC in
glomerular injury.

METHODS

Preparation and characterization of the antigen. Crys-
talline fraction V bovine serum albumin (Miles Laboratories,
Inc., Elkhart, IN) was used to prepare ¢cBSA. Cationization
was accomplished by carbodiimide activation of carboxyl
groups and substitution of ethylenediamine according to a
modification of the method of Hoare and Koshland (15). In
brief, the solution of ethylenediamine (Sigma Chemical Co.,
St. Louis, MO) was prepared by adding 67 ml of anhydrous
ethylenediamine to 50 ml of distilled and deionized water
(DDW) in a 1-liter flask. The pH was adjusted to 4.75 with
350 ml of 6 N HCL. The solution was cooled to 25°C and
25 ml of a 20% solution of BSA in DDW (wt/vol) was added.
While maintaining pH and constant temperature, 1.8 g of
1-ethyl-3-(3-dimethyl-aminopropyl)-carbodiimide hydro-
chloride (Sigma Chemical Co., St. Louis, MO) was added
with constant stirring, and the reaction was continued for 2
h. The reaction was stopped by adding 30 ml of 4 M acetate
buffer, pH 4.75. The product was extensively dialyzed against
DDW, lyophilized, and stored at —70°C.

The isoelectric point (pI) of the cBSA was measured in a
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thin-layer polyacrylamide gel (5%), pH range 3.5-9.5 (Bio-
Rad Laboratories, Richmond, CA) using a Bio-Rad horizontal
electrophoresis cell (Bio-Rad Laboratories). The pH gradient
was determined directly from the gel with a surface glass
pH electrode and Corning pH meter (Corning Scientific In-
struments, Chicago, IL). The molecular size of the cBSA was
determined by 5% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis using a Bio-Rad vertical electrophoresis
cell (Bio-Rad Laboratories).

Experimental design and induction of chronic serum
sickness. New Zealand white rabbits (1.5-2.0 kg, Pine Acres
Rabbitry, Brattelboro, VT) and C6D rabbits (raised from a
breeding colony obtained from the National Institutes of
Health, Bethesda, MD) were used. Each animal received a
primary intravenous immunization with 1 mg of ¢cBSA and
1 ug of endotoxin (Difco Laboratories, Detroit, MI) dissolved
in phosphate-buffered saline, pH 7.2 (PBS). 1 wk later, daily
(5 d/wk) injections of cBSA, 25 mg i.v., were begun. The
cBSA was dissolved in PBS (12.5 mg/ml) and centrifuged
for 30 min at 27,000 g before injection. The animals were
housed in individual cages and fed a standard diet. Blood
was obtained before the first injection and weekly thereafter
for C6 activity, C3 levels, serum creatinine and anti-BSA
measurements. 24-h urine collections were obtained on the
first day of each week, starting 6 h after the daily cBSA
injection. Animals were killed after 1 or 2 wk of daily in-
jections.

Assays. Urine protein was measured by a sulfosalicylic
acid method on 24-h urine collections using a whole serum
standard (Lab-Trol, Dade Diagnostics, Inc., Aguada, Puerto
Rico). Serum creatinine was measured by the Jaffe method
(Worthington Diagnostics, Freehold, NJ). Specific C6 he-
molytic activity was measured with EAClgp4hu and an excess
of human C2, C3, C5, C7, and guinea pig C8 and C9 by a
modification of the method of Kabat and Mayer (16) exactly
as described by the suppliers of the reagents (Cordis Lab-
oratories, Miami, FL). Results are expressed in CH50 units/
ml of serum. Serum C3 was measured by single radial im-
munodiffusion (17). Serum antibody levels to cBSA were
measured by the antigen-binding-capacity 33 (ABC-33)
technique of Minden and Farr (18). cBSA was labeled with
125] (New England Nuclear, Boston, MA) by a modification
of the method of McConahey and Dixon (19) to a specific
activity of 1.4 X 10° cpm/ug of protein. Serum samples,
diluted 1:100, 1:500, and 1:2,500, were incubated with an
equal volume (0.5 ml) of a solution containing 0.2 ug cBSA-

. 1251 in PBS. Results are expressed as micrograms of ¢cBSA

bound per milliliter undiluted serum.

