American Journal of Pathology, Vol. 142, No. 2, February 1993
Copyright © American Society for Investigative Pathology

Visceral Glomerular Epithelial Cells Can
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In glomerular diseases associated with anti-
body- and complement-mediated injury to endot-
belial and mesangial cells, cell proliferation is an
important early response that precedes matrix
accumulation and glomerulosclerosis. In con-
trast, in diseases in which the visceral glomeru-
lar epitbelial cell (VGEC) is the principal target of
injury, cell proliferation is not a recognized con-
sequence, although vGECs respond in vitro to a
variety of growth factors and inflammatory
mediators. To explore the possibility that low lev-
els of vGEC proliferation may occur and partic-
ipate in such diseases, serial studies were done
in the passive Heymann nepbritis model of mem-
branous nepbropatby, in which the vGEC is the
primary target of antibody- and C5b-9-mediated
injury. The results showed mitotic figures and
positive staining for the proliferating cell
nuclear antigen in cells whose location defined
them as vGECs. The proliferating cell nuclear
antigen-positive cells at the edge of the capillary
wall were confirmed to be vGECs by double-
immunostaining with antibodies to SPARC/
osteonectin, which preferentially label vGECs in
passive Heymann nepbritis. Proliferation of
vGECs in vivo was preceded by increased glom-
erular expression of platelet-derived growtb fac-
tor (PDGF) B-chain protein and messenger RNA,
both of which localized to vGECs. PDGF B-chain
protein and messenger RNA were also detected in
cultured vGECs. PDGF receptor 3-subunit protein
or messenger RNA could not be demonstrated in
vGECs in vivo or in vitro, and no growth
response of cultured vGECs to PDGF was noted.
These results suggest that proliferation of vGECs

does occur in a model of glomerular injury
induced by antibody and C5b-9 on vGECs. VGEC
proliferation and production of PDGF may be
involved in the restoration of the capillary wall
but could also contribute to local capillary wall
injury and proliferation of other cells in Bow-
man’s capsule, interstitium, and tubules. (Am J
Patbol 1993, 142:637-650)

Recent studies demonstrate that acute antibody-
and complement-mediated injury to the mesangial
cell in vivo results in a phase of mesangial cell pro-
liferation that is followed by an increase in messen-
ger RNA (mRNA) and protein for a variety of extra-
cellular matrix components.™? Mesangial cell
proliferation has also been recognized as an early
event in the course of chronic glomerular diseases
associated with the development of mesangial
matrix expansion and glomerulosclerosis.®>€ Simi-
lary, endothelial cell proliferation is seen when inflam-
matory injury occurs on the inner aspect of the cap-
ilary wall.”7° In experimental membranous
nephropathy in rats (Heymann nepbhritis) glomerular
injury occurs as a consequence of antibody- and
complement (C5b-9)-mediated injury to the visceral
glomerular epithelial cell (vGEC) and also leads to
accumulation of excess extracellular matrix with
thickening of the glomerular basement membrane
(reviewed in references 10 and 11). However, in con-
trast to mesangial and endothelial cells, turnover of
normal vGECs is very low.'?> Moreover, diseases
involving the vGECs, such as both human and exper-
imental membranous nephropathy, minimal-change
nephrotic syndrome, and aminonucleoside nephro-
sis, are generally regarded as nonproliferative
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disorders. In fact, vGEC proliferation is not a recog-
nized feature of any clinical or experimental glomer-
ular disease.

To test the hypothesis that some VGEC prolifera-
tion may occur and participate in VGEC immune
injury just as mesangial and endothelial cell prolifer-
ation occurs in response to injury to these cells, we
conducted serial studies in the passive Heymann
nephritis (PHN) model of membranous nephropathy,
using the expression of the proliferating cell nuclear
antigen (PCNA) as a marker of cell proliferation in
vivo.® Proliferating vGECs in PHN were identified by
immunostaining for SPARC/osteonectin, which has
been shown to be a marker of injured vGECs in this
model. 4

We also studied the production and gene expres-
sion of platelet-derived growth factor (PDGF) and of
the PDGF receptor (B-subunit) in vGECs during the
course of PHN and in cultured vGECs. PDGF is a
potent mitogen for cells of mesenchymal origin such
as mesangial cells and fibroblasts and is also syn-
thesized by these cells, resulting in paracrine and
autocrine signaling pathways (reviewed in refer-
ences 15 and 16). In experimental mesangiopro-
liferative glomerulonephritis we and others have
obtained evidence that mesangial cell injury in vivois
associated with increased production of PDGF and
that PDGF plays a central role in the regulation of the
pathological mesangial cell proliferation.?”-®

Our results provide the first evidence for vGEC
proliferation in response to immune glomerular injury
and demonstrate an increase in abundance of PDGF
mRNA and protein in vGECs during PHN. However,
no evidence for either a response of normal vVGECs
to PDGF in vitro or PDGF receptor expression in
vGECs in vivo or in vitro was obtained. These find-
ings suggest that vGEC proliferation and growth fac-
tor production may be important features of several
VGEC diseases that are generally considered
noninflammatory.

