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The role of vascular endothelial growth factor (VEGF)
in renal fibrosis, tubular cyst formation, and glomer-
ular diseases is incompletely understood. We studied
a new conditional transgenic mouse system [Pax8-
rtTA/(tetO),VEGF], which allows increased tubular
VEGF production in adult mice. The following pathol-
ogy was observed. The interstitial changes consisted
of a ubiquitous proliferation of peritubular capillaries
and fibroblasts, followed by deposition of matrix
leading to a unique kind of fibrosis, ie, healthy tu-
bules amid a capillary-rich dense fibrotic tissue. In
tubular segments with high expression of VEGF, cysts
developed that were surrounded by a dense network
of peritubular capillaries. The glomerular effects con-
sisted of a proliferative enlargement of glomerular
capillaries, followed by mesangial proliferation. This
resulted in enlarged glomeruli with loss of the char-
acteristic lobular structure. Capillaries became ran-
domly embedded into mesangial nodules, losing their
filtration surface. Serum VEGF levels were increased,

whereas endogenous VEGF production by podocytes
was down-regulated. Taken together, this study
shows that systemic VEGF interferes with the intra-
glomerular cross-talk between podocytes and the en-
docapillary compartment. It suppresses VEGF secretion
by podocytes but cannot compensate for the deficit.
VEGF from podocytes induces a directional effect, at-
tracting the capillaries to the lobular surface, a relevant
mechanism to optimize filtration surface. Systemic
VEGF lacks this effect, leading to severe deterioration in
glomerular architecture, similar to that seen in diab-
etic nephropathy. (4mJ Patbol 2009, 175:1883-1895; DOI:
10.2353/ajpath.2009.080792)

Vascular endothelial growth factor (VEGF or VEGF-A) is a
member of a family of heparin-binding growth factors that
includes placental growth factor, VEGF-B, VEGF-C,
VEGF-D (c-Fos-induced growth factor), and also the viral
VEGF-E(s) of the parapoxvirus Orf. Alternative splicing of
the VEGF-A gene leads to six different splice variants
containing 121 (120 in mouse), 145, 165 (164 in mouse),
183, 189, and 206 amino acids (VEGF-A51(120).206)- AS
homodimeric glycoproteins, VEGFs bind to two recep-
tors: VEGFR2 (KDR/FIk-1) and VEGFR1 (Flt-1). A soluble
variant of VEGFR1 is able to neutralize the effects of
VEGF by binding VEGF within the circulation (reviewed
by Ref. 1).
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VEGF-A is essential in mammalian vascular develop-
ment by virtue of stimulating endothelial cell proliferation
and differentiation. With respect to the kidney, VEGF is
the primary mediator starting and directing glomerular
development. In the adult, VEGF plays a central role in
the intraglomerular regulatory network, accounting for the
maintenance and repair of the glomerular tuft (reviewed
by Ref. 2). VEGF is highly expressed in podocytes.® Even
slight changes in the dose of VEGF cause dramatic ab-
errations in glomerular tuft structure.® In addition to podo-
cytes, distal tubules, collecting ducts, and, to a lower
degree, proximal tubules produce VEGF (reviewed by
Ref. 5).

Currently, there is great interest in the pathogenetic
role of VEGF in renal fibrosis, cystic tubular, and glomer-
ular diseases, including diabetic nephropathy.®~8 How-
ever, details are incompletely understood. We took ad-
vantage of a recently developed transgenic mouse
model (Pax8-rtTA; Ref. 9) that allowed conditional over-
expression of VEGF in the entire renal tubular system.
Three major observations were made: 1) within the tu-
bules themselves, VEGF stimulated cyst formation in a
dose-dependent manner; 2) within the interstitium, VEGF
stimulated the proliferation of peritubular capillaries and
interstitial fibroblasts, followed by matrix deposition with-
out damaging the tubules; and 3) within the glomerulus,
increased serum VEGF decreased the production of VEGF
by podocytes, thereby interfering with the intraglomerular
cross-talk between podocytes and the endocapillary com-
partment. This led to glomerular injuries similar to lesion
seen in diabetic glomerulopathy in humans.