Quantitation of glomerular deposits of rabbit anti-BSA
IgG. To determine the amount of rabbit IgG immunolog-
ically bound in the glomeruli of individual animals, the fol-
lowing procedure was used. The IgG fraction of sheep anti-
rabbit IgG (heavy and light chains; Cappel Laboratories,
Cochranville, PA) was radiolabeled with '*I (19, 20). Specific
activity was 9 X 10* cpm/ug protein, of which 95% was
precipitable with 10% trichloroacetic acid. The labeled IgG
was stored at —70°C and was diluted with unlabeled IgG
before use. Glomeruli were isolated by differential sieving,
as previously described (20), from the nonperfused kidneys
of individual control (n = 6) and C6D (n = 5) rabbits after
1 wk of injections of ¢cBSA, and a normal uninjected rabbit.
After extensively washing the glomeruli with cold PBS, four
test tubes of 2,000 glomeruli from each animal were incubated
at 37°C for 48 h with 500, 1,000, 1,500, and 2,000 ug of
anti-rabbit IgG-'**I in a reaction volume of 1 ml of Hanks’
balanced salt solution containing 2% human serum albumin,
penicillin (25 IU/ml), and streptomycin (25 pg/ml). After
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incubation, the tubes were centrifuged at 160, g for 5 min,
the supernatant was removed, and the glomeruli were washed
three times and counted for '*°I. Pilot studies had shown that
binding equilibrium was reached after 48 h at 37°C, incu-
bation at lower temperatures required longer time for equi-
librium to be reached, trichloroacetic acid precipitability of
labeled antibody remained >90% and that no contamination
with microorganisms occurred up to 48 h.

Specific binding of anti-rabbit IgG-'**I to glomeruli from
experimental animals was determined by subtracting counts
bound nonspecifically to normal rabbit glomeruli at each
dose. For each experimental animal, specific binding of anti-
rabbit IgG per 2,000 glomeruli in each of the four tubes was
plotted against the total counts added to that tube. In six of
11 experimental rabbits (four control and two C6D) antigen
saturation was demonstrated by a plateau of binding in re-
sponse to increasing antibody concentration.- Maximum
binding was equated with the average of the tubes showing
saturation. In assays of five experimental animals (two control
and three C6D), antigen saturation was not achieved and
Scatchard plots were therefore done to determine maximum
binding (21). Counts were converted to micrograms of sheep
IgG from the specific activity of the radiolabeled anti-rabbit
IgG. Results are therefore expressed as microgramis of sheep
anti-rabbit IgG bound per 2,000 rabbit glomeruli.

To validate this method, identical conditions were used to
assess the correlation between the binding of anti-rabbit IgG
in vitro to rat glomeruli which contained subepithelial deposits
of rabbit IgG, and the actual amount of rabbit IgG that had
been immunologically planted in these glomeruli in vivo in
the form of antibody to rat proximal tubular epithelial cell
brush border antigen (Fx1A). The IgG fraction of rabbit anti-
rat Fx1A was prepared and radiolabeled with '3'I exactly as
described before (20) and was shown to produce granular
capillary wall deposits of rabbit IgG by immunofluorescence
and subepithelial electron-dense deposits typical of passive
Heymann nephritis (22). Five Charles River CD rats (Charles
River Breeding Laboratories, Wilmington, MA) were given
1311 labeled rabbit anti-rat Fx1A IgG in incremental doses
(5,10, 15, 20, and 30 mg i.v.) to produce subepithelial deposits
of known antibody content. After 72 h, glomeruli were isolated
and aliquots of 2,000 glomeruli from each rat and a normal
control rat were incubated at 37°C for 48 h, as described
above, with 50, 100, 150, and 200 ug sheep anti-rabbit IgG-
125] - After incubation, glomeruli were washed, counted for
1811 and '25] and, after correcting for background, spillover,
and nonspecific binding, the amounts of rabbit IgG deposited
in vivo and the in vitro binding of anti-rabbit IgG were
calculated. Antigen saturation was demonstrated at all an-
tibody doses in every rat. The correlation between the in
vitro binding of sheep anti-rabbit IgG and the actual amount
of rabbit IgG present was therefore determined from the
regression line relating the sheep IgG-'*I and rabbit IgG-
131T content of 2,000 glomeruli in each tube as shown in Fig.
1. There was an excellent correlation between the in vitro
binding of anti-IgG and the amount of IgG deposited in vivo.
In addition, a high degree of penetration of glomeruli by
anti-rabbit IgG in vitro is demonstrated by the binding ratio
of 12:1 (slope of the line) and a very small amount of non-
specific binding is indicated by the fact that the y intercept
passes close to the origin (Fig. 1).