Materials and Methods
Experimental Design
In Vivo Studies

Forty-two male Sprague-Dawley rats (Tyler Labo-
ratories, Bellevue, WA) weighing 190 to 210 g at the
start of the experiment were studied. PHN was
induced in 24 of the rats by intravenous injection of
sheep antibody to Fx1A, prepared as described in
detail elsewhere.?® Controls included six normal
Sprague-Dawley rats, six rats injected with anti-Fx1A

but depleted of complement with cobra venom factor
(CVF) before disease induction (see below), and two
rats each injected intravenously with either 1 ug or 10
ug of lipopolysaccharide (Escherichia coli L3129,
Sigma Chemical Co., St. Louis, MO) or 1 ml of normal
sheep serum (Triple J Farms, Redmond, WA).
Twenty-four-hour urinary protein excretion was
determined in the normal controls, in six randomly
selected PHN rats each at days 3, 5, 10, and 15, and
in the PHN/CVF rats at day 5. After the urine collec-
tion the rats were sacrificed and renal biopsies were
obtained. Rats injected with lipopolysaccharide or
normal sheep serum were sacrificed at day 5 after
the injection and renal biopsies were also obtained.
Biopsies were studied to quantitate and localize pro-
liferating glomerular cells, monocyte/macrophages,
neutrophils, lymphocytes, cells expressing PDGF
B-chain protein and mRNA, and cells expressing
PDGF receptor. After the renal biopsies, glomeruli
were isolated using a differential sieving procedure
as described.! Three separate glomerular prepara-
tions were obtained from the kidneys of two rats each
at days 0, 3, 5, 5 (CVF), 10, and 15 after injection of
anti-Fx1A. The isolated glomeruli were used to
extract total RNA for Northern analysis. Northern
blots were probed using complementary DNAs
(cDNAs) specific for histone H2b.1-H3.2, PDGF
B-chain, PDGF receptor B-subunit, and 28 S rRNA.

In Vitro Studies

In vitro studies were performed to investigate
whether cultured vGECs are able to produce PDGF
B-chain mRNA and protein and whether these cells
express PDGF receptors. Expression of PDGF
B-chain and PDGF receptor B-subunit mRNA was
analyzed in total cellular RNA obtained from nonstim-
ulated VGECs or VGECs subjected to sublytic anti-
Fx1A and complement exposure or stimulation with
interleukin-1B (IL-1B). The expression of PDGF
B-chain and PDGF receptor B-subunit protein in rest-
ing or IL-1B-stimulated cultured vGECs was ana-
lyzed by immunofluorescent staining as well as by
enzyme-linked immunoassay in VGEC extracts
(PDGF B-chain). Finally, to analyze whether vGECs
express functioning receptors for PDGF the growth
responsiveness of cultured vGECs to various con-
centrations of recombinant human PDGF-BB (a kind
gift of C. Hart, Zymogenetics, Seattle, WA) was deter-
mined by measuring the rate of cellular incorporation
of [3H]thymidine (see below).

Complement Depletion

Rats were depleted of complement with CVF (Naja
naja kaounthia; Diamedix Corporation, Miami, FL).2"



Serum C3 levels were measured by radial immuno-
diffusion®! and were maintained at <10% of base-
line values throughout the study period.

Renal Morphology

Tissue for light microscopy and immunoperoxidase
staining was fixed in methyl Carnoy’s solution' and
embedded in paraffin. Three-micron sections were
stained with the periodic acid-Schiff reagent and
counterstained with hematoxylin.

Electron Microscopy

Tissue for electron microscopy was fixed, pro-
cessed, and examined as described previously.??
Two specimens each, containing six to eight glom-
eruli, obtained from rats with PHN at day 3, 5, 10, and
15 were analyzed.

Immunohistochemistry

Four-micron sections of methyl Carnoy's solution-
fixed biopsy tissue were processed by an indirect
immunoperoxidase technique as  described
previously.! Primary antibodies included 19A2
(Coulter, Hialeah, FL), a murine monoclonal IgM anti-
body against human PCNA, which is expressed by
actively proliferating cells'3; ED1 (Bioproducts for
Science, Indianapolis, IN), a murine monoclonal IgG
to a cytoplasmic antigen present in rat monocytes,
macrophages, and dendritic cells; RP-3 (kind gift of
F. Sendo, Yamagata, Japan), a murine monoclonal
IgG antibody to rat neutrophils®®;, OX-22 (Accurate
Chemical Corporation, Westbury, NY), a murine mon-
oclonal antibody to the high molecular weight form of
the rat common leukocyte antigen expressed on B
lymphocytes and most T lymphocytes; ascites 2, a
murine monoclonal antibody to a synthetic peptide
from domain | of murine SPARC (SPARC peptide 1.1,
amino acids 5 to 23)?4 (kind gift of A. Gown, Seattle,
WA); PGF-007 (a kind gift of Mochida Pharmaceuti-
cal, Tokyo, Japan), a murine monoclonal antibody to
a 25-amino acid peptide located near the carboxyl
terminus of the human PDGF B-chain?®; and a rabbit
polyclonal antibody to the B-subunit of the PDGF
receptor as described elsewhere'” (kind gift of R.
Seifert, Seattle, WA). For all biopsies, negative con-
trols consisted of substitution of the primary antibody
with equivalent concentrations of an irrelevant
murine monoclonal antibody or normal rabbit IgG.
For each biopsy >20 consecutive cross-sections
of cortical glomeruli containing >20 discrete capil-
lary segments each were evaluated by one of the
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authors, who was unaware of the origin of the slides.
Mean values per biopsy were calculated for the
number of proliferating (PCNA*) cells and for the
various leukocyte populations. Glomerular staining
for PDGF B-chain was quantitatively assessed by
counting the cells located in the periphery of the
capillary loop that exhibited positive cytoplasmic
staining, expressed as positive cells/glomerular
cross-section.

