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Abstract

Mesangial cell (MC) proliferation and extracellular matrix ex-
pansion are involved in the pathogenesis of glomerulosclerosis
and renal failure. In vitro, PDGF and basic fibroblast growth
factor (bFGF) regulate MC proliferation and /or matrix pro-
duction. To elucidate the role of PDGF and bFGF in vivo, equi-
molar concentrations of recombinant PDGF-BB or bFGF or
vehicle were infused intravenously into rats over a 7-d period.
Rats were either nonmanipulated (“normals”) or had received
a subnephritogenic dose of anti-MC antibody (“anti-Thy 1.1
rats”) before the infusion period. Glomerular cell proliferation
(anti-proliferating cell nuclear antigen immunostaining) on
days 2, 4, and 7 was unchanged in vehicle-infused normals or
anti-Thy 1.1 rats. PDGF infusion increased glomerular cell
proliferation 32-fold in anti-Thy 1.1 rats and an 11-fold in nor-
mals on day 2. bFGF increased glomerular cell proliferation
fourfold in anti-Thy 1.1 rats but was ineffective in normals.
Induction of cell proliferation in all kidneys was limited to the
glomerulus. The majority of proliferating cells were identified
as MC by double immunolabeling. No significant proteinuria,
glomerular leukocyte, or platelet influx developed in any group.
Glomerular matrix expansion with increased deposition of type
IV collagen, laminin, and fibronectin, as well as upregulated
laminin and collagen IV mRNA expression was confined to
PDGF-infused anti-Thy 1.1 rats. These results show that
PDGF and, to a lesser degree, bFGF are selective MC mitogens
in vivo and that previous subclinical injury can enhance this
MC response. The data thereby support a role of these cyto-

kines in the pathogenesis of glomerulosclerosis. (J. Clin. In-

vest. 1993.92:2952-2962.) Key words: glomerulonephritis « glo-
merulosclerosis ¢ collagen ¢ fibronectin ¢ laminin

Introduction

Proliferation of intrinsic glomerular mesangial cells as well as
expansion of the mesangial extracellular matrix are central fea-
tures of numerous experimental and human glomerular dis-
eases (1-3). Both processes are thought to play an important
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role in the development of glomerular sclerosis and renal fail-
ure (1, 3). Over the last five years, evidence has accumulated to
link cytokines to the regulation of mesangial cell proliferation
and matrix synthesis (reviewed in references 1 and 4). How-
ever, most of this evidence is correlative and a causal role of
cytokines has been difficult to demonstrate.

We (5), as well as others (6 ), have recently outlined criteria
to establish a role for a cytokine in mediating a specific biologi-
cal effect in glomerular disease. These criteria include (a) the
demonstration that the cytokine has the effect on target cells in
vitro; (b) the demonstration that the cytokine is released or
expressed in diseases and correlates with the proposed effect;
(¢) the demonstration that inhibition of the cytokine in vivo
blocks the postulated effect of the cytokine in disease; and (d)
the demonstration that administration of the cytokine in vivo
(or overexpression in transgenic animals) reproduces the bio-
logical effect.

In the case of two cytokines, PDGF and basic fibroblast
growth factor (bFGF),! a number of these criteria have been
fulfilled and have linked them to mesangial cell proliferation
and mesangial matrix accumulation: (a) Both PDGF (mainly
the BB isoform) and bFGF exhibit potent mitogenic effects on
cultured mesangial cells (7-10). PDGF has also been shown to
be involved in the regulation of their matrix synthesis (11).(b)
Numerous reports have shown that glomerular PDGF synthe-
sis and PDGF receptor expression are increased in both experi-
mental and human mesangial proliferative diseases (reviewed
in references 5 and 6). Recently, we have also presented evi-
dence that glomerular bFGF release and synthesis are in-
creased in the rat mesangial proliferative anti-Thy 1.1 nephri-
tis model (10). (¢) Inhibition of PDGF with a neutralizing
antibody led to significant reduction of both mesangial cell
proliferation and matrix accumulation in the anti-Thy 1.1
model (12).

In the present study, we have attempted to fulfill the fourth
criterion, namely to show that the exogenous administration of
PDGEF or bFGF can induce biological effects in vivo. Previ-
ously, limited data of ours had shown that a single bolus injec-
tion of bFGF into rats that had received a previous subnephri-
togenic mesangial insult could induce low grade mesangial cell
proliferation (10). Subnephritogenic injury was defined as the
maximal dose of anti-mesangial cell antibody (anti-Thy 1.1/
antithymocyte serum) that could be administered without in-
ducing significant morphological changes in the glomeruli. In
the present study, we have expanded on this observation and

1. Abbreviations used in this paper: ATS, antithymocyte serum; bFGF,
basic fibroblast growth factor; PAS, periodic acid-Schiff; PCNA, proli-
ferating cell nuclear antigen; PDGF, platelet-derived growth factor.



have analyzed the effects of a 1-wk infusion of recombinant
PDGF-BB and/or bFGF on glomerular cell proliferation and
matrix accumulation. To evaluate the influence of the mesan-
gial cell status on the cytokine responsiveness, we have investi-
gated the effects of infusion of PDGF-BB and/or bFGF into
both normal rats, as well as into rats that had previously re-
ceived a subnephritogenic dose of antithymocyte serum
(ATS). The results show that administration of PDGF-BB to
normal rats and especially to rats injected with subnephrito-
genic doses of ATS can induce pronounced histological
changes in the glomerulus, namely increased mesangial cell
proliferation and mesangial matrix accumulation, resembling
those observed in mesangial proliferative glomerulonephritis.
On a molar basis, PDGF-BB was considerably more potent
than bFGF. bFGF led to only mild mesangial cell proliferation
in subnephritogenic ATS rats and did not induce significant
changes in normal rats. The data thereby provide further evi-
dence for a causal role of bFGF and, in particular, PDGF in the
mediation of mesangial cell proliferation and matrix expansion

in vivo.

