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Nephritogenicity of Antibodies to Proteoglycans

of the Glomerular Basement Membrane-I|

Hirofumi Makino, John T. Gibbons, M. Kumudavalli Reddy, and Yashpal S. Kanwar
Department of Pathology, Northwestern University Medical School, Chicago, Illinois 60611

Abstract

We investigated nephritogenic potential of antibodies to heparan
sulfate-proteoglycan of glomerular basement membrane, Glo-
meruli were isolated, basement membranes were prepared, pro-
teoglycans extracted, and purified core protein was obtained.
We immunized rabbits with the core protein, IgG fraction pre-
pared from the antisera and specificity of the antibody deter-
mined. A single immunoprecipitin line in agar diffusion plate and
a single band (~18,000 mol wt) on the immunoblot autoradio-
grams were visualized. The antibody showed precise reactivity
with the glomerular basement membranes. The clearance studies
indicated that ~75% of the radioiodinated antibody disappeared
from circulation within 1 h and 1-2% bound to the kidney, For
nephritogenicity experiments, the antibody was intravenously
administered into rats and we examined their kidneys at 1 h to
24 d later. A linear immunofluorescence of glomerular basement
membranes was observed with rabbit IgG at all times while that
of C; until the 10th day. Early morphologic changes included
glomerular infiltration of polymorphonuclear leukocytes with
focal exfoliation of endothelium. The leukocytic infiltration sub-
sided by the third day and was followed by progressive thlckemng
of basement membranes, focal mesangial cell proliferation, in-
crease in mesangial matrix, and accumulation of monocytes. Focal
knob-like thickening of glomerular basement membrane was ob-
served from the 15th day onward. Regularly-spaced electron-
dense deposits were seen in the lamina rara interna and externa
of glomerular basement membranes and persisted throughout
the investigatory period. No significant proteinuria was observed
at any stage of the experiment. These findings suggest that the
antibodies to the basement membrane heparan sulfate-proteo-
glycan are nephrotoxic but possess weak nephritogenic potential.

Introduction

About 35 yr ago, Krakower and Greenspon (1) described the
localization of the nephrotoxic antigen of Masugi nephritis (2)
within the isolated rat renal glomerulus. Since then, extensive
investigatory efforts have firmly established that the glomerular
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basement membrane (GBM),' as a whole, is highly antigenic (1,
3-5). Intravenous administration of the GBM antiserum to rats
is followed by a fulminating disease process, conveniently termed
nephrotoxic serum nephritis (NTN). The NTN has a biphasic
course, i.e., a heterologous and an autologous phase, and is su-
perbly detailed in a recent review by Wilson (6). Briefly, in the
heterologous phase, injected heterologous antibodies bind to the
GBM soon after their administration and cause complement
activation/deposition (7, 8), polymorphonuclear leukocyte
(PMN) infiltration, and endothelial exfoliation (9-13) and pro-
teinuria (14, 15). The autologous phase, which ensues after a
week or so, is characterized by a humoral production of host
IgG antibodies to the GBM (16), further deposition of C; (16,
17), and proliferation of the glomerular cells with accumulation
of monocytes (17, 18), and leading to an accentuated proteinuric
response (15, 19).

The GBM is made up of a wide variety of collagenous and
noncollagenous glyoopi‘oteins (20, 21). Among the well described
glycoproteins of the GBM are type IV collagen (22), laminin
(23), entactin (24), and heparan sulfate-proteoglycans (25, 26).
The exact nature of the antigenic portion of GBM from which
nephrotoxic antibodies could be conceivably derived is somewhat
ill-defined (6). So far, the antibodies against type IV collagen
and laminin have been raised but they are proven to be weakly
nephrotoxic (27-29). Moreover, the antigenic components
within the GBM that bind the nephrotoxic antibodies have not
been clearly identified.

Heparan sulfate-proteoglycan (HS-PG) seems to be another
essential component of the GBM, which to a large extent endows
the permselective properties to the renal glomerulus (30). In this
investigation we explored nephntogemcnty of the antibodies,
raised against the core-protein of the HS-PG isolated from pu-
rified rat GBM fractions.

Methods

Isolation and purification of HS-PG from the GBM. Under ether anes-
thesia, both rat kidneys were perfused with Krebs-Ringer bicarbonate
buffer containing 1% bovine serum albumin (BSA) and protease inhibitors
via retrograde aortic route (31, 32). The renal cortices were dissected
free, glomeruli were isolated (1), GBM fractions were prepared (33), and
proteoglycans (PGs) were extracted from the GBMs in the presence of
protease inhibitors for 48 h (26, 34). Extracted PGs were fractionated
and purified by centrifugation (35,000 rpm for 72 h at 8°C) on a CsCl
gradient with an adjusted initial density of 1.42 g/ml (26, 34). Five equal
fractions (D,-Ds, from bottom to top) were made and D, fraction con-

1. Abbreviations used in this paper: FITC, fluorescein isothiocyanate;
GAG(s), glycosaminoglycan(s); GBM, glomerular basement membrane;
HS-PG, heparan sulfate-proteoglycan; LRE, lamina rara externa; LRI,
lamina rare interna; NCA, nitrocellulose acetate; NTN, nephrotoxic
serum nephritis; PAGE, polyacrylamide gel electrophoresis; PG(s), pro-
teoglycan(s).



tained most of the HS-PG (~70%; ref. 26) collected. The latter fraction
was extensively dialyzed against ice cold distilled water, then concentrated
in a diaflow membrane ultrafiltration apparatus, aliquoted, and stored
at —20°C.