Immunohistochemical Double-Staining

Double-immunostaining for the identification of the
type of proliferating cells was performed as reported
previously,?? by first staining the sections for prolif-
erating cells with 19A2, an IgM monoclonal antibody
to PCNA, using an indirect immunogold procedure.
Sections were then incubated with an IgG1 mono-
clonal antibody against SPARC/osteonectin.2* We
have previously shown by immunohistology and
immuno-electron microscopy that SPARC in the nor-
mal glomerulus is preferentially expressed by
vGECs.'® Using the same techniques as well as
immunoblotting of glomerular protein extracts and
Northern analysis, we have also demonstrated that
during PHN a marked and selective increase of the
glomerular SPARC expression in vGECs occurs.' In
this model immunostaining for SPARC, therefore,
appears to be a suitable way to localize vGECs in
glomerular cross-sections. Although SPARC expres-
sion has also been detected in the mesangium in
association with mesangial cell proliferation (unpub-
lished observations), no detectable staining for
SPARC is present in the mesangium in PHN. In the
present study cells were identified as proliferating
SPARC+ cells if they showed positive nuclear stain-
ing for PCNA and if the nucleus was completely sur-
rounded by cytoplasm positive for SPARC. Prolifer-
ating cells in which the PCNA* nucleus did not
border on a cytoplasm positive for SPARC were clas-
sified as SPARC-. Proliferating (PCNA*) cells that
could not be clearly identified as SPARC* or SPARC-
were considered nonclassifiable. Negative controls
included omission of either of the primary antibodies,
in which case no double-staining was noted.

In Situ Hybridization for PDGF B-Chain
mRNA

In situ hybridization was performed on 4-um sections
of biopsy tissue fixed in buffered 10% formalin, uti-
lizing a digoxigenin-labeled antisense complemen-
tary RNA probe for the murine PDGF B-chain (tran-
scribed from a genomic DNA clone kindly provided
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by C. Stiles, Boston, MA), as described.2® Detection
of the complementary RNA probe was performed
with an alkaline phosphatase-coupled antidigoxige-
nin antibody (Genius nonradioactive nucleic acid
detection kit; Boehringer-Mannheim, Mannheim,
Germany) with subsequent color development. Con-
trols consisted of hybridization with a sense probe to
matched serial sections or deletion of the probe, anti-
body, or color solution.?®

Rat vGEC Culture

Rat vGECs were established in culture from isolated
glomeruli as described previously.2” Morphological
and immunofluorescent characterization of the cells
demonstrated a polygonal shape with cobblestone
appearance upon confluency and positive immu-
nostaining with anti-Fx1A but no staining with anti-
factor VIII or anti-Thy-1.1, which stain endothelial and
mesangial cells, respectively.2” Furthermore, in con-
trast to a recent report®® on the characterization of
cells obtained from glomerular outgrowths, the cul-
tured VGECs used for this study also stained posi-
tively with a monoclonal antibody to podocalyxin
(generously provided by M. Farquhar, San Diego,
CA).27 Finally, puromycin aminonucleoside exhibited
toxic effects on the cells.??

vGECs were maintained in 100-mm tissue culture
dishes (Corning Glassworks, Corning, NY) coated
with bovine type | dermal collagen (Collaborative
Research Inc., Bedford, MA). The cell culture
medium consisted of K1 medium with 2% Nu-Serum
(Collaborative Research Corp., Bedford, MA).2°
Cells were passaged by scraping and replating.

vGEC Synthesis of PDGF

VGEC expression of PDGF B-chain mRNA was
examined in resting vGECs (passages 12 to 21) and
in cells sensitized with sublytic concentrations of
anti-Fx1A or normal sheep IgG followed by exposure
to sublytic complement concentrations, as
described previously.2° In brief, vGECs were allowed
to reach subconfluency in K1 medium. After wash-
ing, the cells were incubated with anti-Fx1A or nor-
mal sheep IgG for 15 minutes on ice to allow binding
of antibody to the cells without patching and capping
of the antigen-antibody complexes.3° The concen-
tration of antibody was selected on the basis of pilot
studies that demonstrated that it provided the maxi-
mal amount of antibody IgG binding to vGECs in
culture without inducing cytotoxicity, as assessed by
lactate dehydrogenase release.3° After duplicate
washing, 2% pooled, normal, fresh frozen human

serum or heat-inactivated serum (30 minutes at 56 C)
was added as a complement source. This serum
concentration was selected as the highest concen-
tration to which cells sensitized with maximal sublytic
antibody concentrations could be exposed without
any cytotoxicity, as assessed by lactate dehydroge-
nase release.®° Cells were then incubated at 37 C for
90 minutes, washed twice, and incubated for an
additional 72 hours in K1 medium. Additional cul-
tures included vGECs stimulated for 72 hours with
108 mol/l recombinant human IL-18 (a kind gift of S.
Dower, Immunex Corp., Seattle, WA) and nonstimu-
lated VGECs. After the stimulations total RNA was
extracted from the cell layer (see below).

In additional experiments rat VGECs were seeded
into eight-well chamber slides (Nunc, Naperville, IL)
and allowed to reach subconfluency in K1 medium.
Nonstimulated cells or cells stimulated for 24 hours
with IL-18 (10-8 mol/l) were then fixed for 10 minutes
at =20 C in acetone and air dried. For immunohis-
tochemical analysis, the slides were first stained with
the PGF-007 or PDGF receptor antibody or irrelevant
monoclonal or polyclonal IgG. This was followed by a
biotinylated anti-mouse 1gG or anti-rabbit IgG anti-
body (Vector, Burlingame, CA) and finally streptavi-
din-fluorescein isothiocyanate (Amersham, Arlington
Heights, IL).