Methods

Experimental design. To evaluate the renal effects of PDGF and
bFGF, 15 normal male Wistar rats (Simonson, Gilroy, CA) weighing
180-220 g received a 7-d intravenous infusion of either PDGF-BB (n
= 4), bFGF (n = 3), PDGF-BB plus bFGF (n = 3), or vehicle (n = 5).
In addition, we studied 26 Wistar rats that had received a single intrave-
nous injection of a subnephritogenic dose of goat anti-rat thymocyte
serum at 30 min after the start of the infusion period (subnephritogenic
ATS rats) (infusion of PDGF-BB: n = 9; bFGF: n = 6; PDGF-BB plus
bFGF: n = 5; vehicle: n = 6). The subnephritogenic dose of ATS (0.1
ml/ 100 g body wt as opposed to the regularly used dose of 0.5ml1/100 g
[13]) was chosen as the maximum amount of ATS that could be ad-
ministered without inducing an increase in the glomerular cell prolifera-
tion rate. Cytokines or vehicle, respectively, were continuously infused
through a catheter in the left internal jugular vein with microosmotic
pumps (filling volume = 200 ul; delivery rate = 1 ul/h) (Alzet Corp.,
Palo Alto, CA). 24-h urinary protein excretion was determined on days
1-2, 3-4, and 6-7 after the implantation of the pumps. Renal biopsies,
as well as blood samples, for urea nitrogen and creatinine were ob-
tained from each rat on days 2 and 4 and upon death (day 7).

In each kidney biopsy, we evaluated the total glomerular cell num-
ber and the number of proliferating glomerular or tubulointerstitial
cells (as defined by immunostaining for the proliferating cell nuclear
antigen [PCNA] [13]). Mesangial cell proliferation and activation
were analyzed directly by double immunostaining for PCNA and the
Thy 1.1 antigen on the mesangial cell surface (14), as well as by immu-
nostaining for the glomerular de novo expression of a-smooth muscle
actin (15). To exclude that increases in glomerular or tubulointerstitial
cellularity and cell proliferation rate resulted from infiltrating leuko-
cytes, the numbers of monocytes/ macrophages, neutrophils, and lym-
phocytes were also evaluated using specific monoclonal antibodies. Fur-
thermore, immunostaining was performed to detect glomerular expres-
sion of growth factors (PDGF and bFGF), their receptors (PDGF
receptor (8 subunit), and to assess glomerular extracellular matrix ex-
pansion as reflected by immunostaining for type I and IV collagen,
laminin, and fibronectin. To assess the intrinsic synthesis rate of PDGF
and laminin, in situ hybridization for PDGF B chain mRNA and
Northern analysis of total glomerular RNA for the expression of la-
minin B, chain mRNA was performed.

Additional experiments were designed to evaluate the mecha-
nism(s) underlying the increased potency of PDGF-BB in rats injected
with subnephritogenic ATS. To investigate whether upregulation of
growth factor receptor expression might be involved, total glomerular
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RNA was isolated from six normal Wistar rats and six rats 48 h after the
injection of subnephritogenic ATS. Northern and dot blots were then
probed with a cDNA specific for PDGF receptor 8 subunit mRNA.
Furthermore, we investigated whether the intravenous injection of sub-
nephritogenic ATS led to an increase of the glomerular procoagulant
activity, as assessed by immunostaining for platelets and fibrinogen,
which might enhance mesangial cell proliferation. Finally, experiments
were performed to exclude the possibility that the injected ATS led to
release of mediators from thymocytes that might act synergistically
with the infused PDGF. For this reason, nine rats received a subnephri-
togenic ATS dose (50 ul) via infusion into the left renal artery (16) with
concomitant drainage of the left renal vein, thereby preventing sys-
temic effects of the infused ATS. Subsequently PDGF-BB or vehicle
was infused for 48 h. After death, glomerular cell proliferation was then
assessed separately in the left and right kidneys.

PDGF and bFGF infusion. The BB homodimer of recombinant
human PDGF (mol mass = 28 kD) was a kind gift from C. Hart (Zy-
mogenetics, Seattle, WA). Human recombinant bFGF (molecular
mass = 18 kD) was kindly provided by R. Eure (Synergen, Boulder,
CO). The amounts of cytokines infused were chosen in a way that
equimolar amounts were administered (40 ug PDGF-BB/d and 25 ug
bFGF/d). Both cytokines were dissolved in 10 mM PBS, pH 7.4. As
shown in Table I, PDGF-BB and, to a lesser degree, bFGF maintain
their biological activity in this buffer if incubated at 37°C for < 1 wk.
Completeness of delivery of the cytokines in vivo was controlled by
examining the pumps at the end of the experiments.

Renal morphology. Tissue for light microscopy and immunoperox-
idase staining was fixed in methyl Carnoy’s solution (13) and embed-
ded in paraffin. 4-um sections were stained with the periodic acid-
Schiff (PAS) reagent and counterstained with hematoxylin. In the
PAS-stained sections the total number of nuclei per glomerular cross
section was counted. For each biopsy, > 20 cross sections (range = 20—
50) of consecutive cortical glomeruli containing > 20 discrete capillary
segments each were evaluated by one of the authors, who was unaware
of the origin of the slides. Mesangiolysis was graded semiquantitatively
on a scale from 0 to 4+, as previously described (15). Glomerular
matrix expansion was assessed by staining sections with silver methen-
amine.