Characterization of the antigen (HS-PG). Amino acid analyses (26),
protein (35), and sialic acid (36) contents were determined on the D,
fraction containing the HS-PG. The glycosaminoglycans (GAGs) char-
acterization was carried out by cellulose acetate electrophoresis after al-
kaline hydrolysis of the core protein of HS-PG (37). The molecular weight
of the core protein of HS-PG was determined by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) (38) after enzymatic
degradation of GAG chains with purified heparitinase (gift from Dr.
Linker, University of Utah, Salt Lake City, UT. Ref. #39).

Preparation and purification of anti-HS-PG antibody. Rabbits were
immunized with multiple subcutanéous injections of HS-PG containing
3-4 mg of protein (obtained from ~250 rat kidneys), boosted every 2
wk, bled 6-8 wk after the primary immunization, and their sera were
collected. The antisera were decomplemented by heating at 56°C for 30
min and were absorbed with freshly harvested erythrocytes. The IgG-
enriched fraction was obtained by repeated precipitation with varying
concentrations of ammonium sulfate (40) and its purity was ascertained
by immunofixation-electrophoresis (41). For clearance and binding
studies IgG fraction was further purified by DEAE-cellulose chromatog-
raphy (42).

Specificity of the antibody. The specificity of the antibody was de-
termined by double immunodiffusion in 1% agar according to the method
of Ouchterlony (43). Cross-reactivity of the antibody with enzymatic
digests of the GBM was also tested by treating GBMs either with colla-
genase or pronase or trypsin. Specificity was further tested by SDS-PAGE
and Western blotting techniques (44). Briefly, 1-5 pg of HS-PG was
applied to 10% SDS-polyacrylamide gel electrophoresis and transferred
to nitrocellulose acetate (NCA) paper by electroblotting. The NCA paper
was then immersed in Tris-buffer saline solution containing antibody
(~5 mg/ml) and 5% BSA followed by extensive washing with Tris-buffer
saline solution. The NCA paper was then soaked in TBS-BSA solution
containing '*’I-staphylococcus protein A (1 X 10° cpm) for 30 min and
dried at room temperature. The dried NCA paper was covered with X-
Omat film (Eastman Kodak Co., Rochester, NY), and the films were
subsequently exposed for 4-5 d at —70°C with intensifying screens and
developed. Final verification of the specific reactivity of the antibody
was determined by indirect immunofluorescence. The 4-um-thick cryostat
sections of the kidney and lungs were incubated with anti-HS-PG, washed
with phosphate-buffered saline (PBS), and reincubated with fluorescein
isothiocyanate (FITC) conjugated sheep anti-rabbit IgG and examined
by immunofluorescent microscopy.

Antibody clearance and binding studies. The IgG fraction of the an-
tibody and normal IgG were radioiodinated with '?°I-Na by lactoper-
oxidase-glucose oxidase method as previously described (45). The free
iodine was removed by exhaustive dialysis and Sephadex G-25 chro-
matography. After procuring the '*I-antibody, four sets of studies were
carried out. In the first set, 36 rats, weighing ~50 g, received 2.5 mg of
antibody intravenously and were killed in batches of four at 10, 20, and
30 min; 1, 2, and 6 h; and 1, 3, and 5 d after its administration. Before
sacrifice the blood samples and kidney tissues were obtained for deter-
mining the radioactivity. We calculated the amount of radioactive an-
tibody bound to the kidneys after flushing them with 0.15 M NaCl via
retrograde aortic perfusion and expressed this amount as micrograms of
125].antibody bound per gram of kidney tissue as follows: milligrams of
125.antibody injected X percent injected radioactivity in the kidney per
gram of kidney tissue.

Next, we investigated dose-dependent antibody binding to the kidneys.
The tissue samples were obtained 1 h after administration of the antibody;
this interval seemed to be appropriate since by this time most of the
antibody has been cleared from circulation and its binding to the kidney
more or less equilibrated. A dose range of 0.0625-25 mg was employed,
kidney bound radioactivity was determined, and expressed as indicated
above. We used 30 animals and killed them in groups of six per variable
of the dosage. In the third set of experiments, the amount of antibody

bound to the kidney was compared with the binding of normal IgG. Six
animals were used in each group and a dose of 25 mg of radioiodinated
IgG fractions was employed. Lastly, to confirm the dose-dependent
binding and precise localization of the antibody to the glomerular capillary
wall, tissues from the second and third set of studies were processed for
light microscopic autoradiography (45, 46). ~36 glomeruli from six rat
tissues were analyzed in each of the six groups (five different dosages and
a control). The glomeruli were photographed and printed to a final mag-
nification of 1,500. We counted the autoradiographic grains over the
capillary wall. The area of the capillary wall was determined by point
counting method as previously described (46). The grain density was
computed by dividing the total grains by total area points. Finally, the
mean grain density and staridard deviation about the mean were deter-
mined.

