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Abstract

Glomerulosclerosis, a final common lesion of various glomeru-
lar diseases, is characterized by mesangial cell proliferation
and extracellular matrix (ECM) expansion. TGF-ft and PDGF
are known to play a critical role in the regulation of ECM me-
tabolism and mesenchymal cell proliferation, respectively.
However, there is little evidence to demonstrate the direct role
ofeach ofthese growth factors in the pathogenesis ofglomerulo-
sclerosis. Using an in vivo transfection technique, we could real-
ize the selective overexpression of single growth factor in the
kidney. The introduction of either TGF-,8 or PDGF-B gene
alone into the kidney induced glomerulosclerosis, although the
patterns ofaction ofthese growth factors were different; TGF-ft
affected ECM accumulation rather than cell proliferation and
PDGF affected the latter rather than the former. (J. Clin. In-
vest. 1993. 92:2597-2601.) Key words: hemagglutinating virus
of Japan * liposome * mesangium * proliferation * extracellular
matrix * glomerulonephritis

Introduction

Glomerulosclerosis is considered to be the final common path-
way leading to the progressive loss of renal function in various
types of primary glomerulonephritis, diabetic nephropathy,
and lupus nephritis. A variety ofin vitro studies have suggested
that growth factors, especially TGF-f3 ( 1, 2) and PDGF (3-5),
contribute to the pathophysiological process in the develop-
ment ofglomerulosclerosis characterized by mesangial cell pro-
liferation and extracellular matrix (ECM)' expansion. Further-
more, the pathogenetic involvement of these growth factors in
experimental glomerulonephritis has been shown in vivo, if
not directly: Both factors were highly expressed in diseased
glomeruli (6-8) and antiserum against TGF-3 (9) or PDGF-B
( 10) could suppress the disease progression in anti-Thy 1 exper-
imental glomerulonephritis. Nevertheless, it still remains ob-
scure whether TGF-f or PDGF plays a direct role in vivo in the
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1. Abbreviations used in this paper: CAT, chloramphenicol acetyltrans-
ferase; ECM, extracellular matrix; HMG-1, high mobility group 1;
HVJ, hemagglutinating virus of Japan; PCNA, proliferating cell nu-
clear antigen.

pathogenesis ofglomerular injury. To investigate the indepen-
dent role of each factor in experimental animals, a transgenic
animal model may be the most plausible candidate ( 11 ). How-
ever, the expression of a factor that targets the kidney is not
possible at present, and indirect influences of the systemically
overexpressed factor are probably inevitable. The objective of
this study was to show that selective overexpression ofTGF-#
or PDGF in rat glomeruli mediates glomerulosclerosis.

Methods

Construction of expression vectors. We constructed TGF-f 1 and
PDGF-B expression vectors designated pAct-TGFf# and pAct-PDGF,
respectively. The pAct-CAT plasmid, originally constructed by N. Da-
vidson, contains bacterial chloramphenicol acetyltransferase (CAT)
gene with the chicken d actin promoter gene, the SV40 early promoter
on the 5' end, and SV40 splice and polyA sequences on the 3' end ( 12).
pAct-TGFflI and pAct-PDGF were constructed by exchanging the
coding region of CAT gene (HindIII/HpaI fragment of pAct-CAT)
from pAct-CAT with the EcoRI fragment containing the complete cod-
ing region ofTGF#1 cDNA from phTGF-2 (13) and the BamHI frag-
ment containing complete coding region of PDGF-B cDNA from
pSM-1 ( 14), respectively. phTGF-2 and pSM-1 were supplied byAmer-
ican Type Culture Collection Rockville, MD.