Immunoperoxidase staining. 4-um sections of methyl Carnoy’s
fixed biopsy tissue were processed by a direct or indirect immunoper-
oxidase technique as previously described (13). Primary antibodies

_ Table I. Biological Activity of Recombinant

Human PDGF-BB or bFGF
Relative potency
Incubation Incorporated (percent of freshly
Stimulus time [*H]thymidine thawed)
cpm
None — 5,300+900 —
PDGF-BB
(20 ng/ml) Freshly thawed 73,600+3,400 100
2dat 37°C 91,200+7,300 123
4dat 37°C 85,000+1,400 115
7 dat 37°C 92,350+4,100 124
bFGF (30 ng/ml) Freshly thawed 69,000+8,000 100
2dat37°C 80,000+3,000 116
4dat 37°C 64,000+8,000 93
7dat 37°C 44,000+5,000 64

Data are mean+SD of four experiments each. Both cytokines were
incubated in 10 mM PBS, pH 7.4, for various lengths of time. Bioac-
tivity was then determined by measuring [*H]thymidine incorpora-
tion rates in serum-starved 3T3 fibroblasts stimulated for 24 h with
these cytokines as described (9).
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included 19A2 (Coulter Corp., Hialeah, FL), a murine IgM monoclo-
nal antibody against human PCNA, which is expressed by actively
proliferating cells (17); a murine monoclonal antibody to an NH,-ter-
minal synthetic decapeptide of a-smooth muscle actin (kind gift of G.
Gabbiani, University of Geneva, Geneva, Switzerland ) (18); ED1 (Bio-
products for Science, Indianapolis, IN), a murine monoclonal IgGtoa
cytoplasmic antigen present in monocytes, macrophages, and dendritic
cells (19); RP-3 (kind gift of F. Sendo, Yamagata University, Yama-
gata, Japan), a murine monoclonal IgM antibody to rat neutrophils
(20); OX-22 (Accurate Chemical Corp., Westbury, NY), a murine
monoclonal antibody to the high molecular weight form of the rat
common leukocyte antigen expressed on B lymphocytes and most T
lymphocytes; PGF-007 (a kind gift of Mochida Pharmaceutical, To-
kyo, Japan) a murine monoclonal IgG antibody to a 25-amino acid
peptide located near the COOH terminus of the human PDGF B chain
(21); a rabbit polyclonal antibody to the 8 subunit of the PDGF-recep-
tor as described elsewhere (22) (kindly provided by R. Seifert, Univer-
sity of Washington, Seattle, WA); DE6, a murine monoclonal IgG,
antibody against rh-bFGF (kindly provided by T. Reilly, Du Pont-
Merck, Wilmington, DE) (23); an IgG fraction of polyclonal rabbit
anti rat laminin (Chemicon, Temecula, CA); an IgG fraction of poly-
clonal guinea pig anti rat type I collagen (24) kindly provided by L.
Iruela-Arispe, University of Washington, Seattle, WA); a biotinylated
(25) IgG fraction of polyclonal goat anti mouse type IV collagen
(Southern Biotech, Birmingham, AL); an affinity purified IgG fraction
of a polyclonal rabbit anti-rat fibronectin (Chemicon); a polyclonal
goat anti-rat fibrinogen antibody (Cappel Laboratories, Cochranville,
PA); and PL-1, a murine monoclonal antibody against rat platelets
(kind gift from W. W. Bakker, University of Groningen, Groningen,
The Netherlands) (26).

For all biopsies, negative controls consisted of substitution of the
primary antibody with equivalent concentrations of an irrelevant mu-
rine monoclonal antibody or normal rabbit IgG.

Mean values per biopsy were calculated for the number of prolifer-
ating (PCNA+) cells and leukocytes per glomerular cross section (see
comment above). To obtain mean numbers of proliferating cells and
infiltrating leukocytes in the cortical tubulointerstitium, 30 grid fields
measuring 0.1 mm? each were evaluated. For the evaluation of the
immunoperoxidase stains for a-smooth muscle actin, PDGF B-chain,
PDGEF receptor 8 subunit, bFGF and the various matrix proteins, each
glomerulus was graded semiquantitatively as described previously
(27), and the mean score per biopsy was calculated. Each score reflects
mainly changes in the extent rather than intensity of mesangial stain-
ing. 0: diffuse, very, weak or absent mesangial staining. No localized
increases of staining. 1+: Diffuse, weak mesangial staining with < 25%
of the glomerular tuft showing focally increased staining. 2+: 25-50%
of the glomerular tuft demonstrating a focal, strong staining. 3+: 50—
75% of the glomerular tuft stained strongly in a focal manner. 4+:
> 75% of the glomerular tuft stained strongly.

Immunohistochemical double staining. Double immunostaining
for the identification of the type of proliferating cells was performed as
reported previously (28) by first staining the sections for proliferating
cells with 19A2, an IgM monoclonal antibody to PCNA, followed by
staining with the IgG, monoclonal antibody OX-7 ( Accurate Chemical
Corp.), an antibody against the Thy 1.1 antigen present on the mesan-
gial cell membrane. Cells were identified as proliferating mesangial
cells if they showed positive nuclear staining for PCNA and if the nu-
cleus was completely surrounded by cytoplasm or cell membrane posi-
tive for OX-7. Proliferating cells in which the PCNA-positive nucleus
did not border on the cytoplasm or cell membrane positive for OX-7
were classified as nonmesangial. Proliferating (PCNA+) cells that
could not be clearly identified as OX-7 positive or negative were consid-
ered nonclassifiable.