Materials and Methods

Transgenic Animals and General Procedures

The experimental design of this study was approved by
the local authorities according to the German law for
protection of animals.

A conditional transgenic system was used to target
VEGF (VEGF-A or VEGF,4,) expression to the renal tubu-
lar system of adult mice. Two transgenic mouse lines
were used: 1) Pax8-rtTA mice, which express the reverse
tetracycline-dependent transactivator (rtTA) under con-
trol of the Pax8 promoter (specific for the entire tubular
system of the kidney with a low expression in periportal
hepatocytes);® and 2) (tetO),VEGF mice, which express
a mouse transgene, coding for the isoform VEGF,g, of
VEGF-A, under the control of tetracycline response ele-
ments [(tetO),]."° Heterozygous Pax8-rtTA mice were
crossbred with homozygous (tetO),-VEGF mice. Bitrans-
genic Pax8-rtTA/(tetO),-VEGF and single transgene con-
trol (tetO),-VEGF mice were obtained. VEGF was in-
duced in renal tubules of bitransgenic 5-week-old mice
by giving drinking water containing doxycycline (DOX; 1
mg/ml and 5% sucrose) and were fed a standard mouse
chow (Sniff; Spezialdidten, Germany). Single transgenic
(tetO),-VEGF mice exposed to DOX were used as con-
trols. All mice were genotyped by PCR analysis of tail
DNA for Pax8-rtTA and (tetO),-VEGF transgenes.

The primers used were Pax8-rtTA: ST1, 5’-CCATGTCTA-
GACTGGACAAGA-3'; ST2, 5'-CTCCAGGCCACATATGAT-
TAG-3'; and (tetO),VEGF, 5-GTGCACTGGACCCTGGC-
TTTACTG-3', 5-ATGTGCTGGCTTTGGTGAGGTTT-3'.

Experimental Design

Three groups of mice (transgenics and controls) each
consisting of seven animals of mixed gender were exam-
ined after 1, 2, and 4 weeks of DOX administration. An
additional two animals were examined after 8 and 14
weeks of DOX treatment. Furthermore, 10 transgenic and
9 control animals after 4 weeks of DOX were taken for the
assessment of tissue MRNA. No gender differences were
observed.

Two days before sacrifice, ~200 ul of blood was col-
lected by retrobulbar punction from each animal under
ether anesthesia. Serum was separated by centrifugation
(10 minutes at 1500 rpm); creatinine and urea were mea-
sured by an automatic analyzing system (Vitros 250
Chemistry System; Johnson & Johnson, Global Medical
Instrumentation, Ramsey, MN), and VEGF levels were
determined using a commercial ELISA (R&D Systems).
To determine urinary protein excretion, the animals were
placed in metabolic cages for 24 hours, and urine was
collected and analyzed using the same system as men-
tioned above.

Animal Perfusion and Structural Studies

The mice were fixed by total body perfusion as described
previously''. Briefly, under Nembutal anesthesia (50
mg/kg body weight, i.p.), after laparotomy a cannula was
retrogradely inserted into the abdominal aorta below the
exit of the renal arteries. Without prior flushing, the ani-
mals were directly perfused with 3% paraformaldehyde-
PBS-fixative at a pressure of 220 mmHg for 3 minutes.
Kidneys were removed, weighed, and cut into 1- to
2-mm-thick slices and postfixed in 3% glutaraldehyde-
PBS overnight; thereafter, the slices were washed, and
small blocks (2 X 3 mm) of cortex were cut, postfixed in
0s0, (1% for 2 hours), and subsequently dehydrated
and embedded into Epon by standard procedures. Semi-
thin (1 wm thick) sections of each animal and, in addition,
series of semithin sections of selected blocks as well as
ultrathin sections of selected areas were cut on a ultracut
microtome (Leica, Nussloch, Germany) using a diamond
knife. Semithin sections were stained with methelyne
blue'? and examined with light microscopy; ultrathin sec-
tions were stained with uranyl acetate and lead citrate
and studied with transmission electron microscopy.