Protocol of the nephritogenicity experiments with anti-HS-PG anti-
body. We used 42 female Fischer rats, weighing 50-60 g. 28 of these
animals were given intravenous injections of 0.5 ml saline containing
~50 mg/100 g body weight of rabbit IgG-enriched fraction of anti-rat
HS-PG, and 14 control rats received a similar amount of IgG obtained
from normal rabbit serum. The preliminary studies, where varying con-
centrations of the antibody (0-100 mg/100 g body weight) were employed,
indicated that a dose of 50 mg/100 g body weight would be the maximum
amount that the animal could tolerate without dying. Also, the kinetics
of binding and tissue autoradiographic data (see Results) suggested that
this dose of the antibody seemed to have occupied almost all the available
antigenic sites of the glomerular capillary wall. The animals were sacrificed
in batches of four experimental and two controls at 1 h, 1, 3, 6, 10, 15
and 24 d after administration of IgG enriched fractions. Before being
killed, they were transferred to metabolic cages for 24-h urine collection
with access to water ad lib. only. The urinary proteins were determined
by biuret method (47) and the rats’ kidneys were processed for direct
immunofluorescent, light and electron microscopy.

Morphologic studies. Direct immunofluorescence studies were per-
formed on 4-um-thick unfixed cryostat sections. The sections were air-
dried, washed with PBS buffer, and incubated with either of the following
antisera: FITC anti-rabbit IgG, rat IgG, C;, and albumin (Cooper
Biomedical, Inc., Malvern, PA) and examined by immunofluorescent
microscopy. The intensity of fluorescence was graded on a (—) to (++++)
scale. For light microscopy, renal cortical pieces were fixed in 10% form-
aldehyde, 4-5-um-thick sections were made and stained with periodic
acid-Schiff (PAS) reagent. Kidney tissues, fixed either in 1% glutaraldehyde

Table I. Amino Acid Composition of HS-PG of GBM

Amino acid D, fraction*
Lysine 73
Histidine 29
Arginine 68
Aspartic acid 84
Threonine 49
Serine 83
Glutamic acid 112
Proline 73
Glycine 137
Alanine 96
Valine 39
Methionine - 4
Isoleucine 26
Leucine 62
Tyrosine 26
Phenylalanine 26

* Residues per 1,000 amino acids.
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Figure 1. NaDodSO,/polyaciylamide gel (10%) electrophoresis. Lane
a, molecular weight standards; lane b, core-protein of heparan sulfate-
proteoglycan. Lanes ¢, d, and e are the autoradiograms of immuno-
blots of core-protein applied to the gel in concentrations of 5, 2.5, and
1.0 ug, respectively. A single band of core-protein with M, ~ 18,000
and corresponding solitary bands in the immunoblots are observed.

or 1% glutaraldehyde plus 0.2% tannic acid in 0.1 M cacodylate buffer,
pH 7.4, were processed for electron microscopy (31, 32).

Resiults

Characterization of the antigen. Amino acid analysis of the D,
fraction (Table I) was almost identical to the D, fraction pro-
teoglycans extracted from the whole glomeruli as previously de-
scribed (26). Absence of hydroxyproline and hydroxylysine in-
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Figure 2. Cellulose acetate electrophoretograms of standards, which
include chondroitin sulfates A (CSA) and C (CSC), dermatan sulfate
(DS), heparan sulfate (HS), and hyaluronic acid (HA). The sample
that is a hydrolysate of D, fraction of CsCl gradient has a single spot
co-migrating with heparan sulfate standard.
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Figure 3. Ouchterlony immunodiffusion agar plate that includes anti-
HS-PG antibody in the center well (4). The wells a, b, and ¢ contain
collagenase, pronase, and tryptic digests of the GBM, respectively; and
d, e, and f contain bovine serurn albumin, rabbit preimmune serum,
and HS-PG, respectively. A single immunoprecipitin line is observed
between the wells containing anti-HS-PG (4) and HS-PG (f).

dicated the noncollagenous nature of the glycoprotein; and lack
of cystine residues suggested that it is not cross-linked via disulfide
bridges to other basement membrane proteins. The estimated
molecular weight of the core protein of HS-PG in the D, fraction
appeared to be similar to what had been previously reported
(26). A single band with a molecular weight of ~ 18,000 was
visualized on SDS-PAGE (Fig. 1). The cellulose acetate electro-
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Figure 4. Immunofixation-electrophoresis of the final ammonium sul-
fate precipitate fraction of the antisera. The band in lane SPE simply
indicates the migratory behavior of the fraction. The remaining tem-
plate wells were incubated with respective anti-rabbit gammaglobulins.
Note that the isolated fraction mainly contains IgG. The arrow de-
notes the point of application of the samples.
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phoresis of GAG chains of HS-PG revealed a single spot that
co-migrated with heparan sulfate standard (Fig. 2) and was sim-
ilar to what had been isolated from proteolytic digests of the
whole GBMs (25). No sialic acid was detected, which indicates
that no contaminating cell surface-associated sialoglycoproteins
were present in the D, fraction. These data indicated an authentic
isolation of HS-PG, the antigen, from the GBM fractions.