In situ hybridization for PDGF B chain. In situ hybridization was
performed on 4-um sections of biopsy tissue fixed in buffered 10%
formalin using a digoxigenin-labeled antisense cRNA probe for the
murine PDGF B chain (derived from a ¢cDNA kindly provided by
Charles Stiles, Harvard University, Boston, MA) as described (29).
Detection of the cRNA probe was performed with an alkaline phospha-
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tase coupled antidigoxigenin antibody (Genius Nonradioactive Nu-
cleic Acid Detection Kit; Boehringer-Mannheim GmbH, Mannheim,
Germany) with subsequent color development. Controls consisted of
hybridization with a sense probe to matched serial sections, by hybrid-
ization of the antisense probe to tissue sections that had been incubated

“with RNAse A before hybridization, or by deletion of the probe, anti-

body, or color solution (29).

Preparation of glomerular RNA and Northern analysis. Glomeruli
were isolated by differential sieving (15). Total RNA was extracted
from glomeruli either as described (PDGF receptor) (30) or with
RNAzol B® after the manufacturer’s instructions (Cinna/Biotecx
Laboratories, Friendswood, TX) (laminin B, chain). The latter RNA
obtained was further purified by a LiCl precipitation as described else-
where (28). For Northern analysis, the RNA was denatured and 15
ug/lane were electrophoresed through a formaldehyde /agarose gel and
transferred to a nylon filter (Hybond N®; Amersham Corp., Arlington
Heights, IL) as described (15). The cDNA probes used for Northern
analysis were as follows: (a) PDGF receptor 8 subunit: A 5.1-kb EcoRI
fragment of mouse PDGF receptor 8 subunit cDNA from plasmid pIBI
(31) was used to detect the 5.7-kb rat PDGF receptor § subunit tran-
script. (b) Laminin B, chain: A 1.7-kb EcoRi/ Xbal fragment of mouse
laminin B, cDNA isolated from plasmid p1298 was used to detect the
8-kb laminin B, transcript (32). The probe was a kind gift of Y. Ya-
mada (National Institutes of Health, Bethesda, MD). (¢) Type IV col-
lagen: A 1.8-kb EcoRi/Hind III fragment of mouse a1(IV) collagen
cDNA from plasmid pPE123 was used for the detection of the 6.2- and
6.8-kb type IV collagen transcripts. The probe was a kind gift of M.
Kurkinen (Robert Wood Johnson Medical School, Piscataway, NJ).
(d) 28S ribosomal RNA: A bovine 280-bp cDNA probe was used to
detect 28S ribosomal RNA (kindly provided by Dr. Luisa Iruela-Arispe
and Dr. Helene Sage, University of Washington, Seattle, WA) (33).

All probes were labeled with [ a-3?P]deoxycytidine 5-triphosphate
(3,000 Ci/mmol, New England Nuclear, Boston, MA) by random
primer extension. Positive controls included total RNA isolated from
murine BALB/c 3T3 fibroblasts (PDGF receptor 8 subunit) and glo-
meruli at 5 d after the induction of anti-Thy 1.1 glomerulonephritis in
rats (laminin B, chain).

To quantitate the amount of mRNA for each sample, membranes
were prehybridized and hybridized as described (15) and autoradio-
grams were obtained and signal intensity was determined by Phophor-
Imager® analysis (Molecular Dynamics, Sunnyvale, CA) (15). Total
RNA in each sample was then determined by reprobing with a cDNA
specific for 28S ribosomal RNA. All Northern analyses were repeated
two to three times with glomerular RNA preparations obtained from
different sets of animals. Alternatively, dot blots were prepared as de-
scribed (28) and analyzed using the same procedure as described
above.

Miscellaneous measurements. Urinary protein was measured by a
method using sulfosalicylic acid (34) with a whole serum standard
(Lab Trol; Dade Diagnostics, Aquado, Puerto Rico). Urea nitrogen
and creatinine were measured in serum using an autoanalyzer (Beck-
man Instruments, Brea, CA).

Statistical analysis. All values are expressed as mean+SD. Statisti-
cal significance (defined as P < 0.05) was evaluated using the Student’s
t test or one-way ANOVA with modified ¢ tests performed using the
Bonferroni correction (35).

Results

PDGF-BB infusion selectively induces glomerular hyperplasia
in normal rats. PAS staining of renal biopsies obtained from
normal rats infused with PDGF-BB (28 ng/min) or equimolar
concentrations of PDGF-BB (28 ng/min) and bFGF (17 ng/
min) revealed mild glomerular hypercellularity with increased
total cell counts (Fig. 1), while no changes were noted in the
tubulointerstitium and vessels. Renal biopsies of rats infused
with bFGF (17 ng/min) or vehicle had a normal appearance
and normal glomerular cell counts (Fig. 1). No additive or



TOTAL GLOMERULAR CELLULARITY
Subnephritogenic ATS

Non-Manipulated

L7 ]

777
N LT

£

@ * ] * ¥
o 85: l
i -

S 1 i

& 751 1

S - . ]

@ 70 \ E

E | i

9 e l

Q ]

o

S > ] y%
z DODD

247 247 247 24 247 247 247 247
[Day of the Infusion Penod] [Day of the Infusion Period

PROLIFERATING GLOMERULAR CELLS
Non-Manipulated Subnephritogenic ATS

] *
) *
) *
1 *
* 7 l
*

I7;
L=

247 247 247 247
[Day of the Infusion Period

[N 9%
\l'l

- =
.O'\)&

O N &» O o

247 247 247 247
[Day of the Infusion Period]