Morphometry

Morphometric analysis was performed with a semiauto-
matic image analysis system (VIDS IV; AiTectron, DUs-
seldorf, Germany). The tuft volume (VT) was estimated of
seven transgenic animals and seven controls after 1, 2,
and 4 weeks of DOX administration. Under direct visual-
ization (magnification, X20), the tuft areas (ATs) of 60



consecutive cross-sectional glomerular profiles per ani-
mal were measured on a digitizing tablet. VT was calcu-
lated from the mean tuft area, using the formula: VT =
(B/K)(AT)*2, where B = 1.38 (shape coefficient for spher-
ical particles) and k = 1.1 (size distribution coefficient for
spheres).'®

A semiquantitative estimate of podocyte density was
assessed in 4-um paraffin sections stained with antibod-
ies against WT-1 of seven transgenic and five control
animals after 2 and 4 weeks of DOX. WT-1-positive nuclei
(podocytes) were counted in 30—40 glomerular profiles
(fairly cut through the center of a glomerulus in meridian
direction), and the density was calculated by relating the
number of positive nuclei to the measured tuft area.

Interstitial expansion was determined in light micro-
graphs of semithin sections of seven transgenic and seven
control animals after 2 weeks of DOX. Per animal, two
random areas of renal cortex (640 X 500 um each) were
analyzed using a transparent point raster (266 points; point
distance, 33 um); points overlying the interstitum were
counted and a fractional area was calculated.

Cell proliferation was assessed with the Ki-67 antibody
technique in 4-um-thick paraffin sections of seven trans-
genic and seven control animals after 2 and 4 (only in
glomeruli) weeks of DOX. Ki-67-positive cells in the inter-
stitium were counted in 50 random areas of renal cortex
(320 X 250 um each), and a ratio per 1 mm? was calcu-
lated. Ki-67-positive glomerular cells were counted in 30
randomly selected glomeruli per animal.

In Situ Hybridization

The mRNA expression of VEGF, platelet-derived growth
factor (PDGF)-B, and transforming growth factor (TGF)-B
were investigated by in situ hybridization using digoxige-
nin-labeled riboprobes (Roche). Sense and antisense
probes were generated by in vitro transcription of ~400
bp VEGF cDNA, ~700 bp PDGFB, and ~700 bp TGF-B
cDNA of the coding region.

In situ hybridization was performed on 5-um-thick par-
affin sections according to an established protocol.™
Signal was generated with 4-nitroblue tetrazolium chlo-
ride. For control, sense probes were applied in parallel
with antisense probes.

Immunofluorescence Microscopy

Coronal slices comprising the cortex and the outer medulla
were embedded into OCT compound (Tissue-Tek) and fro-
zen in liquid isopentane cooled with liquid nitrogen. Four-
micrometer-thick sections were cut in a cryostat (Microm,
Walldorf, Germany) and stained, using the following anti-
bodies: polyclonal rabbit anti-rat ecto-5-nucleotidase (5'NT)
antibody, Le Hir'®, polyclonal rabbit anti-mouse a-smooth
muscle actin (a-SMA) antibody (Abcam, Cambridge, UK);
polyclonal rat anti-mouse major histocompatibility complex
class Il antibody, clone M5/114,15.2, and polyclonal rabbit
anti-mouse proliferating cell nuclear antigen antibody
(Santa Cruz Biotechnology, Heidelberg, Germany); and
polyclonal goat anti-mouse platelet/endothelial cell adhe-
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sion molecule-1 (CD31) antibody (Santa Cruz Biotechnol-
ogy). For double-staining procedures, antibodies were in-
cubated consecutively.

Immunohistochemistry

Immunohistochemistry with the avidin-biotin technique
was performed on 4-um paraffin sections of paraformal-
dehyde-perfused tissue according to an established
protocol '®.