Specificity and purity of the antibody. In the Ouchterlony
double immunodiffusion agar plates, only one precipitin line
was observed between the wells containing IgG-enriched fraction
of the antiserum and the antigen HS-PG (Fig. 3). No precipitin
lines were seen between the walls containing the antiserum and
normal serum, albumin, and collagenase, pronase, and tryptic
digests of the GBM. Similarly, a single band corresponding to
a molecular weight of ~ 18,000 was observed in the autoradio-
grams of the SDS-PAGE/Western blot, which indicates a high
specificity of the antibody to the core protein of HS-PG of the
GBM (Fig. 1). Finally, verification by indirect immunofluores-
cence studies confirmed the specific reactivity of the antibody.
An intense immunofluorescence of the GBM was observed, with
minimal staining in the mesangial regions of the glomerulus
(Fig. 8 4). We observed a somewhat lesser degree of fluorescence
in the extraglomerular basement membranes including those of
Bowman’s capsule, tubules, and blood vessels. Pulmonary al-
veolar basement membranes exhibited a mild to moderate degree
of reactivity of the antibody directed against the core protein of
HS-PG of the GBM.

The immunofixation-electrophoretic data indicated a high
degree of purity of the IgG contained in various fractions of the
antibody. Interestingly enough, even the initial ammonium sul-
fate precipitated fractions of the antisera appeared to contain
mostly the IgG (Fig. 4). In view of these findings, the antibody
was considered suitable for the clearance, binding, and nephri-
togenicity experiments.

Clearance and binding experiment. ~75% of the antibody
rapidly cleared from circulation within 1 h followed by a gradual
decline in the radioactivity over a period of 5 d (Fig. 5). Con-
comitantly, the antibody fixation seemed to reach equilibration
by 1 h, at which time ~1.4% (~35 ug) of the injected antibody
(2.5 mg) was bound to the kidney; and it slowly decreased to
0.5% by the fifth day (Fig. 5). The percent binding of anti-HS-

time intervals after its administration.

PG antibody seemed to be similar to those of anti-GBM (48,
49) or laminin antibodies (27). The degree of binding was pro-
portional at lower dosages, ranging from 0.0625 to 0.25 mg,
while it began to plateau to a certain degree at higher dosages
(Fig. 6). At a dose of 25 mg/50 g body weight, the antibody
occupied maximally all the glomerular capillary loops as visu-
alized by tissue autoradiography (Fig. 7 A4). At lower doses, the
autoradiographic grain density decreased dramatically (Fig. 7 B
and C; Table II). In control animals injected with equivalent
amounts of normal '*’I-IgG (25 mg/50 g body weight), the bind-
ing was drastically less, i.e., the amount of normal '*I-IgG bound
was 14.5 ug while that of antibody-IgG fraction was 195 ug/g
of kidney tissue. Furthermore, the autoradiography, the tech-
nique that probably reflects far more accurate and precise specific
binding of ligands than simple radiocounting, indicated the
binding of the antibody as compared with normal IgG fraction
in a ratio of 32:1 (Fig. 7 D and Table II). Finally, since the
autoradiographic grains were visualized only on the glomerular
capillaries, it meant that (a) the antibody retained its reactivity

100

19(125] antibody bound/g kidney
(semi logarithmic scale)
3

0.25 25 ke 25

mg[125]] antibody injected

Figure 6. Dose-dependent binding of radioiodinated antibody to the
kidney at 1 h after its administration.
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Figure 7. Light microscopic autoradiograms of the glomeruli from
kidneys of animals that received 25 mg (4), 2.5 mg (B), and 0.25 mg
(C) of radioiodinated antibody. D is from the control animal injected
with 25 mg of radioiodinated normal IgG. Note that at a dose of 25

with the antigenic sites of the GBM after radioiodination pro-
cedures, and (b) the radioactivity measured on the whole kidney
specimens reflect exclusively the '**I-antibody bound to the glo-
meruli and almost neglible nonspecific binding of normal IgG
fraction.

Morphologic studies of nephritogenicity experiments. By light
microscopy, no significant pathologic changes were seen in the
control animals injected with normal rabbit serum. In contrast,
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mg (A) all the capillary loops show maximum-uniform binding of the
antibody (arrows) and is dramatically different from the control (D).
US, urinary space; GCW, glomerular capillary wall; Cap, capillary lu-
men. X 750.

numerous PMNs were seen in the renal glomerular capillary
lumina 1 h after the intravenous administration of anti-HS-PG
antibody. In some glomeruli, even 4-5 PMNs could be visual-
ized. From 1 d onwards, only occasional PMN was observed in
the glomerular capillaries. The other discernible glomerular
changes included mild mesangial hypercellularity and focal in-
crease in the mesangial matrices beginning with the sixth day
and gradually accentuating with progression of time.



Table I1. Grain Density Distribution of Radioiodinated
Antibody on the Glomerular Capillary Wall

Dose* Mean+SD

mg

0.0625 066:019y
0.1250 0.7110.25} :
0.2500 1.320.55 s
2.5000 3042063 4
25.0000 12.78+2.63 }
Control 0404024 § §

(Normal rabbit IgG, 25 mg)

* mg/50 g body weight.
1 Not significant.
§ P value < 0.001.