©) ® © (6 (6

PCNA+ Cells/Glomerular Cross Section

n= () @ @

Figure 1. Total glomerular cellularity and cell proliferation: glomeru-
lar total cell counts and proliferating cells (as defined by immuno-
staining for PCNA) per glomerular cross-section in normal and sub-
nephritogenic ATS rats receiving a 1-wk infusion of either PDGF-BB
(m), PDGF-BB plus bFGF (§), bFGF (&), or vehicle (0). *P < 0.05
vs corresponding vehicle-infused group.

synergistic effect between PDGF-BB and bFGF was observed
(Fig. 1). The number of proliferating glomerular cells in-
creased up to eightfold in PDGF-BB infused rats, but not in
bFGF-infused rats (Fig. 1). Again, no further increase was ob-
served when PDGF-BB and bFGF were combined (Fig. 1).
Fig. 2 shows that the induction of cell proliferation in the
kidneys of PDGF-BB-infused rats was confined to glomeruli,
while no change was observed in the cortical tubulointersti-
tium (counts of proliferating cells in tubulointerstitial fields
ranged from 1.1+0.4 to 1.5+0.9 PCNA+ cells/0.1 mm? at any
of the time points examined ). Furthermore, neither PDGF-BB
nor bFGF infusion led to an apparent increase in smooth mus-
cle cell proliferation in larger vessels within the kidney.
Mitogenicity of PDGF-BB and bFGF in vivo depends on the
cellular status. To evaluate the effect of a minimal mesangial
cell insult at the start of PDGF-BB and/or bFGF infusion, rats
received a subnephritogenic dose of ATS. Fig. 1 confirms that
this ATS dose was subnephritogenic, since it did not induce
significant cell proliferation within the glomeruli of vehicle-in-
fused rats. PAS-stained tissue sections obtained from these lat-
ter rats revealed rare mild mesangiolysis, which was, however,
not sufficient to result in a significant increase of the mesangio-
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lysis index. No other morphological abnormalities, increased
glomerular influx of macrophages and platelets, or deposition
of fibrin was noted in the subnephritogenic ATS rats (data not
shown).

Fig. 1 shows that in subnephritogenic ATS rats, total glo-
merular cellularity increased significantly during the infusion
of PDGF-BB. This increase was higher than that observed in
PDGF-BB-infused normal rats, although the difference be-
tween subnephritogenic ATS rats and normals was not statisti-
cally significant. bFGF infusion led to a significant increase of
the total glomerular cellularity after 4 d in subnephritogenic
ATS rats but not in normal rats (Fig. 1). No synergism be-
tween the two cytokines was noted (Fig. 1). Counting of proli-
ferating cells in the glomerulus revealed a < 32-fold increase in
PDGF-BB-infused subnephritogenic ATS rats and an < 4.5-
fold increase in bFGF infused rats (Fig. 1). The changes ob-
served were significantly higher than those observed in the
corresponding normal rats (P < 0.05 subnephritogenic ATS
rats vs normal rats) at all time points. Proliferating cell counts
in glomeruli of subnephritogenic ATS rats infused with PDGF-
BB plus bFGF were comparable to those receiving PDGF-BB
alone (Fig. 1).

Asin the normal rats, the PDGF-BB- or bFGF-induced cell
proliferation in the kidneys of subnephritogenic ATS rats was
confined to the glomerulus (Fig. 2), and no significant alter-
ations were observed in the cortical tubulointerstitium or in
large vessels.

In both normal and subnephritogenic ATS rats, the in-
creases in glomerular PCNA-positive cells were associated with
an increased frequency of mitoses in the glomeruli. In sub-
nephritogenic ATS rats receiving PDGF-BB, occasional glo-
meruli contained more than one cell in mitosis (Fig. 3). This
was never observed in normal rats.

Increased glomerular cellularity is mainly caused by mesan-
gial cell proliferation. The increase in glomerular cellularity
and cell proliferation was not caused by an infiltration of (pro-
liferating) monocytes/ macrophages, neutrophils, or lympho-
cytes, since these cell counts in glomeruli and tubulointersti-
tium remained normal in all groups (data not shown). Double
immunostaining for PCNA and Thy 1.1 in PDGF-BB-infused
normal or subnephritogenic ATS rats revealed that the major-
ity of proliferating glomerular cells were mesangial cells (Fig.
4). In contrast, in vehicle-infused rats, the majority of prolifer-
ating glomerular cells were nonmesangial, presumably endothe-
lial cells (36). Similar to the cell proliferation induced by
PDGF-BB, bFGF infusion also induced proliferation of mainly
mesangial cells in subnephritogenic ATS rats (Fig. 4). No
PCNA-positive nuclei were observed in locations correspond-
ing to podocytes in any of the groups. Despite the induction of
marked mesangial cell proliferation, no de novo expression of
a-smooth muscle actin in glomeruli was noted in response to
any treatment (data not shown).

Effects of PDGF-BB and bFGF infusion on the expression
of intrinsic mesangial cell growth factors. Normal immuno-
staining patterns in the kidney for PDGF B chain, PDGF re-
ceptor (8 subunit, and bFGF, using the same antibodies as used
in the present study, have been reported previously (10, 22)
and were not different in this study. Furthermore, the results of
in situ hybridization for PDGF B-chain mRNA in glomeruli of
normal rats were comparable to those reported previously (29).