Introduction ofPlasmid DNA into rat kidney. Plasmid DNA con-
taining cDNA for TGF#31, PDGF-B, or CAT was introduced into rat
kidney via left renal artery by the hemagglutinating virus of Japan
(HVJ)-liposome method, which has been applied for the transient
transfection in vivo. The procedure of the preparation of HVJ-lipo-
somes was as described previously ( 15, 16). Briefly, dried lipid mixture
(phosphatidylserine, phosphatidylcholine, and cholesterol), and plas-
mid DNA, previously incubated with nuclear protein, high mobility
group 1 (HMG- I ), were shaken vigorously and sonicated to form lipo-
somes. The liposomes were incubated with inactivated HVJ and fused
into HVJ-liposomes. The HMG-1 accelerates migration of a foreign
DNA into the nuclei when co-introduced with plasmid DNA, while
HVJ. protein facilitates the fusing of the liposome with the plasma
membrane. 8-wk-old Sprague-Dawley rats (Japan SLG, Inc., Hama-
matsu, Japan) were anesthetized by intraperitoneal injection ofpento-
barbital (50 mg/kg), and a catheter was inserted into the left renal
artery. 0.5 ml of HVJ-liposome suspension (2-10 ,gg of encapsulated
DNA in BSS [140 mM NaCl, 5.4 mM KCI, 10 mM Tris-HCl, pH 7.6]
with 1 mM CaCJ2) was injected through the catheter after flushing with
I ml of 0.9% NaCI solution.

Histological analysis. Animals were sacrificed under sodium pen-
tobarbital (50 mg/kg, i.p.) anesthesia on day 3, 5, and 7 after the intro-
duction and both kidneys were fixed for light micrography and immu-
nofluorescence. At least six rats were examined for each expression
vector in each time point. For immunohistochemistry, the kidneys
were fixed in buffered formaldehyde and 5-yrm-thick cryostat sections
were blocked with 5% normal sheep serum in PBS for 30 min, incu-
bated with first antibody for 1 h, and incubated with second antibody
(fluorescein-conjugated sheep antibody against rabbit IgG; Silenus Lab-
oratory, Hawthorn, Victoria, Australia) for 30 min at room tempera-
ture. To confirm the expression ofthe introduced cDNAs, rabbit anti-
human TGF,61 and rabbit anti-human PDGF-B (both from King
Brewing Co., LTD., Kakogawa, Japan) were used as first antibodies.
These antibodies crossreact to rat TGF-,B1 and PDGF-B, respectively.

In Vivo Transfection of TGF-fl or PDGF Gene into the Kidney 2597

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/93/12/2597/05 $2.00
Volume 92, December 1993, 2597-2601



To estimate the transfection efficiency, rabbit anti-CAT (5Prime -P

3Prime, Inc., Boulder, CO) were used as first antibodies, and CAT-
positive glomeruli were counted. To examine the proliferating cells,
mouse antibody to proliferating cell nuclear antigen (PCNA; Coulter
Clone, Hialeah, FL), which is a cell proliferation marker, and EDi
(Serotec LTD, Oxford, UK), mouse antibody to rat monocyte and
macrophages, were used as first antibodies. For light microscopy, tis-
sues were fixed in neutral formalin and enbedded in paraffin, and 2-Mgm
sections were stained with periodic acid-Schiff. To quantitate mesan-
gial matrix expansion and glomerular cell counts, all sections were read
by an observer unaware of the experimental protocol. 30 glomeruli
(80-100 Mm in diameter) were selected at random in sections from rats
on day 3, 5, and 7 after introduction ofcontrol CAT, TGF#1, orPDGF
gene. The degree of glomerular matrix expansion was determined by
Raij's method ( 17). For the qualitative analysis of the accumulated
matrix, rabbit antibodies to collagen type I, III, IV, which were gifts
from Dr. Ohshima (Department of Pathology, Wakayama Medical
College, Wakayama, Japan) were used as first antibodies ofthe immu-
nofluorescence.

Results

TGF-#1 or PDGF-B was detected immunohistochemically
( 15) in the glomeruli and interlobular arteries 3 d after the
introduction of TGF-3l or PDGF-B gene, respectively (Fig.
1). The transfection efficiency into the glomerulus was esti-
mated as - 35%, because CAT protein was detected in 30 to
40% ofglomeruli in all of rats introduced CAT gene, and TGF-
( and PDGF were overexpressed in glomeruli in similar per-
centage. The expression vectors could be introduced selectively
into the left kidney since overexpressed proteins were not
found in the right kidney. Either one of TGF-#31 and PDGF-B
was unseen after the introduction of the other gene. Neither
TGF-# I nor PDGF-B was expressed in the kidney after CAT
gene was introduced. This implies that human TGF-f31 or
PDGF-B was highly expressed in the glomeruli as a single auto-
crine and/or paracrine factor. We evaluated, histological dis-
ease activity on 3, 5, and 7 d after gene introduction. A patho-
logical alteration of the glomeruli was present in all of the rats
transfected with either TGF-, 1 or PDGF-B gene.