Immunofluorescent microscopic findings are summarized
in Table III. Intense uniform linear immunofluorescence of rab-
bit IgG was observed on the GBMs within 1 h (Fig. 8 C) after
intravenous administration of the antibody. The intensity of
staining seemed to be similar at a wide range of concentrations
of the antibody delivered to the animal (5-50 mg/100 g body
weight), which indicates a definitive saturation of binding sites
of the GBM with the amount of antibody (50 mg) used in the
current experiments. The fluorescence persisted with an almost
identical pattern up to 24 d (Fig. 8 D), although the degree of
staining regressed somewhat during this period. At no time did
we observe any mesangial staining. The tubular basement mem-
branes and Bowman’s capsule did not fluoresce. Rat C; also
showed a linear pattern of fluorescence (Fig. 8 E'); however, the
intensity was much less as compared with rabbit IgG. In addition,
rat C; staining was transient, it was highest at 1 h after injection
of the antibody, and appeared in trace amounts at 3 d (Fig. 8
F), and completely disappeared by the 10th d. Occasional, focal,
and weak immunofluorescence was seen with rat C; in the in-
terstitium and tubular basement membranes in control as well
as experimental animals. Rat IgG was negative throughout the
course of the experiments. The tubular epithelium was also neg-
ative for anti-rat albumin, which indicates that no significant
loss of proteins of glomerular origin had occurred. The control
animals that received IgG-enriched fraction from normal rabbit
serum did not have any reactivity toward rabbit or rat IgG.

Table I11. Summary of Immunofluorescent
Findings in Experimental Rats

Rabbit IgG* Rat IgG* Rat C;* Rat albumin
Th  (+++4) “) (++) )
1d (44 -) (++) )
3d (++++) ) +) “)
6d (+++4) “) () )
10d (++++) (-) (*) (-)
15d (++++) ) -) )
244 (+++) ) ) )

* Glomerular basement membrane immunofluorescence.
} Tubular epithelial immunofluorescence.

Electron microscopy of the renal glomeruli of the control
rats revealed no significant ultrastructural alterations except for
minimal swelling of the endothelial cells. The glomerular alter-
ations in the experimental group included cellular as well as
extracellular matrical changes. Soon after the introduction of
the antibody, glomerular infiltration of PMNs was observed. It
was most pronounced at 1 h (Fig. 9) and gradually diminished
by 1 d. By the third day, occasional PMN was seen in the glo-
merular capillaries. Most of the PMN were apposed to the inner
lining of the capillaries with their cytoplasmic pseudopods ex-
tending through the endothelial fenestrae and adhering to the
GBM (Fig. 10 4 and B). Focal endothelial detachments with a
substantial portion of the PMN cytoplasm in direct contact with
the GBM were seen (Fig. 10 4). The endothelial cells were swollen
and had marked increase in the cytoplasmic ribosomes and en-
doplasmic reticulum. The GBM contained regularly-spaced
electron-dense deposits in the lamina rara interna (LRI) and
lamina rara externa (LRE) of the GBM. The visualization of
these deposits was enhanced by tannic acid fixation (Figs. 10 B
and 11 A). The mesangial matrix appeared to be free of deposits.
Extraglomerular basement membranes, i.e., those of Bowman’s
capsule and of tubules, did not contain any deposits. No deposits
were seen in the control animals. The tubular epithelium did
not exhibit any unusual amounts of lysosomal or protein ab-
sorption droplets. From the sixth day onward, there were pro-
gressive alterations in the mesangium as well as in the GBM.
There was a mild mesangial hypercellularity with minimal in-
crease in the mesangial matrices and slight thickening of the
GBMs. Their rough endoplasmic reticulum and Golgi elements
were somewhat prominent. By the 15th day, the changes were
quite dramatic. The monocytic infiltration was evident (Fig. 12
A and B). The mesangial matrices were much increased and a
few capillaries had mesangial interposition (Fig. 12 B). The
GBMs were focally thickened and had a knobby appearance due
to numerous non-electron-dense subepithelial humps (Fig. 12
A and B). By the 24th day, the mesangial hypercellularity pro-
gressed to the point of almost simulating, at places, a focal pro-
liferative glomerulonephritis (Fig. 13 4). The GBM alterations
were further accentuated. The knobby appearance of the GBM
could be observed in more than 50% of the capillary loops (Fig.
13 B). The epithelial cells were somewhat swollen with prominent
rough endoplasmic reticulum and Golgi elements. They had
focal disruption in the organization of their foot processes as-
sociated with cytoskeletal changes in the form of aggregation of
actin filaments. The dilated cisternae of endoplasmic reticulum
of epithelial cells often contained electron-dense material with
lamellated sheets, which was highly reminiscent of basement
membrane (insets of Fig. 13 4 and B). The electron-dense de-
posits could still be visualized but to a lesser degree in the LRI
and LRE of the GBM. The endothelial cells were also somewhat
swollen and prominent and had increased cytoplasmic ribosomal
contents. A few monocytes were seen either freely floating in
the capillary lumina or attached to the endothelium. In some
capillary loops monocytes were attached to the basement mem-
branes where endothelium had exfoliated. In addition, a few
platelets and fibrin thrombi were observed in the capillary lu-
mina.