Neither PDGF nor bFGF infusion led to a significant in-
crease of the glomerular immunostaining score for PDGF B
chain (normal score = 0.8+0.2) in any of the groups. The fail-
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Figure 3. Glomerular mitoses: PAS stain of a renal biopsy of a
PDGF-BB-infused subnephritogenic ATS rat on day 2 after the start
of the infusion period. In the glomerular tuft, two cells in mitosis are
observed (arrows). X1,000.

ure of exogenously administered PDGF-BB or bFGF to induce
glomerular PDGF synthesis was also supported by the results
of in situ hybridization for PDGF B chain mRNA, which, like
the immunostaining, failed to reveal any change from the con-
trol pattern in any of the experimental groups (data not
shown). In contrast to PDGF B chain, the glomerular immuno-
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Figure 4. 1dentification of proliferating glomerular cells: double im-
munostaining for PCNA and the Thy 1.1 antigen expressed on mes-
angial cell surfaces. Data are presented as counts of proliferating glo-
merular cells per glomerular cross section that were either double
labeled (i.e., proliferating mesangial cells) or not double labeled (i.e.,
proliferating nonmesangial cells). It is apparent that the counts of
proliferating mesangial cells increase in the PDGF-BB-infused
groups, as well as in bFGF-infused subnephritogenic ATS rats. Be-
cause of the different histochemical technique (see Methods), PCNA
counts differ from those presented in Fig. 1.
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staining scores for both PDGF receptor 8 subunit and bFGF
increased in those groups where significant cell proliferation
was present (Fig. 5).

Neither PDGF nor bFGF infusion led to significant glo-
merular deposition of platelets or to thrombus formation (data
not shown), both of which contain various mesangial cell mi-
togens (1, 4).

Increased responsiveness of subnephritogenic ATS rats to
PDGEF is associated with a mild upregulation of PDGF recep-
tor. The injection of a subnephritogenic dose of ATS led to a
small increase in the levels of glomerular PDGF receptor 3
subunit mRNA on day 2 after the injection (Table II). As
shown in Fig. 5, there was also a small increase in the glomeru-
lar staining score for PDGF receptor 8 subunit after the admin-
istration of subnephritogenic ATS. In contrast, as noted above,
no significant glomerular deposition of platelets or fibrinogen
was observed in these latter rats.

Fig. 6 shows that the renal responsiveness to PDGF-BB was
still increased if a subnephritogenic dose of ATS was adminis-
tered selectively into one kidney rather than systemically. In
this case the response in the left kidney, which received the
ATS, was significantly higher than in the right nonperfused
kidney.
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Figure 5. Glomerular growth factor expression: glomerular immuno-
staining scores for the expression of PDGF receptor 8 subunit and
bFGF in normal or subnephritogenic ATS rats receiving a 1-wk infu-
sion of either PDGF-BB (=), PDGF-BB plus bFGF (s), bFGF (@),
or vehicle (0). *P < 0.05 vs corresponding vehicle-infused group.
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Table II. Glomerular mRNA Levels for PDGF Receptor 3 Subunit
in Normal Rats and Rats that Had Received
a Subnephritogenic ATS Dose 2 d Previously

Northern blot results Dot blot results
Total glomerular Percent Percent
RNA obtained from Absolute of normal Absolute of normal
Normal subjects 2.55+0.05 — 26.7+0.6 —_
Subnephritogenic
ATS, day 2 2.95+0.18 115 36.7+4.9 138

Results are expressed as absolute densitometric mRNA levels (see
Methods) and mRNA levels relative to those observed in normal rats
normalized for the expression of 28S rRNA (see Methods). Results
are mean=SD of three experiments each. Each experiment consisted
of kidneys of two rats pooled to give a single RNA sample.

Effects of PDGF-BB and bFGF infusion on glomerular ma-
trix synthesis and expansion. Silver methenamine staining of
the extracellular matrix failed to reveal a significant change
from the normal staining pattern in the biopsies obtained from
normal rats infused with PDGF-BB and/or bFGF. In sub-
nephritogenic ATS rats, there was a minor increase in mesan-
gial silver staining on day 7 in the PDGF-BB-infused rats but
not in those receiving bFGF or vehicle (Fig. 7).

Immunohistochemical staining patterns using the antibod-
ies against types I and IV collagen, laminin, and fibronectin in
normal rats have been reported previously (27), and were not
different in the present study. Staining of the biopsies with the
anti-type I collagen antibody did not reveal significant glomer-
ular expression in any of the control or experimental groups
(data not shown). In contrast, significant increases of the glo-
merular staining scores for type I'V collagen, laminin, and fibro-
nectin were noted in rats that had received a subnephritogenic
ATS dose plus PDGF-BB or PDGF-BB + bFGF (Fig. 8). In all
other groups, the changes observed were not statistically differ-
ent from the findings in vehicle-infused rats (Fig. 8). Analysis
of the glomerular expression of laminin B, chain mRNA on
day 7 after the start of the infusion in subnephritogenic ATS

' 4[] - venicie infusion Figure 6. Glomerular
(=3 * cell proliferation after
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(n=6) position of ATS: proli-

127 + . p<0.05 Right vs. Left Kidney ferating cells per glo-

merular cross section
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Figure 7. Glomerular matrix expansion: silver methenamine staining
of renal biopsies of subnephritogenic ATS rats that had received a
seven day infusion of either vehicle (4) or PDGF-BB (B). A minor
increase in mesangial silver staining is observed in the PDGF-BB in-
fused rat. X400.

rats revealed a 4.8-fold increase in PDGF-BB-infused rats, but
not in those receiving bFGF or PDGF-BB plus bFGF (Fig. 9).
Glomerular expression of type IV collagen mRNA was also
increased in PDGF-BB infused rats, as well as in those receiv-
ing bFGF, but not in those receiving the combination of both
(Fig. 9) (relative increase over vehicle-infused rats: PDGF-BB,
2.8+0.6-fold; PDGF-BB + bFGF, 1.5+0.6-fold; bFGF,
2.5+1.1-fold; all data corrected for the expression of 28S RNA;
n = 3 each).