To analyze further whether cultured vGECs con-
tain PDGF B-chain, confluent cultures were stimu-
lated for 24 hours with 10~ mol/l recombinant human
IL-1B8 and were then lysed by the addition of 1 mol/l
acetic acid and 1 mol/l sodium chloride. After
homogenization of the cells the supernatants were
concentrated 10-fold using Centricon 10 devices
(Amicon, Danvers, MA). After repeated washing of
the concentrated supernatants with 10 mmol/l phos-
phate-buffered saline, pH 7.4, and reconcentration,
the PDGF content was determined by using an
enzyme-linked  immunoassay, as  described
previously.3

Response of vGECs to PDGF

To determine whether VGECs proliferate in response
to PDGF, vGECs were seeded into 24-well tissue
culture dishes (Corning) coated with a collagen
matrix (see above) and were incubated in K1
medium with 2% Nu-Serum. After the cells reached
subconfluency, the medium in half of the wells was
replaced with serum-free K1 medium. Five hours
later the cells were stimulated with various concen-
trations of human recombinant PDGF-BB (a kind gift
of C. Hart, Zymogenetics). Each well also received
2.5 uCi of [methyl-*H]thymidine (DuPont Company,



Wilmington, DE). After 20 hours of stimulation the
radioactivity incorporated into the cell layer was
determined as described previously.32

Preparation of RNA and Northern Analysis

Total RNA was extracted from cultured vGECs or
isolated glomeruli with RNAzol B, following the man-
ufacturer's instructions (TelTest, Friendswood, TX),
and was further purified by LiCl precipitation as
described.® For Northern analysis the RNA was
thawed, denatured, electrophoresed (15-20 pg/lane)
through a formaldehyde/agarose gel, and trans-
ferred to a nylon filter (Hybond N; Amersham) as
described.?? The genomic DNA and cDNA probes
used for Northern analysis were as follows. 1) For
histone H2b.1-H3.2, a 1.7-kilobase (kb) mouse
genomic fragment (pH312) containing histone
H2b.1-H3.2 genes subcloned into pUC7 was used to
detect the 0.5-kb histone H2b.1-H3.2 transcripts33
(kindly provided by D. Bowen-Pope, Seattle, WA). 2)
For PDGF B-chain, plasmid p3-4a, a clone contain-
ing almost the full length of rat PDGF B-chain cDNA,
was used to detect the 3.4-kb rat PDGF B-chain
transcript (kindly provided by C. M. Giachelli, Seat-
tle, WA). 3) For the PDGF receptor B-subunit, a
5.1-kb EcoRI fragment of mouse PDGF receptor
B-subunit cDNA3* was used to detect the 5.7-kb rat
PDGF receptor B-subunit transcript (the probe was a
kind gift of D. Bowen-Pope, Seattle WA). 4) For 28 S
ribosomal RNA, a bovine 280-base pair cDNA probe
was used to detect 28 S ribosomal RNA3® (kindly
provided by L. Iruela-Arispe and H. Sage, Seattle
WA). All probes were labeled with deoxycytidine
[a-32P]triphosphate (3000 Ci/mmol; New England
Nuclear, Boston MA) by random primer extension.
Total RNA isolated from glomeruli of rats with
anti-Thy-1.1 nephritis at day 3'7 served as positive
controls.

Membranes were prehybridized and hybridized
as described?? and autoradiograms were obtained
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and read by linear densitometry.22 All Northern anal-
yses were repeated two or three times with glomer-
ular RNA preparations obtained from different sets of
animals. Some membranes were rehybridized with
additional probes (up to a maximum of four times).?2

Statistical Analysis

All values are expressed as mean = standard
deviation. Statistical significance (defined as P <
0.05) was evaluated using the Student's t-test or one-
way analysis of variance with modified ttests per-
formed using the Bonferroni correction.3¢

Results
Basic Characteristics of the PHN Model

After the injection of anti-Fx1A antibody, vVGEC and
endothelial swelling were noted by light microscopy
at days 3 and 5, followed by VGEC vacuolization as
well as glomerular capillary loop dilation at day 10
and to a lesser degree at day 15. Ultrastructural
examination of glomeruli at day 10 showed numer-
ous discrete subepithelial electron-dense deposits in
peripheral capillary walls, with little evidence of alter-
ations of the underlying basement membranes.
VGEC foot processes overlying immune deposits
were generally effaced; foot processes overlying
uninvolved segments of the capillary wall were fre-
quently preserved. Glomerular endothelium and
mesangium were morphologically normal. Low
grade but significant proteinuria developed at day 3
in PHN (Table 1). At all subsequent time points
marked proteinuria was present (Table 1). The histo-
logical changes as well as the proteinuria were pre-
vented in rats depleted of complement before dis-
ease induction (Table 1).