Fig. 2 shows representative photomicrographs of glomeruli
from transfected rats. In the TGF-fl 1 gene-transfected rats, an
extensive ECM expansion with a moderate mesangial cell pro-
liferation was observed. In contrast, the major alteration in the
PDGF-B gene transfected rats was a striking increase in cellu-
larity with an ECM expansion. It is worthy of note that the
conspicuous lobular architecture ofthe tufts, which sometimes
leads to the formation ofprominent nodules, was shown in this
group.

The quantitated data on glomerular ECM expansion and
mesangial cell proliferation are summarized in Fig. 3. Glomer-
ular cell counts were increased to 115% and 145% of the con-
trol level (determined in the experiment using CAT gene) by
TGF-1 I and PDGF-B, respectively. No proliferative change
was seen in glomeruli of right kidneys of TGF-,B- or PDGF-
transfected rats. To confirm the mesangial cell proliferation,
the left kidneys were examined immunohistochemically with
anti-PCNA and anti-ED1 antibodies. The PCNA-positive
cells were significantly increased in the glomeruli from PDGF
or TGF-# introduced rats, while ED 1-positive cell number was
unchanged. Polymorphonuclear cells were not infiltrated in
the transfected kidney. These results suggest that the glomeru-
lar hypercellularity seems to result from the resident mesangial
cells.

Figure 1. Immunofluorescence micrographs of glomeruli from trans-
fected rats stained with anti-TGF# I antibody. The stain for TGF3 1
3 d after introduction ofTGF#31 gene (A) was striking, compared with
that observed in the control experiment using CAT gene (B). Renal
tubules were artifactually stained. Original x400.

The glomerular matrix indices ( 17) determined for TGF-
(31, PDGF-B, and CAT on day 5 were 46.4±18.4, 20.8±18.4,
and 0, respectively. The introduction of TGFI3 or PDGF gene
into the left kidney did not affect the matrix index ofthe contra-
lateral right kidney. Apparent tubular lesion was not observed
in the rat kidney introduced exogeneous TGF-fl or PDGF-B
gene. There is a possibility to underestimate the matrix index
and glomerular cell counts in the PDGF-B or TGF-(3 gene
transfected kidney, because quantitative analysis was per-
formed by randomly selected 30 glomeruli, 30-40% of which
were effectively transfected.

The qualitative analysis of the ECM accumulated in the
sclerotic lesion using several antibodies to collagens showed
that TGF-# increased the contents of type I and type III colla-
gens mainly in the mesangial area and appeared to produce a
slight increase in type IV collagen, whereas the introduction of
CAT had virtually no effects on collagen contents (Fig. 4).

Neither serum creatinine nor urea nitrogen was increased
in all transfected rats. Pathological proteinuria was present in
both TGF-# gene- and PDGF-B gene-transfected rats, while
pathological proteinuria was absent in the CAT gene-trans-
fected rats.
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Figure 2. Histological changes of glomeruli from transfected rats. The micrographs show periodic acid-Schiff stains of glomeruli. A-C, from a
control rat on day 3 (A), 5 (B), and 7 (C); D-F, from a TGF#lI gene-transfected rat on day 3 (D), 5 (E), and 7 (F); G-I, from a PDGF-B
gene-transfected rat on day 3 (G), 5 (H), and 7 (I). A striking increase in ECM is seen in D. ECM is much more expanded in E and F than in
D. Glomerular cells are increased in number in G and they are accentuated as a lobular formation in H and I. Original X400.
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Figure 3. Quantitation of pathological changes. CAT; TGFB1, or

PDGF gene was introduced into the left kidney, and the severity of
glomerular damage was evaluated on day 3, 5, and 7 by quantitating
the ECM accumulation (A) and glomerular cell count (B). The right
kidney ofTGF-# transfected rat was also calculated as control. The
kidney sections were examined in four rats at each time point.