Effects of PDGF-BB and bFGF infusion on functional renal
parameters. No significant proteinuria (normal: < 10 mg/24
h) or increases in serum creatinine (normal: 40+4 umol/liter)
or urea (normal: 8+0.8 mmol/liter) developed in any of the
groups (data not shown).

Discussion

The data presented in this study show that the administration
of bFGF (17 ng/min = 10™'2 M/min) and in particular of
PDGF-BB (28 ng/min = 10~!2 M/min) can induce selective
mesangial cell proliferation in the kidney, that this effect de-
pends on the cellular status of the mesangial cell, that in cases
of marked mesangial cell proliferation a concomittant overpro-
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Figure 8. Glomerular immunostaining for matrix proteins: glomerular immunostaining scores for the expression of type IV collagen, laminin,
and fibronectin in normal or subnephritogenic ATS rats receiving a 1-wk infusion of either PDGF-BB (u), PDGF-BB plus bFGF (&), bFGF
(m), or vehicle (0). Increased immunostaining scores are confined to subnephritogenic ATS rats receiving PDGF-BB (+bFGF) infusions. * P

< 0.05 vs corresponding vehicle-infused group.

duction of extracellular matrix occurs, and that neither mesan-
gial cell proliferation nor matrix accumulation are associated
with a functional renal impairment during the short period of
the study.

A main finding of this study was the selectivity of the induc-
tion of renal cell proliferation by PDGF and bFGF. Currently,
no data exist on the renal cell types expressing receptors for
bFGF in vivo. In vitro data, however, suggest that bFGF recep-
tors are expressed by mesangial (10), glomerular endothelial
(37), glomerular epithelial (38), and tubular epithelial cells
(39), since it is mitogenic for these cell types. Immunohisto-
chemical studies on the expression of PDGF receptor 8 subunit
in vivo have localized it to mesangial, parietal epithelial, and
interstitial cells in human and primate kidneys (40). In cell
culture, PDGF is mitogenic for cultured mesangial cells (7-9)
and papillary interstitial fibroblasts (41). If bFGF and PDGF
receptors are both expressed on a variety of renal cell types,
what accounts for the selectivity of growth induction observed
in the present study? In the case of bFGF, it is known from
studies in vessels that only a previous injury renders cells, such
as endothelial cells, responsive to the mitogenic effects of bFGF
(42). These findings are consistent with our previous study
(10) and with the present data, showing that only mesangial

Mesangial Cells In Vivo and Platelet-derived Growth Factor or Basic Fibroblast Growth Factor

cells that had suffered a sublethal injury were growth respon-
sive towards bFGF. Since the renal injury imposed by anti—
Thy 1.1 antibody is specific for mesangial cells (15), this might
be an explanation for the selectivity of bFGF-induced renal cell
proliferation. In contrast to bFGF, PDGF-BB exerted mito-
genic effects on mesangial cells in normal rat kidneys (al-
though, again, mesangial injury increased the responsiveness).
A concomittant increase in glomerular endothelial cell prolifer-
ation would not be expected since in normal human glomeruli
no PDGEF receptor 8 subunit could be demonstrated on endo-
thelial cells (40), and since bovine glomerular endothelial cells
in vitro are nonresponsive towards PDGF (37). Glomerular
epithelial cells, despite producing PDGF B chain (43), as well
as proximal tubular epithelial cells in culture, have also been
found to be nonresponsive to the mitogenic effect of PDGF
(43, 44). The lack of detectable interstitial growth induction
may have been a technical problem during the early phase of
the infusion period, since only cortical biopsies were obtained.
Cortical, in contrast to papillary, fibroblasts have been found to
be relatively resistant to PDGF-induced proliferation (41). On
the other hand, despite ongoing (though lesser) cell prolifera-
tion in glomeruli on day 7 of the PDGF infusion, no increased
cell proliferation in the papillary tubulointerstitium was noted.
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In the present study, PDGF-BB turned out to be a more
potent mesangial cell mitogen in vivo than bFGF. In vitro data
suggest that both cytokines exert mitogenic effects of a similar
order of magnitude on mesangial cells (8, 45). However, these
latter data were obtained in mesangial cells cultured under two-
dimensional conditions. Seeding of mesangial cells into a
three-dimensional type I collagen matrix, in contrast, resulted
in a complete loss of the mitogenic effect of PDGF (46). These
controversial observations point to the problems associated
with extrapolating from in vitro findings to the in vivo situa-
tion and underline the requirement for in vivo studies when
evaluating the potential actions of cytokines during disease.