Glomerular Cell Proliferation Starts at Day
5 after Induction of PHN

Cell proliferation was assessed by immunostaining
for PCNA, which is expressed from the late G,-phase

Table . Proliferating Glomerular Cells (PCNA*), Glomerular Monocytes/Macrophages (ED1*), and Glomerular Cells
Immunostaining for PDGF B-Chain in Normal Rats, in Rats with PHN at Day 3, 5, 10, and 15 after Disease
Induction, and in Rats with PHN at Day 5 that Had Been Complement Depleted (CVF) before Disease Induction*

Proliferating cells

Monocytes/macrophages/

PDGF B-chain-positive

Proteinuria (PCNA™*)/glomerular glomerular cells/glomerular

Day (mg/24 hours) cross-section cross-section cross-section

0 5+2 0.66 + 0.12 2.14 + 0.46 0.48 £ 0.43

3 14 + Of 1.05 + 0.30 3.20 + 0.59 7.38 + 1.32F

5 163 + 687 2.14 + 0.84% 2.67 +0.89 2.69 + 1.65
10 324 + 1171 2.13 £ 1.267 537 + 1.51F 0.69 + 0.38
15 208 + 587 1.08 + 0.41 285+ 1.39 1.37 £ 0.80
5/CVF 84 0.73 +0.21 276 + 057 0.47 £ 0.25

* Data are mean = standard deviation (n = 6 each).
t P < 0.05 versus control (day 0).
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of the cell cycle to the early G,-phase. '3 A significant
increase in PCNA* cells could be demonstrated in
PHN at days 5 and 10 after induction of the disease
(Table 1). The PCNA* nuclei were often located at the
outer side of peripheral capillary loops and were
larger and rounder than the PCNA™* nuclei of mesan-
gial cells noted in previous studies.” Complement
depletion before disease induction prevented the
increase in PCNA staining at day 5 (Table 1). No
increased glomerular PCNA staining was noted in
rats at day 5 after the injection of either lipopolysac-
charide or normal sheep serum (data not shown).

Glomerular Cell Proliferation in PHN Is not
Related to Leukocyte Infiltration

To examine whether the increase in glomerular PCNA
staining was related to an infiltration of proliferating
leukocytes, the sections were also stained for neu-
trophils  (RP-3), Ilymphocytes (OX-22), and
monocytes/macrophages (ED-1). No significant
increases of either neutrophils or lymphocytes above
the normal range (0.10 = 0.02 RP-3* cells/
glomerular cross-section and 0.62 + 0.11 OX-22+
cells/glomerular cross-section) were observed at the
various time points of PHN. Glomerular monocyte/
macrophages showed a transient, low-grade
increase above the normal range during the autolo-
gous phase of PHN (day 10), ie, after the onset of
increased glomerular cell proliferation and pro-
teinuria (Table 1).

Increased Glomerular Cell Proliferation
Reflects Predominantly vGEC Proliferation
in Early PHN

Periodic acid-Schiff staining of the renal biopsies
obtained at the various time points revealed rare
mitotic figures in VGEC locations at day 5 and to a
lesser degree at day 10 (Figure 1). In contrast, no
mitoses in vGEC locations were discovered in normal
rats or at any other time point of PHN.

To investigate further whether vGEC proliferation
was responsible for the increase in glomerular PCNA
staining during PHN, double-immunostaining was
performed. Double-immunostaining for PCNA and
podocalyxin, a frequently used vGEC marker in vit-
ro,?728 did not prove useful for determining the type
of proliferating cell because some immunostaining
for podocalyxin in vivo is present along the glomer-
ular basement membrane and in endothelial
cells.’37 Therefore, the sections were double-im-
munostained with PCNA and SPARC. As described
elsewhere, ' SPARC is constitutively expressed in

Figure 1. Periodic acid-Schiff stain of a renal biopsy obtained from a
rat at day 5 after induction of PHN. A mitosis (arrouhead) can be seen
in a cell on the outer surface of the capillary wall. X 1000.

VGEC cytoplasm, and only very weak staining is
present within the remainder of the glomerular tuft.
During PHN, SPARC expression is selectively up-
regulated in vVGECs at all of the time points examined
in the present study.' As shown in Figure 2a, in
normal glomeruli no double-immunostaining of cells
for PCNA and SPARC was apparent. In contrast, at
day 5 multiple cells that stained positively for both
PCNA and SPARC were noted along the periphery
and within the glomerular tuft (Figure 2b). Quantifi-
cation of double-immunostaining cells (Figure 3)
showed that no changes from the normal pattern
occurred in PHN at day 3. At day 5, nearly 50% of all
proliferating (PCNA*) glomerular cells double-la-
beled with the SPARC antibody, whereas the number
of PCNA*/SPARC- cells did not increase signifi-
cantly (Figure 3). These changes were prevented in
complement-depleted rats examined at day 5 (Fig-
ure 3). At day 10, both the number of PCNA*/
SPARC* glomerular cells and the number of PCNA*/
SPARC- cells had increased above the normal range
(Figure 3). At day 15 only very few PCNA*/SPARC+*
glomerular cells persisted, whereas PCNA*/SPARC-
cells still remained elevated above the normal range
(Figure 3).

Because PCNA immunostaining becomes positive
during the late G,-phase of the cell cycle'® and
because cells may become arrested or leave the cell
cycle in the G,-phase, we have also analyzed total
glomerular RNA for the expression of histone
H2b.1-H3.2 mRNA, which is primarily expressed dur-
ing the subsequent S-phase of the cell cycle.383°
Glomerular histone H2b.1-H3.2 mRNA expression
showed a minor increase at day 3 after the induction
of PHN (1.2 = 0.1-fold over normal controls; n = 3),
which was further increased at day 5 (2.3 + 0.6-fold)
and was maximal at day 10 (3.5 = 1.3-fold). At day
15 glomerular histone H2b.1-H3.2 mRNA expression



Figure 2. Double-immunostaining of renal
biopsies, obtained from a normal rat (a) and a e
rat at day 5 after induction of PHN (b), for |
proliferating  cells (PCNA*) and SPARC/
osteonectin, a marker of injured vGECs.'* Pro- .
liferating cells are identified by their black
nucleus, whereas SPARC* cells are identified by .
their red cytoplasm. It is evident that in the nor- g : L4
mal rat (@) the proliferating glomerular cells do
not double-label for SPARC. In contrast, at day 5
after the induction of PIIN (b) several cells at the
edge of the capillary loop show positive staining
JSor both PCNA and SPARC (arrowbeads), indi-
cating that they are vGECs. X 400.

was no longer different from controls (1.1 * 0.1-fold).
Complement depletion reduced the changes
observed at day 5 (1.2 = 0.1-fold).