The following antibodies were used: polyclonal goat
anti-human VEGF antibody (1/140) (R&D Systems); poly-
clonal rabbit anti-rat type | collagen antibody (1/100)
(Biotrend, Koln, Germany); polyclonal rabbit anti-human
type IV collagen antibody (1/100) (Progen); polyclonal
rabbit anti-human WT-1 antibody (1/100) (Santa Cruz
Biotechnology); polyclonal rabbit anti-human Ki-67 anti-
body (1/50) (Dako); monoclonal rat anti-mouse Meca 32
antibody (1/100) (Santa Cruz Biotechnology); monoclonal
rat anti-mouse ER-HR3 antibody (1/20) (Acris Antibodies,
Hiddenhausen, Germany); and polyclonal rabbit anti-hu-
man PDGF-B antibody, LS-B1291 (Lifespan Bioscience).
For all antibodies, negative controls were used in which
the primary antibody was omitted. Specificity of VEGF
antibody was controlled by blockade of the antibody
using the respective recombinant VEGF, g, protein.

Western Blotting

Total kidney homogenate was produced using radioim-
munoprecipitation assay buffer containing protease in-
hibitor mixture (Complete) and centrifuged to remove
debris. Total protein concentration was measured using
Pierce BCA Protein Assay reagent kit (Pierce, Rockford,
IL). Fifty micrograms of protein was loaded onto 10%
polyacrylamide gels. After SDS-PAGE and electro-
phoretic transfer of proteins to nitrocellulose membranes,
equity in protein loading and blotting was verified by
membrane staining using Ponceau red. Membranes were
probed overnight with anti-VEGF and then exposed to
horseradish peroxidase-conjugated anti-goat antibody
(Dako). Immunoreactive band was detected on the basis
of chemiluminescence, using an enhanced chemilumi-
nescence kit (Amersham Biosciences, Freiburg, Ger-
many) before exposure to X-ray films (Hyperfilm; Amer-
sham Biosciences). For densitometric evaluation of the
resulting bands, films were scanned and analyzed using
BIO-PROFIL Bio-1D image software (Vilber Lourmat, Ma-
rue La Vallee, France).

[solation of Glomeruli and Tubulointerstitial
Tissue

Four control and four transgenic mice (after 4 weeks of
DOX) were narcotized by i.p. injection of sodium pento-
barbital (0.06 mg/g body weight). Kidneys were then
perfused retrogradely through the abdominal aorta using
8 X 107 Dynabeads (M-450 Tosylactivated) diluted in 40
ml of HBSS containing 1 mg/ml collagenase A. Kidneys
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Table 1. Clinical Data
1 week DOX 2 weeks DOX 4 weeks DOX
TGM CM TGM CM TGM CM

General data

Body weight (g) 17.78 £ 0.672 18.47 £0.832 19.27 =0.693 20.73 +0.663 21.61 + 1.617 22.81 =0.708
Serum

Creatinine (umol/L) 13.29 £ 0.969 1343 £2010 16.29+ 1584 1543 = 1556 13.00 +2.400 15.00 *= 0.845

Urea (mmol/L) 13.29 + 0.961 1414 +1990 1060 =1.759 8.171 +0.651 11.31 +2.890 6.614 = 0.506
Urine

Protein (mg/24 hours) 2.730 = 1576 2.296 = 1.131 0.208 = 0.090 1.939 + 1.000 4.999 = 2.261 1.804 = 0.691

Values are mean = SEM; TGM and CM represents transgenic mice and control mice, respectively. N = 7. Student’s t-test: no significant changes.

were removed, minced, and digested with HBSS contain-
ing 1 mg/ml collagenase A at 37°C for 30 minutes with
gentle agitation. Glomeruli-containing Dynabeads were
gathered by a magnetic particle concentrator, and qual-
ity was controlled by microscopical analysis. The remain-
ing tubulointerstitial tissue was centrifuged for 15 minutes
at 1000 X g, and resulting pellets were shock-frozen
(compare Ref. 17). In addition, six transgenic and five
control animals (after 4 weeks of DOX, perfusion, and
handling as described above) were used to obtain total
renal tissue, ie, without removal of a glomerular fraction.