The hallmark ofthe progressive glomerular damage is sclerosis.
Sclerotic alterations in the glomeruli are believed to develop
very slowly in the course ofchronic glomerulonephritis. Immu-
nological injury, lasting glomerular hypertension, and/or pre-
cedent glomerular hypertrophy are supposed to be triggers
leading to eventual glomerulosclerosis. Surprisingly, in this
study the pathological changes of the glomerulus took place
within a week after transfection without a drastic precedent
event like mesangiolysis in anti-Thy 1 glomerulonephritis.
Here we propose a hypothesis that TGF-(3 and PDGF play a
primary role in the development of glomerulosclerosis; what-
ever triggers may increase glomerular TGF-(3 and/or PDGF
production, overexpressed TGF-# and PDGF appear to ac-
complish the sclerotic change in the glomerulus in a short pe-
riod even in the absence ofabnormal physical force orimmuno-
logical insults.

In this study the prominent change induced by TGF-# I was
ECM expansion and that induced by PDGF-B was cell prolifer-
ation. There remains a possibility that PDGF may stimulate
mesangial cells to release autocrine TGF-(3 and that TGF-j3
may also induce PDGF. However, TGF-,B was not detected
immunohistochemically in the kidney from the transfected
PDGF gene and vice versa. Thus, it is likely that the overex-
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Figure 4. Immunofluorescence micrographs of glomeruli from trans-
fected rats stained with anti-collagen type I (A and D), III (B and
E), IV (C and F) antibody. The stain for anti-collagen type I and III
3 d after introduction ofTGF# I gene (A and B) was striking, com-
pared with that observed in the control experiment using CAT gene
(D and E). The stain for anti-collagen type IV (C) was slightly in-
creased compared with that in the control study (F). Original X400.

pressed factor may play a principal role in the development of
the particular lesion, and that the behaviors of overexpressed
TGF-# and PDGF are different in in vivo milieu.

TGF-# is known to enhance the synthesis of proteoglycans
but not to substantially affect the content of type I, type III, or
type IV collagen in cultured mesangial cells ( 18, 19). In cul-
tured glomerular epithelial cells exposed to TGF-# the secre-
tion of proteoglycans and type IV collagen was strikingly in-
creased, but neither type I nor type III collagen was produced
( 19). In our experimental model, TGF-0 did alter cell staining
for type I and III collagens and appeared to produce a slight
increase in type IV collagen. The normal glomerular mesan-
gium contains only basement-membrane (type IV and V) col-
lagens (20). Our results, however, seem to suggest that TGF-#
induces glomerular cells to produce interstitial (type I and III)
collagens as well as basement-membrane collagens in vivo.
These changes resemble the pathological changes of the glo-
meruli usually seen in patients with glomerulosclerosis (21 ).

TGF-1 I has been reported to exert a bifunctional effect on
mesangial cell growth in vitro (20); a low concentration pro-
motes cell proliferation and a high concentration suppresses it.
In the meantime, an elevated local expression of TGF-1 1 in-
duced mesangial cell proliferation in the present in vivo experi-
ment. The dual property of the growth factor may be depen-
dent on the cellular milieu and the growth-promoting function
may be preponderant in vivo.

The elevated expression ofPDGF-B in vivo caused a prolif-
erative change with a striking increase in cellularity and a rela-

tively weak ECM accumulation. Up-regulation of the PDGF
receptor may be a prerequisite to mesangial cell proliferation
induced by overexpressed PDGF. The PDGF receptor /3 sub-
unit expression is known to be up-regulated in the experimen-
tal Thy- 1 glomerulonephritis model (7). PDGF receptor 13 is
reportedly up-regulated in response to PDGF-B in an in vitro
system (22, 23). The transient up-regulation ofPDGF receptor
due to PDGF-B overexpression gave a basis for the postulate
that there exists a positive feedback mechanism, which can
explain, in part, the reason why overexpressed PDGF-B ex-
erted a strong proliferating action in the glomeruli.

In the present in vivo murine study we could introduce the
exogeneous gene selectively into the rat kidney via the renal
artery. Furthermore, our method itself is considered harmless,
because neither histological changes nor pathological protein-
uria were recognized in the control animals which received
CAT gene. This HVJ-liposome method permits efficient selec-
tive gene transfer into the kidney, neither exerting a cytotoxic
action nor giving immunological stimulation, and it can be a
useful tool for studying the action of each individual growth
factor in the kidney in situ.
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