The present study does not allow us to answer the
question of whether vGEC proliferation serves merely
to replace cells lost after C5b-9-mediated injury or
whether an absolute increase of VGEC numbers
occurs during PHN. In preliminary analyses we have
noted no significant changes in the total glomerular
cell counts during early PHN. However, if there were
small increases in podocyte numbers it is unlikely
that they would be detected, given the variability of
glomerular cross-sectional cell counts. Direct count-
ing of vGECs by quantitation of only SPARC* cells
was not possible, because SPARC is a cytoplasmic
antigen expressed by the highly interwoven

157 ) 22 ) _éPPCNAAFK‘;
% 7 PCNA+
§‘~°‘ é é " SPARC?
L |
n
§ 7 1
go.s- é é é
/ A |
/ o
(0 x|
7 7 7
0.0 é 25T l Z é
Normal Day3 Day5 Day10 Dayi5 ~ Day5/CVF
Passive Heymann Nephritis

Figure 3. Quantitative analysis, based on the double-immunostain-
ing for PCNA and SPARC (see Materials and Methods and Figure 2), of
the type of proliferating glomerular cells in normal rats, in rats with
PHN, and in rats with PIHN that were depleted of complement (CVF)
before the induction of disease. *, P < 0.05 versus normal.
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podocytes; this does not allow delineation and
counting of individual cells by light microscopy. Fur-
thermore, as mentioned above, SPARC expression in
the glomerulus is not exclusively confined to vGECs.

PDGF B-Chain Gene and Protein
Expression in vGECs Increases in PHN

In normal glomeruli, only rare cells along the periph-
ery and within the glomerular capillary loops exhib-
ited positive cytoplasmic staining for PDGF B-chain
(Figure 4a and Table 1). The number of cells in the
periphery of the capillary loop that stained positively
for PDGF B-chain increased significantly above nor-
mal at day 3 of PHN (Figure 4b and Table 1). At day
5 of PHN this number of positive cells was still ele-
vated above normal, although the difference did not
reach statistical significance (Table 1). At all other
time points no difference was noted between dis-
eased and control rats (Table 1).

Northern analysis of total glomerular RNA
obtained from rats with PHN demonstrated a marked
increase of PDGF B-chain mRNA expression at day
3 after disease induction; this was not observed at
any of the other time points examined (Figure 5). The
glomerular localization of PDGF B-chain mRNA was
analyzed by in situ hybridization. As shown in Figure
6a, in renal biopsies obtained from control rats
staining in most glomeruli was absent. Rarely, stain-
ing localized to the cytoplasm of glomerular cells in
variable locations. At PHN day 3 the expression of
PDGF B-chain mRNA increased in the majority of
glomeruli (Figure 6, b and c). Probe accumulations
at this time point were frequently detected in cells in
the periphery of the capillary loops (Figure 6, b and
c) as well as in parietal epithelial cells (Figure 6¢). At
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Figure 4. Immunostaining of renal biopsies, obtained from a normal
rat (@) and a rat at day 3 after the induction of PHN (b), for PDGF
B-chain protein. In normal rats no cells at the periphery of the glom-
erular capillary loop exhibit positive staining for PDGF B-chain. In
contrast, at day 3 after the induction of PHN multiple cells at the edge
of the glomerular tuft stain positively (arrowbeads). Immunoperoxi-
dase stain with methyl green counterstain. X 1000.

day 5 after disease induction, increased glomerular
hybridization for PDGF B-chain mRNA, in a pattern
comparable to that observed at day 3, was present in
only one of six renal biopsies. At all other time points
and in complement-depleted rats no changes from
the normal hybridization pattern were noted.

Cultured vGECs Synthesize PDGF
B-Chain

As shown in Figure 7, cultured vGECs constitutively
expressed a transcript that hybridized with the
PDGF B-chain cDNA. A similar PDGF B-chain tran-
script was expressed by proliferating mesangial
cells in vivo, which served as a positive control (Fig-
ure 7). The expression of PDGF B-chain mRNA in
cultured vGECs could be up-regulated by stimula-
tion with recombinant IL-18 (Figure 7). In contrast,
exposure of anti-Fx1A-sensitized vGECs to sublytic
C5b-9 attack did not increase PDGF B-chain mRNA
expression above control values (data not shown).
Figure 8b shows that immunostaining of cultured
vGECs for PDGF B-chain became positive after 24
hours of IL-1B8 stimulation. In contrast, in nonstimu-

lated VGECs PDGF B-chain protein was only barely
detectable using the immunofluorescent method
(Figure 8a). Analysis of cellular extracts by enzyme-
linked immunoassay of IL-1B-stimulated vGECs con-
firmed the presence of small amounts of PDGF in
these cells (2 to 3 ng of PDGF B-chain/108 cells).

There Is No Evidence for Expression of
PDGF Receptor B-Subunit by vGECs

in Vivo or in Vitro

In agreement with previous results,’” immunostain-
ing for PDGF receptor B-subunit showed positive
staining in the mesangium of normal glomeruli,
whereas no staining of cells in vGEC locations was
apparent. No change of this staining pattern was
observed at the various PHN time points examined.
Northern analysis for glomerular expression of
mRNA for the PDGF receptor B-subunit also failed to
reveal significant changes during the course of early
PHN (data not shown).