Urinary proteins. Mean urinary proteins were <2 mg/day
per 100 g body weight both in experimental and control groups
of animals (Table IV), which suggests a lack of proteinuric re-
sponse to the administration of normal rabbit serum or IgG
enriched fraction of anti-HS-PG.

Heparan Sulfate-proteoglycan Antibody Nephritogenicity 147



Figure 8. Indirect immunofluorescent microscopy of cryostat sections
incubated either with anti-HS-PG (4) or IgG-enriched fraction of
serum (B), followed by reincubation with FITC conjugated anti-rabbit
IgG. Linear fluorescence of basement membranes of the glomerulus
and tubules is observed. The remaining micrographs represent direct
immunofluorescence of sections of kidney from animals administered

Discussion

In this study we have shown an authentic isolation of the core-
protein of HS-PG from purified fractions of GBMs and prepa-
ration of specific antibodies with precise reactivity toward the
mammalian basement membranes. In addition, we have shown
certain nephrotoxic effects of the anti-HS-PG antibodies, though
their nephritogenic potential was somewhat weaker than that
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with anti-HS-PG and killed at 1 h (C and E), 3 d (F), and 24 d (D)
later. C and D are the sections stained with FITC anti-rabbit IgG,
while E and F were stained with FITC anti-rat C;. The fluorescence
with anti-rabbit IgG reacting with anti-HS-PG persisted up until 24 d
(D), while anti-rat C; regressed to a large extent by the third day (F).

observed with nephrotoxic antibodies directed against the whole
GBM (2-19).

The GBM, as a large macromolecular complex, has been
known for some time to be highly immunogenic and its anti-
bodies serve as quite potent nephritogens (1, 3-6). There are
several known major glycoproteins (20-24) that are responsible
for the inherent structural makeup of the GBM; and the heparan
sulfate, an additional integral component, was discovered a few



Figure 9. Low power electronmicrograph of the glomerulus taken

from an animal administered intravenously with anti-HS-PG antibody
and killed 1 h later. Infiltration by polymorphonuclear leukocytes (ar-
rows) is observed in many capillaries (Cap). No increase in the protein

years ago (50). The exploration of immunogenicity of the HS-
PG and nephritogenic potential of its antibodies was hindered
by the fact that it is present in minute amounts in the GBM

absorption droplets is seen in the proximal tubular epithelium (PT).
The basement membrane of capillary loops is uniformly thin. Ep, epi-
thelium; En, endothelium; Me, mesangium; RBC, erythrocytes. Glu-
taraldehyde immersion fixation. X 3,000.

(25). Secondly, the core-protein of proteoglycans is extremely
susceptible to proteolysis and would be readily degraded by con-
taminating proteases during preparations of the GBM, thus ren-
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Figure 10. Electronmicrographs of portions of the glomeruli from ani-
mal killed at 1 h after administration of the antibody. (4) Note the ac-
cumulation of polymorphonuclear leukocytes (PMN) in the capillary
lumena (Cap) and adhering to the GBM and causing exfoliation of the
endothelium (En) in focal regions (open arrows, including inset). (B)
the pseudopods (arrow heads) of PMN are seen extending toward the

dering the feasibility of its isolation almost impossible (26). This

investigation is the first description of successful isolation of the
core-protein of HS-PG directly from the purified fractions of
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L

GBM through the endothelial fenestrae. An electron-dense layer is
seen in the laminae rara externa of the GBM where antibody has lo-
calized (arrows). Me, mesangium; Ep, epithelial foot processes; US,
urinary space; N, nucleus of the PMN. Tannic acid glutaraldehyde
perfusion fixation. 4 and inset,

X 5,500; B, X 28,000.

the nonradiolabeled GBMs, and has almost the same amino
acid composition as that isolated from whole glomeruli (26). In
view of the fact that the core-proteins isolated from either whole



Figure 11. High power electronmicrographs of the glomerular capil-
lary loops of animals given either IgG-enriched fraction of anti-HS-PG
(A) or of normal serum (B) and killed 1 h later. Numerous electron-
dense deposits (arrows) are seen in the LRI and LRE of the GBM in

glomeruli or GBMs have similar chemical compositions, it seems
appropriate and reasonable to isolate HS-PG from whole glo-
meruli, where the yield could be easily increased by five- to ten-
fold. For reference purposes, we should mention that its amino
acid composition has no similarities to the HS-PG isolated from
Engelbreth-Holm Swarm (EHS)-sarcoma (51) or other basement
membrane high molecular weight glycoproteins (23, 24).

The preparation of polyclonal antibodies was further
impeded by the fact that the core-protein is somewhat weakly
immunogenic. We had to use a large amount of antigen (34
mg per booster injection) over a period of at least 6-8 wk before
an adequate immune response could be detected by Ouchterlony
immunodiffusion method (a conventional procedure employed
in past investigations in this particular field) (4, 5, 12). Although
the whole GBM is highly immunogenic, the immunogenicity of
its individual components seems to be ill-defined (4-6). It is
conceivable that, similar to our experience, the other antigenic

the animals that received anti-HS-PG (A4). No deposits are seen in the
animals that received normal IgG (B). US, urinary space; Ep, epithe-
lial foot processes; LD, lamina densa; Cap, capillary lumen. Tannic
acid glutaraldehyde perfusion fixation. X 100,000.

components of the GBM may also be weakly immunogenic.
Nevertheless, a successful preparation of specific antibodies di-
rected against the core-protein of the GBM has enabled us to
carry out detailed nephritogenicity experiments. Also, with the
availability of these antibodies, future experiments are likely to
be readily feasible.