RNA Isolation, Reverse Transcription, and
Real-Time PCR

Total RNA was extracted from the glomerular, the tubu-
lointerstitial tissue and the total kidney fraction using
RNeasy Mini kit (Qiagen, Hilden, Germany). Genomic
DNA was digested by DNase | (Invitrogen), and cDNA
was synthesized by reverse transcription of 5 ug of total
RNA (SuperScript First-Strand Synthesis System; Invitro-
gen). TagMan Gene Expression Assays were used, and
the product IDs are for VEGF-A Mm00437306_m1, TGF-8
Mm03024053_m1, and PDGF B Mm01298578_m1. The
experiment was performed according to the manual pro-
vided by Applied Biosystems (Foster City, CA). Amplifi-
cation was performed using the real-time PCR TagMan
Fast 7500 (Applied Biosystems). Threshold cycle (C,)
values were set in the linear phase of exponential ampli-
fication. The difference (AC,) between values obtained for
VEGF, TGF-B, PDGF-B, and the housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase was calcu-
lated and the resulting values of 224t were compared
between controls and transgenics and expressed as fold
increase. The values of the tubulointerstitial fraction and
the total kidney fraction were considered as comparable.

Ultrasound Scan

Ultrasound scan (US) measurements were performed us-
ing the Vevo 770 microultrasound system (VisualSonics,
Toronto, Ontario, Canada). The transducer transmits at
a ..center frequency of 40 MHz with a focal length of 6
mm. Doppler frequency is 30 MHz. Three animals were
examined before and after 4 weeks of DOX. For ultra-
sound examination, the mice were anesthetized by inha-

lation of a mixture of isofluorane (1.5%) and O, (98.5) and
fixed on an examination table.

In the examination area the fur was removed carefully.
The back of the mice were covered with ultrasound gel
(Aquasonic 100; Fa. Parker; Fairfield, USA). Artificial em-
bedding of air bubbles in the gel was avoided. An ultra-
sound transducer, fixed on a motor-driven unit above the
animal, was moving perpendicularly to the beam axis,
thereby acquiring consecutive images with a slice thick-
ness of 100 um. Regions of interest were drawn by hand
around kidney borders on every fifth acquired ultrasound
two-dimensional slice. Color pixel density of the cortex of
the kidneys was evaluated in a smaller area close to the
scanhead of the transducer to avoid artifacts due to
signal loss in deeper tissue (compare with Ref. 18).

Statistical Analyses

Results are reported as mean =+ SD Differences between
the experimental and control animal in each group were
tested with the unpaired t-test using Graphpad Prism 5.0.

Results

To further investigate the role of VEGF within the kidney,
Pax8-rtTA mice® were used to overexpress murine
VEGF,g, in renal tubular cells in a DOX-dependent man-
ner. The effects were studied at various time points be-
tween 1 and 14 weeks after DOX administration.

None of the induced animals showed signs of distress;
no significant differences in body weight and serum lev-
els of urea and creatinine between controls and experi-
mental animals were noticed. The animals did not de-
velop any significant proteinuria (Table 1).