In nonstimulated or stimulated (see above) vVGECs
in vitro, no mRNA for PDGF receptor B-subunit was
detectable (data not shown). Furthermore, immu-
nostaining of cultured vGECs for the PDGF receptor
B-subunit was negative. The absence of PDGF
receptor B-subunit on cultured vGECs was further
supported by the lack of a mitogenic effect of
PDGF-BB at concentrations of up to 200 ng/ml (data
not shown).

Discussion

The present study provides evidence that significant
proliferation of VGECs can occur in vivo in response
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Figure 5. Expression of PDGF B-chain mRNA in total glomerular RNA
obtained from two sets of normal rats, rats with PHN at day 3, 5, 10,
and 15 and complement-depleted rats (CVF) with PHN at day 5. PDGF
B-chain mRNA expression increases during the course of PHN. The
changes are prevented in complement-depleted rats. One representa-
tive experiment is shoun.



Figure 6. In situ bybridization for PDGF B-chain mRNA in renal
biopsies obtained from a normal rat (@) and rats at day 3 after the
induction of PHN (b and €). In the normal rat few grains are observed
overlying glomerular cells (a). At day 3 after the induction of PHN
mudltiple glomerular cells exbibit positive hybridization signals (b).
Many of these cells are vGECs, as suggested by their location at the edge
of the capillary loop (), arrowbeads). Some parietal epithelial cells also
show cytoplasmic bybridization for PDGF B-chain mRNA (¢,*) a and
b, X 200; ¢, X 1000.

to antibody- and C5b-9-mediated vGEC injury. Thus,
during PHN we have observed mitotic figures and
nuclear PCNA staining in cells at the periphery of the
capillary loop and we have detected a parallel
increase in glomerular histone mRNA expression.
More importantly, nuclei of proliferating cells local-
ized to the periphery of the capillary loops, and half
of the glomerular cells with nuclear PCNA staining
also exhibited positive immunostaining for
SPARC/osteonectin. Although SPARC/osteonectin
can be produced by other glomerular cells, for
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example mesangial cells, in the normal glomerulus
SPARC is expressed mainly by vGECs and is selec-
tively up-regulated in vGECs in PHN, thus serving as
a marker of injured vGECs in this model.'*

Both human and experimental membranous neph-
ropathy have classically been considered to be non-
proliferative glomerular lesions, and vGEC prolifera-
tion has not been previously reported.“® This may be
because proliferation is low grade and transient, and
conventional techniques to detect it are relatively
insensitive. In the present study we have analyzed
cell proliferation by immunostaining for PCNA, which
is expressed from the late G4-phase of the cell cycle
through the S-phase and early G,-phase.’® Immun-
ostaining for PCNA is likely to be more sensitive in
detecting cell proliferation in vivo than autoradiogra-
phy with [3H]thymidine, which labels only S-phase
cells, or the identification of mitotic figures. Autorad-
iography with [3H]thymidine has previously been the
main technique utilized to detect vGEC proliferation
in various glomerular diseases. Studies using
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Figure 7. Expression of PDGF B-chain mRNA in total RNA isolated
Srom cultured vGECs. The cells were either left untreated or stimulated
with 107% mol/l I1L-1B for 24 bours. A 3.4-kb transcript of similar size
as that observed in total glomerular RNA obtained from rats with
anti-Thy-1.1 nepbritis (ATS d3)'7 is observed in nonstimulated vGECs.
Expression of PDGF B-chain mRNA in vGECS increases dfter stimula-
tion with IL-1B.
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Figure 8. Immunostaining of cultured vGECs for PDGF B-chain. In
resting vGECs only trace staining for PDGF B-chain is present (@) After
24 hours of stimulation with 107% mol/l IL-1B, immunostaining for
PDGF B-chain increases in the cytoplasma of vGECs (b). Immunofiu-
orescent stain, X 400.

[®H]thymidine, performed in the remnant kidney
model,*' diabetic nephropathy,*? after uninephrec-
tomy,*2 and in anti-GBM nephiritis,” have all failed to
reveal evidence for vGEC proliferation in vivo. In one
study, mitotic figures in cell locations compatible with
vGECs were described in focal segmental glomeru-
lar sclerosis.*3® However, the cell type exhibiting the
mitotic figures was not clearly identified in that
study,*® and a contribution of glomerular monocytes/
macrophages, which accumulate in focal glomerulo-
sclerosis®“4 and which may undergo cell replication
after extravasation,*® could not be excluded.

The mitogenic stimulus for vGEC proliferation was
not established in this study. Because complement
depletion prevented the proliferation, C5b-9 may
participate in this process, as it does in mediating
proteinuria.® It seems likely that some complement-
mediated vGEC lysis induced by deposition of large
amounts of heterologous antibody in early PHN pre-
ceded vGEC proliferation, analogous to the phase of
mesangiolysis that precedes mesangial cell prolifer-
ation induced by anti-Thy-1.1 antibody.” However,
even sublytic C5b-9 attack on cultured vGECs has
been shown to induce or increase intracelliular cal-
cium, inositol bisphosphate, inositol trisphosphate,