Tissue processing and immunofluorescence procedures.
Tissue for light microscopy was fixed in 10% neutral buffered
formalin, sectioned at 4 um, and stained with hematoxylin
and eosin and periodic acid-Schiff reagent.

Direct immunofluorescence procedures were performed
on renal tissues snap frozen in dry ice-isopentane, sectioned
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FiGURE 1 Relationship between the in vitro binding of anti-
rabbit IgG and rabbit anti-Fx1A IgG deposited in vivo in
glomeruli of rats. Glomeruli were isolated from five individual
rats injected with incremental doses of rabbit anti-rat Fx1A-
1311 and were incubated with sheep anti-rabbit IgG-'**I (50,
100, 150, and 200 pg). y = 12.21 x — 0.16; r = 0.896; P
< 0.001.

at 4 um in a cryostat, and fixed in ether-alcohol as previously
described (22). All biopsies were stained with the fluores-
ceinated IgG fractions of monospecific antisera to rabbit IgG,
rabbit C3, and BSA (Cappel Laboratories, West Chester,
PA). The rabbit anti-BSA did not cross-react with rabbit
albumin in Quchterlony analysis. ,

Tissue for electron microscopy was fixed by immersion in
glutaraldehyde-paraformaldehyde mixture (2 g/100 ml
paraformaldehyde, 2.5 g/100 ml glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.4), rinsed in cacodylate buffer,
postfixed in 1 g/100 ml of aqueous osmium tetroxide for 2
h, dehydrated in graded ethanols, cleared in propylene oxide,
and embedded in epoxy resin. 1-um thick sections and ultra-
thin sections (grey-silver interference color) were cut on an
LKB-Ultrotome (LKB Instruments, Inc., Gaithersburg, MD).
Thick sections were stained with toluidine blue and thin
sections were stained on the grid with uranyl acetate and
lead citrate and examined in a Philips 201 electron micro-
scope.

Statistical analysis. Results were evaluated by the Mann-
Whitney U test for analysis of nonparametric data (23).
Regression analysis and calculation of the correlation coet-
ficient was done by standard methods (23). Parametric values
are expressed as the meant1 SD, and nonparametric values
as the median and range.

RESULTS

The pl of cBSA was 8.8-9.3 with native BSA having
a pl of 4.5-5.3. Sodium dodecyl sulfate-polyacrylamide
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gel electrophoresis showed that the cationization process
caused very little polymerization of the cBSA.

Specific C6 hemolytic activity in C6D rabbits was
6+0.8 CH50 units/ml, which represents 0.01% of C6
activity in control rabbits (60,000+14,140 CH50 units/
ml). C3 levels in the C6D rabbits were 121+34% of
pooled, control rabbit sera by radial immunodiffusion.
Anti-BSA antibodies were measured in the serum of
both groups by ABC-33 using 0.2 ug BSA as antigen.
After 1 wk of daily ¢cBSA, serum from control rabbits
precipitated 6.5-99.0 pg BSA/ml (median 32.0, n
= 14) and serum from C6D rabbits precipitated 2.0-
46.9 ug BSA/ml (median 17.2, n = 13). Although the
difference reached statistical significance (P = 0.05),
there was considerable overlap between animals in the
two groups. Serum creatinine did not change in any
of the animals and after 1 wk of cBSA injections, it
was 1.2+0.4 mg/dl in control and 1.1+0.4 mg/dl in
C6D rabbits.

The results of 24-h urine protein excretion in control
and C6D rabbits after 1 wk of daily ¢cBSA are shown
in Fig. 2. 24-h urine protein excretion exceeded the
normal upper 99% confidence limit of 18 mg/24 h in
71% of controls (median 154, range 1-3,010 mg/24 h,
n = 24), whereas none of the C6D rabbits were pro-
teinuric (median 6, range 2-12 mg/24 h, n = 12, P
< 0.01). In control rabbits there was a rough linear
correlation between the serum anti-BSA levels, as mea-
sured by ABC-33, and the log urine protein excretion
at 1 wk (log y = 0.0233 x + 0.8311, n = 14, r = 0.58,
P < 0.05), which predicts that all animals with ABC-
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FIGURE 2 24-h urine protein excretion in control and C6D
rabbits after 1 wk of daily ¢cBSA. The dashed line represents
the upper 99% confidence limit in normal rabbits (18 mg/
240}\()). The difference between the groups is significant (P
< 0.01).
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33 > 20 ug BSA/ml should have excreted urine protein
>18 mg/24 h. Whereas this was true of 90% (nine of
10) of controls, none (zero of six) of the C6D rabbits
with ABC-33 > 20 ug BSA/ml had abnormal protein
excretion.