Overexpression of VEGF was verified by real-time-
PCR, in situ hybridization, and immunohistochemistry
(Figures 1A and 2, A and C) and Western blotting. VEGF
expression was up-regulated in all tubular segments
throughout the kidney. Western blot analysis displayed
one specific single band at 25 kDa, which was controlled
by antibody blockade experiments (Supplemental Figure
S1, see http.//ajp.amjpathol.org). Compared with the re-
spective control mice, transgenic mice demonstrated a
strong increase in VEGF expression levels (control
100.0 = 13.7% and transgenic 753.4 = 62.8%; P <
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Figure 1. Values of experimental animals in black, controls in gray columns;
shown are the means = SD. A: mRNA expression within the tubulo-intersti-
tium after 4 weeks of DOX; compared with controls, expression of VEGF,
TGF-B, and PDGF-B is up-regulated. N (transgenics) = 10 (tubulo-interstial
and total kidney samples were pooled), N (controls) = 9; *, P< 0.05; ™", P <
0.01. B: Serum levels of VEGF. After 1, 2, and 4 weeks of DOX, transgenic
animals exhibit increased serum levels of VEGF in comparison with control
mice. N = 7;, P < 0.05 ™, P< 0.01. C: Kidney weight. After 1, 2, and 4
weeks of DOX, a dramatic increase in kidney weight is noticed in transgenic
mice compared with controls. N = 7; ™ P < 0.01. D: Interstitial cell
proliferation and fractional interstitial area. After 2 weeks of DOX, transgenic
animals show a strongly elevated number of Ki-67-positive cells within the
peritubular interstitium (comprising all interstitial cells including endothelial
cells) together with an enormous expansion of the peritubular interstitium.
N=7," P<0.0l.
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Figure 2. VEGF and PDGF-B. A: In situ hybridization of VEGF. In transgenic
animals a heterogeneous tubular expression of VEGF mRNA (arrows) is
encountered; no signal is seen with the sense probe (data not shown). B, C,
F, and G: Immunohistochemistry of VEGF. B and F: In controls, a strong
staining in podocytes (arrows) and a very weak staining in some tubules
(asterisks) are seen. C and G: In transgenic animals, a strong but heterog-
enous staining is encountered; the majority of tubules shows a strong staining
(asterisk); a couple of tubules (stars) do not show any reaction. Staining
intensity in podocytes is decreased (arrows). D: In situ hybridization of
PDGF-B. Note the expression in glomerular endothelial cells. In controls, no
reaction was seen (data not shown). E: Immunohistochemistry reveals a
strong expression PDGF-B in glomerular (arrows) and peritubular endothe-
lial cells (arrowheads). Two weeks of DOX (A, D, and E); 4 weeks of DOX
(B and ©).

0.001). The expression was heterogeneous in the sense
that a mosaic of positive and negative tubular cells was
encountered. Since positive cells represented the major-
ity, with respect to the entire kidney, the expression was
very homogeneous and robust. The increased tubular
production led to increased levels of VEGF within the
serum (as detected by enzyme-linked immunosorbent
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Figure 3. Renal cortex; overviews. A: After 2 weeks of DOX, ubiquitous
expansion of the peritubular space with an increased density of interstitial
cells and enlargement of capillaries (thin arrows). Tubules are heteroge-
neous in diameter; some of them (stars) show the beginning of cyst forma-
tion. Glomeruli show enlarged afferent arterioles (arrows), dilated capillar-
ies (arrowhead), and focal centers of mesangial expansion. B: After 4
weeks, the expansion of the peritubular spaces is largely preserved; tubules
in such areas look normal. In circumscribed areas (marked by a hatched
line), tubules undergo atrophy/degeneration corresponding to the area of a
nephron in which degeneration started from a glomerular damage. Individ-
ual tubular cysts (stars) are also encountered. Glomeruli show nodule
formation (arrows).

assay; Figure 1B). As expected, the Pax8 promoter did
not confer any activity on the glomerulus.

Prominent structural changes were found 1) in the
peritubular interstitium, where a unique kind of fibrosis
developed, 2) in renal tubules themselves, which fre-
quently showed cyst formation, and 3) in glomeruli, which
finally led to nephron degeneration and fibrosis.

Interstitial Changes

On inspection of the abdomen at the day of sacrifice the
kidneys stood out by their increase in size (Figure 1C)
and their intense red color. An increased blood content
was also detected in vivo by ultrasound measurements
(Supplemental Figure S2, see http://ajp.amjpathol.org).