These antibodies exhibit cross-reactivity toward tubular,
vascular, and alveolar basement membranes, which indicates
the presence of similar types of proteoglycans (HS-PG) in such
tissues with core-proteins sharing the same antigenic determi-
nants. Incidentally, there does not appear to be any cross-reac-
tivity with the cell surface associated proteoglycans of liver (au-
thor’s unpublished results). Moreover, the amino acid compo-
sition of the core-protein of hepatic HS-PG differs remarkably
from that of the GBM (52). Henceforth, perhaps in this very
context, antibodies to core-proteins of HS-PG isolated from ex-
traglomerular membranes may not be suitable for the nephri-
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Figure 12. Electronmicrographs of the portions of the glomeruli from
animals sacrificed on the 15th day after administration of the anti-

body. Monocyte (MO) infiltration is observed along with focal thick-
ening of the basement membranes. Moderate mesangial cell (Me) hy-
percellularity and increase in the mesangial matrices is seen. Some of

togenicity experiments. The antibodies under current investi-
gation also do not react with the other basement membrane
components as well as with the collagenase or pronase or tryptic
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the capillary loops exhibit mesangial interposition (arrows). There are
focal detachments of the endothelium where monocytes (MO) come
in contact with the GBM (arrows in inset). En, endothelium; Ep, epi-
thelium; US, urinary space. Glutaraldehyde immersion fixation. 4 and
inset, X 7,000; B, X 5,000.

digests of the GBM. In addition, the antibody reactivity with
the core-protein of HS-PG is readily lost when the latter is sub-
jected to even a very mild degree of proteolysis. All in all, it



Figure 13. Electron-micrographs of the portions of the glomeruli from
animals killed on the 24th day after administration of the antibody.
(A) Focal proliferative lesions composed of mesangial (Me), endothe-
lial (En), and monocytic (MO) cells are observed. Focal loss of organi-
zation of epithelial (Ep) foot processes is seen. Many cisternae of the
rough endoplasmic reticulum (arrows and insets) contain electron-
dense lamellated material. (B) More than 50% of the capillary loops
exhibit dramatic focal knob-like thickening of the basement mem-

brane (arrow heads) along with increase in the mesangial matrices.
The plicated sheets of electron-dense material reminiscent of glomeru-
lar basement membrane are seen in the dilated cisternae of the rough
endoplasmic reticulum (arrows and insets). Cap, capillary lumen; US,
urinary space. Glutaraldehyde immersion fixation. 4, X 3,500; left in-
set of A, X 17,000; right inset of A, X 8,500; B, X 4,000; top inset of
B, X 20,000; bottom inset of B, X 10,000.
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Table 1V. Urinary Protein Excretions* at Various Time Intervals of the Experiments

Animals 0 d and before 1d 3d 6d 10d 15d 24d
Control 0+0% 0.10.1 0+0 0+0 0.7+0.3 0.5+0.4 00
Experimental 0+0 0.5+0.3 0+0 0+0 0.1+0.1 1.2+0.8 00

* mg/24 h per 100 g body weight. 1 Mean+SEM of animals in each group.

appears that these antibodies are highly specific and well befitted
for the nephritogenicity experiments.

The nephritogenicity experiments were carried out with rel-
atively larger doses of antibody so that the nephrotoxic effects
would be fully evolved. The anticipated concern that small doses
of the antibody may not produce consistent results relates to the
fact that the antibodies to other glycoproteins such as laminin
or type IV collagen, when administered in small amounts, failed
to activate complement, induce proteinuria, or significant
pathologic changes in the glomerulus (27-29). Except for the
proteinuria, activation of the complement and remarkable pro-
gressive morphologic lesions were elicited in our studies. The
mild degree of proteinuria, observed in previous studies as a
result of administration of anti-type IV collagen or laminin an-
tibodies, is questionable since factors such as age, sex, and diet,
which influence the urinary protein excretions, were not taken
into proper consideration.

In the past, the degree of nephritogenic proteinuric response
has been correlated with the amount of antibodies fixed to the
kidney (48). Usually, 175-250 ug of kidney fixed antibodies,
directed against the whole GBM, has been reported to induce a
dramatic proteinuric response extending from heterologous to
autologous phase (48). However, at a comparable level of binding
of HS-PG antibody (150-225 ug), no significant proteinuria was
observed, which thereby indicates its weaker nephritogenic po-
tential. Although the absolute amount (150-225 ug) and percent
binding (0.8-1.6%) of HS-PG antibody were comparable to the
binding characteristics of other GBM antibodies (27, 48, 49);
still, it is difficult to correlate their nephrotoxicity with the results
obtained in the present investigation. This is due to the fact the
molecular weight, subunit composition, configuration, and an-
tigenic determinants of various glycoproteins of the GBM vary
considerably, and thus would have different antibody binding
characteristics. In this investigation, despite a lack of significant
proteinuric response, the ultrastructural changes seem to be quite
impressive and perhaps more pronounced than those seen in
the classical form of Masugi nephritis (10, 12).