More direct evidence that the difference in protein-
uria at 1 wk between controls and C6D rabbits was not
the result of quantitative differences in glomerular an-
tibody deposition at 1 wk is presented in Fig. 3. Glo-
meruli isolated from the kidneys of individual rabbits
in each group, and incubated under defined conditions
(see Methods), were found to bind equivalent amounts
of radiolabeled anti-rabbit IgG (controls 29.8+13.2,
range 12.7-48.6 pg/2,000 glomeruli, n = 6; C6D
32.6+13.8, range 16.8-48.8 ug/2,000 glomeruli, n = 5,
P > 0.05), thereby indicating the presence of similar
quantities of deposited rabbit IgG antibody.

Glomerular immune deposits in the two groups were
also found to be qualitatively similar by immunoflu-
orescent and electron microscopy. Fig. 4 demonstrates
the similarity in glomerular capillary wall deposits of
rabbit IgG and C3 in control (Fig. 4, a and ¢) and C6D
rabbits (Fig. 4, b and d). IgG deposition at 1 wk was
linear-granular in appearance and followed a peripheral
capillary loop pattern (Fig. 4, a and b). With time, the
granularity of IgG deposits became more apparent. At
1 wk, C3 was deposited in a granular, segmental pattern
occupying peripheral capillary loops and mesangium
(Fig. 4, ¢ and d). With time, C3 deposits increased in
intensity in both groups and involved peripheral cap-
illary walls more diffusely. At 1 wk, BSA deposition
was similar in both groups with a linear-granular ap-
pearance. Electron microscopy of glomeruli was iden-
tical in control (Fig. 5 a) and C6D rabbits (Fig. 5 b),
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FIGURE 3 In vitro binding of anti-rabbit IgG to rabbit glo-
meruli containing rabbit anti-BSA antibody. Glomeruli from
control and C6D rabbits were isolated after 1 wk of daily
cBSA and were incubated with anti-rabbit IgG-'*1. No dif-
ference in binding was found between the groups (P > 0.05)
indicating the presence of similar rabbit IgG deposits.
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FiGURE 4 Immunofluorescent photomicrographs after 1 wk of daily cBSA in control (a and c)
and C6D (b and d) rabbits. Similar deposits of IgG (a and b) are present in a peripheral capillary
loop pattern. Rabbit C3 (c and d) is deposited in a granular segmental pattern on peripheral

capillary loops and in the mesangium. X 250.

and showed small, predominantly subepithelial, and
occasional subendothelial, electron-dense deposits.
Glomerular morphology was well preserved and epi-
thelial foot processes were intact in both groups (Fig.
5, a and b). Occasional mononuclear and polymor-
phonuclear leukocytes were noted in the glomerular
capillary lumena of both groups at 1 wk. Light mi-
croscopy revealed a minimal increase in glomerular
cellularity in both groups at 1 wk (Fig. 6, a and b).
Glomerular morphology was otherwise normal.

Results after 2 wk of cBSA injection. After 2 wk
of daily injections of ¢cBSA, light and electron micros-
copy showed marked hypercellularity of the glomeruli
of both groups due to the infiltration of polymorpho-
nuclear leukocytes and mononuclear cells. Subepithelial
deposits were much larger and more flocculent than at
1 wk and epithelial foot processes showed extensive
effacement in both groups. Intense, granular, peripheral
capillary deposits of rabbit IgG and C3 were detected
by immunofluorescence. Coincident with the influx of
inflammatory cells at 2 wk, C6D rabbits became pro-
teinuric (median 421, range 156-878 mg/24 h, n = 6)
so that they no longer differed significantly from the
control group (median 359, range 13-4,451 mg/24 h;
P > 0.05).