A second central finding of this study was the increased
cytokine responsiveness of mesangial cells after minor degrees
of immune-mediated injury. Since anti-Thy 1.1 antibody not
only recognizes mesangial cells, but also thymocytes and
various extrarenal cells (47), injection of the antibody might
have led to release of substances from these latter cells that
could have acted synergistically with the infused cytokines.
However, this seems unlikely, since the increased responsive-
ness in anti-Thy 1.1 injected rats persisted when the antibody
was deposited locally within one kidney and did not enter the
systemic circulation. A second possibility is that the injected
anti-Thy 1.1 antibody might induce glomerular leukocyte or
platelet influx via increased release of chemoattractants or in-
creases of the local procoagulant activity (48, 49). Both leuko-
cytes and platelets contain potent mesangial cell growth factors
(1, 4). Glomerular influx of inflammatory cells and increased
thrombus formation induced by exogenously administered cy-
tokines has been observed and may well be the explanation for
findings in which the injection of interleukin-1 augmented glo-
merular hypercellularity in murine IgA nephropathy (50). In
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contrast, neither a glomerular influx of leukocytes nor throm-
bus formation was observed in the present study. Our observa-
tions suggest a third mechanism, namely changes of the status
of the intrinsic glomerular tissue to explain the increased cyto-
kine responsiveness after minor injury. It is unclear whether
the mild increase in glomerular PDGF receptor expression ob-
served after the injection of subnephritogenic amounts of ATS
can account for the increased cytokine responsiveness. Several
other possibilities also merit consideration, namely ATS-in-
duced post-receptor modulation or injury-related changes of
the extracellular matrix that facilitate access of the infused cy-
tokines to the cells. Finally, changes of glomerular cell apopto-
sis in the subnephritogenic ATS rats could contribute to alter-
ations of the total glomerular cellularity.

Several findings of the present study suggest that the mito-
genic effects of bFGF and PDGF-BB on mesangial cells in vivo
were direct effects and not mediated via secondary mecha-
nisms. No glomerular leukocyte or platelet influx, all of which
contain potent mesangial cell mitogens (1, 4), or glomerular
thrombus formation, with thrombin representing another po-
tent mesangial cell mitogen (1), was observed in any of the
groups. Furthermore, although not assessed by quantitative
methods, we did not detect any apparent increase in the endoge-
nous mesangial synthesis of PDGF B-chain. This latter finding
contrasts with in vitro data showing that 10 ng/ml of bFGF or
PDGF-BB markedly increased the synthesis of PDGF B-chain
in mesangial cells (8). This discrepancy suggests that the local
PDGF or bFGF concentrations achieved in our study may
have been much lower than those used in the study of Silver et
al. (8), and that the PDGF induced mesangial cell proliferation
in our study resided in an exogenous rather than an autocrine
effect. In contrast to PDGF B chain, glomerular immunostain-
ing for bFGF increased in parallel to the induction of glomeru-
lar cell proliferation. Since this finding extended to both PDGF
and bFGF infused rats, it did not appear to result from binding
of infused bFGF to mesangial proteoglycans ( 10). More likely,
the increase in glomerular bFGF immunostaining was the con-
sequence of an increase in the number of mesangial cells,
which, in contrast to PDGF (22, 28), constitutively express
this cytokine in their cytoplasm (10). This increase in endoge-
nous glomerular bFGF expression, however, is unlikely to me-
diate the augmented mesangial cell proliferation, since bFGF is
not a secreted cytokine, but rather, is released after sublethal or
lethal mesangial cell injury (10).

The last major finding of the present study was that the
marked mesangial cell proliferation in vivo induced by PDGF-
BB was associated with a moderate overproduction and accu-
mulation of extracellular matrix, supporting the concept that
cell proliferation and matrix overproduction frequently are
coupled events (1, 27, 28). In agreement with our in vivo find-
ings, cell culture data have shown that PDGF increases the
mesangial cell synthesis of fibronectin, laminin, type IV colla-
gen, and heparan sulfate proteoglycan (11). The observation
that PDGF-BB infused rats had an increase in glomerular lami-
nin B, chain and type IV collagen mRNA suggests that the
accumulation of mesangial extracellular matrix was, in part,
caused by upregulated synthesis. While the absence of in-
creased laminin B, chain mRNA in bFGF-infused rats may
relate to the lower degree of cell proliferation, this cannot ex-
plain the absence of an increase of both laminin B, chain and
type IV collagen mRNA in rats infused with PDGF-BB plus
bFGF, since mesangial cell proliferation in this group was as



pronounced as in rats infused with PDGF-BB only. One possi-
ble explanation is that the concomitant infusion of PDGF-BB
and bFGF led to a more transient increase of glomerular lami-
nin B, chain and type IV collagen mRNA expression. We may
have missed this, since we could only obtain RNA on day 7 of
the infusion period. Future experiments will have to clarify this
point.

Interestingly, the increase in extracellular matrix compo-
nents in PDGF-BB- and bFGF-infused rats was limited to com-
ponents of the normal mesangial matrix. Neither interstitial
(type I) collagen nor the expression of a-smooth muscle actin
was induced, despite being present in several models of glomer-
ular diseases involving mesangial cell proliferation (15, 28).
This suggests that mesangial cell proliferation and matrix ex-
pansion can occur without the mesangial cell acquiring pheno-
typic characteristics of “myofibroblasts™ (51), and that other
stimuli may be necessary (e.g., hemodynamic alterations or
other cytokines) to induce these changes.

In conclusion, this study provides further evidence that
PDGEF and (to a lesser degree) bFGF may be involved in the
increased mesangial cell proliferation and matrix expansion
that occurs in a variety of glomerular diseases. Our findings
also show that sublethal injury to glomeruli that has no, or only
minimal, morphological correlates may induce glomerular
changes of a yet undefined nature, that render the cells more
responsive to the action of inflammatory mediators. From a
clinical point of view, this might explain how a minor renal
insult could have pronounced effects in the presence of a sub-
clinical but ongoing autoimmune process. Finally, this study
provides a further rationale to examine the effects of PDGF or
bFGF antagonists on the course of progressive glomerular dis-
ease. However, as discussed elsewhere in more detail (5), be-
fore such interventional trials are undertaken, more insight
into the question will have to be gained of when and how the
physiological, (e.g., regenerative) role of cytokines becomes a
pathological one.
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