The early phase lesions included the antibody binding in the
LRE and LRI of the GBM, PMN infiltration, exfoliation of the
endothelium, and deposition of C; along the capillary walls of
the glomerulus. These changes seem to correspond to the lesions
described for the heterologous phase of nephrotoxic nephritis.
Nevertheless, the changes seem to be much more accentuated
in the current model system. Interestingly enough, one could
readily demonstrate the presence of antibody in the LRE and
LRI in a pattern that is reminiscent of binding of immune-com-
plexes (40, 53) to the anionic sites of the GBM (31, 54, 55). The
binding of this particular antibody to the LRE and LRI is more
or less a further attestation to the fact that HS-PG residues are
indeed concentrated in these strategic locations of the GBM.
The complement deposition in a similar pattern and location,
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most likely, is secondary to or follows the initial binding of the
antibody. The PMN infiltration probably represents a response
to the deposition of antibody and is possibly due to concomitant
activation of the complement. In such a cascade of events, severe
structural damage to the capillary wall would be expected with
ensuing proteinuria; the latter could conceivably be due either
to hydrolysis of the GBM (11) or to exfoliation of glomerular
endothelium (13) by the PMN enzymes. The lack of proteinuric
response in the present model system despite the well established
changes, i.e., infiltration of PMN and endothelial exfoliation, is
somewhat intriguing and remains unexplained. Henceforth,
further experimental manipulations of this model system are
necessary to understand the perplexing observations. However,
what remains factual is that the occupation (blocking? neutral-
ization?) of anionic sites rich in HS-PG by the antibody per se
does not cause proteinuria. Furthermore, the lack of proteinuric
response in the presence of exfoliated endothelium with PMN
adherence to the GBM may suggest a more emphatic role of
peripheral layers of the glomerular capillary wall (30, 56, 57)
and extraglomerular hemodynamic determinants of permselec-
tivity (30, 58).

The monocytic infiltration in the glomerular capillaries seen
from mid-time period onward resembles, to a certain extent,
what is observed during the time frame of the post-heterologous/
autologous phase of nephrotoxic nephritis. The magnitude of
such a cellular response seems to be the same as that reported
in the traditional model of NTN (17, 18). In this phase of NTN,
the monocytic infiltration with their adherence to the GBM in
the exfoliated endothelial regions is usually associated with pro-
teinuria (15, 18). Irrespective of such a firm relationship between
glomerular alterations and-enhanced transcapillary passage of
proteins, we did not observe any significant proteinuria. Con-
ceivably, in the present experiments there may not be sufficient
monocytic accumulation; henceforth, cellular response may have
to be accentuated to establish a better correlation between the
morphologic and physiologic changes in a manner similar to
what had been described in the accelerated form of NTN ex-
perimental model (18).

The dramatic glomerular changes were seen in the latter part
of the disease process and appeared to be independent of the
complement activation/deposition or humoral response. The
lack of humoral response and autologous IgG and C; in the
GBM most likely indicate that the changes, both cellular and
extracellular, do not bear stringent resemblances to the autol-
ogous phase of NTN (16-19). The proliferative response of the
mesangial cell and to a certain degree of endothelium may be
due to a sustained stimulus, which may be by the translocation
of minute amounts of antibody into the mesangium from the
peripheral capillaries over a period of several days. With the
sustained stimulus to the glomerular cells, a substantial increase
in synthesis of mesangial matrix is anticipated. The matrix pro-



duction may sometimes be overwhelming in certain capillary
loops with consequential mesangial interposition—a change
reminiscent of membrano-proliferative glomerulonephritis (59).

Similarly, hypertrophic or stimulatory organelle changes were
observed in the visceral epithelium of the glomerulus. The
changes were in the form of prominent rough endoplasmic re-
ticulum and Golgi apparatus. In addition, material resembling
plicated sheets of basement membrane was seen very often in
the dilated cisternae of the rough endoplasmic reticulum. Except
for the latter substructures contained within the rough endo-
plasmic reticulum, the other changes do not typify NTN and
have not been documented in previous investigations (9-13).
The ready presence of lamellated substructures (60) in the epi-
thelial cytoplasm and remarkably impressive knob-like thick-
ening of the GBM may suggest stepped-up synthesis of basement
membrane glycoproteins. Alternatively, there may be defective
degradation or organization of the basement membrane either
due to the mere persistent presence of anti-HS-PG antibody in
the GBM or to some undefined loss of regulatory control of
synthesis/degradation by visceral epithelium, and perhaps also
by the endothelium of the glomerulus. These considerations are
speculative in nature and extensive investigatory efforts would
be required to delineate the pathogenesis of such lesions. How-
ever, it is highly suggestive from the ultrastructural changes ob-
served here that the visceral epithelium plays a pivotal role in
synthesis/degradation and turnover of the GBM in a mature
glomerulus.

In summary, another model that includes certain features
of NTN is presented. It resembles NTN in some aspects, while
differing from NTN in other aspects. Perhaps the accentuated
form of NTN in this model may be useful in delineating some
of the immunological as well as nonimmunological pathogenetic
mechanisms in renal glomerular disease processes.
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