DISCUSSION

The aim of these studies was to examine the role of
complement, in particular the terminal complement
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pathway, in the genesis of immune injury during the
early, noninflammatory phase of serum sickness induced
by ¢BSA in rabbits. During this early phase, immune
deposits are predominantly subepithelial, glomerular
morphology is normal, and inflammatory cell infiltration
is minimal. The results of these studies show that pro-
teinuria develops in the majority of normal rabbits dur-
ing this phase of injury, whereas proteinuria is com-
pletely absent in C6D rabbits, despite qualitatively and
quantitatively similar glomerular antibody and C3 de-
posits. Since the only established function of C6 is in
the assembly of the MAC (8, 24), these findings strongly
suggest that complement can produce glomerular injury
in a manner analogous to its cytolytic effect (25).
These results are consistent with our earlier obser-
vations on a cell-independent form of complement-
mediated, immunologic glomerular injury in rat mem-
branous nephropathy (4, 5) but, in addition, indicate
the probable mechanism of such injury. It has long
been recognized that the development of proteinuria
in rats immunized with a fraction of Fx1A to produce
Heymann nephritis, corresponds with the presence of
complement deposits in glomeruli (Noble, B., personal
communication; and reference 26). By depleting rats
of complement with cobra venom factor, we demon-
strated the essential role for complement in the genesis
of proteinuria and showed that only the complement-
fixing, v1 subclass of sheep anti-Fx1A IgG was capable
of altering glomerular permeability (4). Thus, rats de-
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FiGURE 5 Electron micrographs of the glomerular capillary wall of control (a) and C6 deficient
(b) rabbits after 1 wk of daily cBSA. The subepithelial layer of the basement membrane (BM)
contains numerous, small electron densities (arrowheads), which are often located proximal to
the filtration slit diaphragm. Epithelial cells (Ep) show normal interdigitating foot processes
in both groups of animals. US, urinary space; End, endothelial cell; Cap, capillary lumen.

X 45,900.

pleted of complement or given the noncomplement-

amount and distribution to rats given vy1 antibody but

fixing, v2 subclass of sheep anti-Fx1A IgG developed did not become proteinuric (4). Identical observations

glomerular immune deposits that were similar in
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were recently made in the autologous phase of injury
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FIGURE 6 Light micrograph showing representative glomeruli from control (a) and C6 deficient
(b) rabbits after 1 wk of daily cBSA. Glomerular tufts are minimally hypercellular with occasional
neutrophils (arrow) occupying capillary lumina. Both groups of animals had similar, mild
morphological abnormalities. Hematoxylin and eosin; X 370.

of passive Heymann nephritis in which autologous or
isologous rat anti-sheep IgG reacts in situ with the
immunologically planted sheep IgG (5). In both these
rat models of in situ immune complex formation, one
in which the antigen is a fixed glomerular constituent
(22, 27, 28) and the other in which it is of exogenous
origin (5, 29), the complement-induced injury was
found to be independent of inflammatory cells (4, 5).
A possible role for the membranolytic action of com-
plement in glomerular injury was thus suggested but,
until now, direct evidence was lacking.

Analogous experimental observations have been made
regarding the hyperacute rejection of cardiac grafts.
Hyperacute rejection of cardiac allografts in presen-
sitized rats was found to be ameliorated by complement
depletion (7) and uninfluenced by neutrophil and
platelet depletion (6, 30), suggesting a direct effect of
complement. Furthermore, hyperacute rejection of
heart xenografts was delayed in C6D rabbits (31), in-
dicating a possible cytolytic effect of complement in
this form of immunologic vascular injury.

The current studies also add credence to recent ob-
servations that demonstrated, by immunofluorescence,
the presence of the MAC neoantigen in glomerular
deposits of patients with systemic lupus erythematosus
(9), idiopathic membranous nephropathy, and anti-
GBM nephritis (11), and of polyC9 is a variety of glo-
merular lesions (13). Since assembly of the MAC (32)
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and polymerization of C9 (12) inevitably follow the
generation of C5 convertase by the classical and/or
alternate pathways in the presence of an activating
surface (8), their mere presence in diseased glomeruli
does not provide convincing proof of a pathogenetic
role. Our current findings present direct evidence that
C6, and by inference the MAC, is essential for the
development of certain forms of glomerular injury.
That these results were not due to impaired immune
competence of C6D rabbits was demonstrated by the
similar quantity and distribution of glomerular deposits
of rabbit IgG in the two groups. In addition, glomerular
deposits of rabbit C3 appeared as abundant in C6D as
in control rabbits. While it is conceivable that glo-
merular immune deposits of some C6D rabbits with
lower serum anti-BSA concentrations (and consequently
higher free BSA levels) contained relatively more an-
tigen than controls, there is no logical reason why this
should have prevented them from becoming protein-
uric. It is also unlikely that any disorder of leukocyte
chemotaxis accounted for the lack of proteinuria in
C6D rabbits since they have been shown to have normal
chemotactic activity (24). A contribution of the terminal
complement sequence to coagulation is inferred from
studies in which delayed in vitro clotting of C6D rabbit
blood was observed in response to activators of the
alternate complement pathway (33, 34). While theo-
retically this clotting ““defect” could have protected
our C6D rabbits from glomerular injury (35), it seems
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unlikely since there was no evidence of intraglomerular
coagulation in our control group.