and diacylglycerol and to activate phospholipase C
and increase prostaglandin  and  collagen
production.*6-4° Although a mitogenic effect of
C5b-9 on vGECs has not been directly demon-
strated, these data suggest that C5b-9 may induce
vGEC proliferation as well as activation. Alternatively,
C5b-9 might induce release of other factors by
vGECs, or possibly endothelial cells,®° that are mito-
genic for these cells. In the anti-Thy-1.1 model of
mesangioproliferative glomerulonephritis up-regula-
tion of PDGF appears to contribute to an autocrine
mechanism that maintains mesangial cell
proliferation.'”='® Although our studies show an up-
regulation of PDGF expression by vGECs after C5b-
9-mediated injury in PHN, PDGF was not mitogenic
for vGECs in culture and no PDGF receptors could
be demonstrated in vVGECs in vivo or in vitro, a find-
ing consistent with studies by others.-52 Glomerular
staining for epidermal growth factor, a potent vVGEC
mitogen in vitro,®" was negative during the course of
PHN (J. Floege, unpublished observations). We have
recently obtained preliminary data showing that
IL-1 is a potent activator of several vGEC functions,
such as laminin synthesis and the induction of an
NF-kB-like DNA-binding protein (C. Richardson,
unpublished observations). Furthermore, IL-1 is syn-
thesized by vGECs (S. Bursten, personal communi-
cation) and in mesangial cells is released in
response to sublytic C5b-9 attack.®® Other known
mitogens for vVGECs that might participate in the pro-
liferative response observed in PHN include insu-
lin,%" leukotrienes C, and D4,%* and thrombin.5% The
possibility that vGEC proliferation occurs in response
to mitogens derived from circulating cells appears
unlikely, in view of the fact that the only evidence for
nonglomerular cell participation in our studies was a
transient and minimal increase in monocytes/
macrophages, which did not occur until well into the
autologous phase of the disease and followed rather
than preceded the vGEC proliferation observed.
However, others, on the basis of depletion studies,
have suggested a functional role for infiltrating mac-
rophages in this model.%6

The pathophysiological significance of the vVGEC
proliferation demonstrated in this study is also
unclear. Several possibilities merit consideration.
VGEC proliferation in PHN could occur to replace
cells killed by C5b-9-mediated cytotoxicity®” or cells
lost by detachment from the glomerular basement
membrane.5® This thesis is consistent with prelimi-
nary observations showing that vGEC proliferation is
not limited to PHN but also occurs in concanavalin
A/anti-concanavalin A nephritis, nephrotoxic nephri-
tis, and aminonucleoside nephrosis (J. Floege,



unpublished observations) and that vGEC prolifera-
tion in all instances followed rather than preceded
injury to the capillary wall. Alternatively, proliferation
may occur to expand the cell layer necessary to
cover a glomerulus undergoing hypertrophy and to
prevent the development of intercellular defects in
permeability leading to increased transcapillary
macromolecule flux, subendothelial hyaline accumu-
lation, and eventually capillary occlusion and
glomerulosclerosis.#'° Finally, vVGECs activated to
proliferate may also release increased quantities of
hemodynamically active compounds such as pros-
taglandins® or potential inflammatory mediators
such as protease?”®" or oxidants®? that could con-
tribute to capillary wall damage. The focal nature of
the permeability defects demonstrated by ultrastruc-
tural tracer studies in active Heymann nephritis®3-64
is consistent with the focal distribution of the prolif-
erating vVGECs in this study.

The second major observation of the present
study was that vGECs, analogous to various other
cells of mesenchymal origin, are capable of synthe-
sizing PDGF B-chain. Previous studies have empha-
sized the importance of the mesangial cell as a
source of PDGF in glomerular disease.'”-1926 |n
contrast, in PHN a selective induction of PDGF
B-chain mRNA and protein was documented in
vGECs and parietal epithelial cells. Similar to vVGEC
proliferation, the expression of PDGF B-chain mRNA
and protein during PHN appeared to be complement
dependent. The absence of an increase of PDGF
B-chain mRNA in cultured vGECs stimulated with
anti-Fx1A and complement suggests that C5b-9 may
require other cofactors to affect the PDGF B-chain
synthesis.

Despite the lack of an autocrine vGEC response to
intrinsic PDGF, the augmented production of this
cytokine in disease could have a number of patho-
physiological consequences that are independent of
vGEC proliferation. Thus, PDGF released from acti-
vated vGECs could exert mitogenic effects on neigh-
boring glomerular cells such as mesangial cells,® or
it could deliver a mitogenic signal to cells within or
surrounding the “downstream” part of the nephron.
Although proximal tubular cells in primary culture
have been found to be nonresponsive to PDGF,®5 it
has recently been shown that fibroblasts derived
from the renal interstitium proliferate in response to
PDGF®¢ and may contribute to the development of
interstitial fibrosis, which characterizes all progres-
sive forms of renal disease.®” In fact, studies in
human membranous nephropathy,®® as well as in a
variety of other glomerular diseases,®” have shown
that the only predictor of a progressive course is an
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increase in the tubulointerstitial area, whereas no
glomerular morphological predictors were identified.

In conclusion, the present study shows that
VvGECs in vivo can exhibit two previously unrecog-
nized reaction patterns to injury, namely proliferation
and increased PDGF B-chain production. Both of
these events could play important roles in glomerular
diseases with primary vGEC involvement, such as
membranous nephropathy. Furthermore, as outlined
above, both proliferation of VGECs and PDGF
release by these cells might contribute to the pro-
gression of chronic glomerular diseases. Further
experiments will be necessary to elucidate the fac-
tors that initiate the proliferation of vVGECs in vivo and
to study the consequences of interference with either
vGEC proliferation or vGEC-derived PDGF synthesis.
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