The cytolytic action of complement results from the
insertion of the MAC, during its assembly, into the
phospholipid bilayer of cell membranes. This leads to
loss of the integrity of cell membranes due either to
the formation of doughnut-shaped transmembrane
channels (25) or to the loss and/or rearrangement of
membrane phospholipids (36, 37). Since the GBM does
not contain phospholipid bilayers, it seems likely that
the site of action of the MAC in glomerular injury is
the plasma membrane of either the endothelial or ep-
ithelial cells or the slit diaphragms that bridge the space
between adjacent epithelial cell foot processes. Altered
capillary wall permeability might then arise as a result
of impaired synthesis or repair of the GBM by endo-
thelial or epithelial cells, or as a result of disruption of
the slit diaphragm which, itself, may provide a final
barrier to macromolecular filtration (38). In this regard,
it is of interest that recent studies have shown that the
glomerular antigen responsible for subepithelial im-
mune deposits in the Heymann models of rat mem-
branous nephropathy is expressed on the surface of
glomerular epithelial cell membranes (28, 39). It was
in the passive Heymann model (4) and its autologous
phase (5) that we first detected a direct action of com-
plement in glomerular injury.

One can only speculate on the actual mechanism of
complement-mediated glomerular injury in the rabbit
model used in these studies. Current evidence favors
the hypothesis that glomerular immune deposits, in this
model, form in situ after the initial localization of cBSA
which interacts electrochemically with anionic sites in
the glomerular capillary wall, and the subsequent
binding of anti-BSA antibody and fixation of comple-
ment (14, 40, 41). Antibody-induced complement fix-
ation in the glomerular capillary wall would rapidly
lead to assembly of the MAC which, because of the
close proximity of the immune deposits to epithelial
(and perhaps endothelial) cells, could become inserted
into their plasma membranes and lead to cell damage.
Closer scrutiny is required to determine whether the
characteristic, doughnut-shaped MAC (25) can be vi-
sualized in the vicinity of glomerular immune deposits,
or whether epithelial cells from such glomeruli exhibit
alterations in the phospholipids of their plasma mem-
branes (36, 37).

The absence of inflammation, despite fixation of
complement, in the early phase of injury in these studies
might reflect the predominantly subepithelial location
of immune deposits which renders them inaccessible
to circulating neutrophils, as previously discussed (4,
5). The subsequent appearance of proteinuria in C6D
rabbits and its worsening in controls coincided with an
intense inflammatory cell infiltrate and suggests the
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advent of a second, cell-dependent, form of injury.
Whether or not the latter phase is dependent on the
leukotactic (C5a) and immune adherent (C3b) prop-
erties of complement, as in the heterologous phase of
anti-GBM nephritis (2, 3), remains to be resolved. In
a similar model, in which in situ glomerular immune
deposit formation was induced in rats with cationized
human IgG, evidence was obtained for both cell-de-
pendent and cell-independent forms of complement-
mediated injury (42). It therefore seems likely that, in
any form of antibody-induced tissue injury where im-
mune deposits give rise to complement fixation, both
cell-dependent and cytolytic forms of complement-me-
diated injury are potentially activated. The major de-
terminant of which form predominates may be the site
of immune deposition.

Thus, these results demonstrate, for the first time,
that terminal complement components may mediate
immunologic glomerular injury. They also provide a
probable explanation of the mechanism of complement-
dependent, cell-independent proteinuria. These find-
ings, and those in rat membranous nephropathy (4, 5),
suggest a possible mechanism for the development of
proteinuria in idiopathic membranous nephropathy in
man in which a bland-appearing glomerular lesion is
accompanied by a high prevalence of glomerular de-
posits of complement (11, 43).
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