In histological sections a ubiquitous and dramatic pro-
liferation of peritubular capillaries and interstitial cells was
seen leading to a massive expansion of the capillary and
total peritubular space (Figures 1D, 3, A and B, and 4A).
The increase of proliferating Ki-67-positive interstitial cells
comprised all peritubular cells. Double immunolabeling with
proliferating cell nuclear antigen and CD31 revealed prolif-
eration of endothelial cells (Figure 4E). The increase in 5’NT
and a-SMA-positive cells (Figure 5, A-C) indicated an ac-
cumulation of fibroblasts and myofibroblasts, also seen by
transmission electron microscopy (Supplemental Figure S3,
see http://ajp.amjpathol.org). In contrast, the density of ma-
jor histocompatibility complex class Il-positive (mostly den-
dritic cells) did not increase (Figure 5). Macrophages (spe-
cifically labeled with ER-HR3) were encountered only in
later stages predominantly in areas of secondary fibrosis
(see below). Real-time PCR and in situ hybridization re-
vealed increased expression of PDGF-B and TGF-B within
the tubulo-interstitium (Figures 1A and 4, F and G), ie, in
cells of the interstitium, probably mostly endothelial cells
supported by the anti-PDGF-B immunohistochemical stain-
ings (Figure 2E).

The newly formed capillaries were closely apposed to
the tubules and had unusually wide lumina resembling
blood sinuses lined by densely arranged endothelial cells
(Figure 4, A and B). In general, the endothelium was
fenestrated; however, endothelial areas with nondiaphrag-
med fenestrae were frequently encountered (Figure 4, C
and D).

The interstitial spaces proper between tubules and
capillaries consisted of cells (see above) and abundant
newly formed matrix that contained masses of collagen |
and IV (Figure 6, B and C). Thus, a unique situation had
developed: healthy tubules were embedded into a cap-
illary-rich dense fibrotic tissue (Figure 6, A-C). Despite
the ubiquitous appearance of myofibroblasts, up-regula-
tion of @-SMA in tubular epithelia, considered to indicate
epithelial-to-mesenchymal transformation,'® was not ob-
served. This indicated that no epithelial-to-mesenchymal
transformation of tubular cells occurred in this model.

Tubular Effects

Changes in the tubules were generally seen beginning
after 2 weeks of DOX administration and steadily increas-
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Figure 4. Peritubular interstitium and capillaries after 2 weeks of DOX. A: Within the expanded interstitium capillaries are enlarged at many sites to giant vascular
channels completely surrounding a tubular profile (arrows). Note the abundance of interstitial cells and matrix; tubules are normal. B: Enlarged peritubular
capillary completely surrounding a tubular profile; note the high density of endothelial cells. Frequently, areas equipped with a porous endothelium, ie, with
undiaphragmed fenestrae are observed (arrows in C and D); the arrowhead in D points to a diaphragmed fenestra for comparison. C, capillary; E, endothelium;
T, tubule. E: Immunofluorescence. Double-labeling against proliferating cell nuclear antigen (green) and CD31 (red) emphasizes the vivid proliferation of
endothelial cells of an enlarged peritubular capillary; T, tubule. F and G: In situ hybridization reveals a prominent expression of PDGF-B (F) and TGF- (G) in
cells of the peritubular interstitium, mostly probably endothelial cells. In controls, no signals were observed; sense probes were negative (data not shown).

ing thereafter. Two types of direct tubular changes were
encountered: shedding of cytoplasm and cyst development.

Conspicuously damaged tubules were noticed in ani-
mals at any of the analyzed time points (Supplemental
Figure S4, see http.//ajp.amjpathol.org). Large epithelial
areas had shed major parts of their cytoplasm into the
tubular lumen. Underneath, the cells survived as a thin
layer of intact epithelium resting on the basement mem-
brane. These changes did not appear to progress any
further, probably because of recovery of the epithelium.

Cystic dilatation of segments was seen in proximal,
distal, and collecting tubules (Figure 7A); many Ki-67-
positive cells and mitoses indicated that cysts expanded
by ongoing cell proliferation. Their frequency did not
increase over time. In later stages, the cells dedifferenti-
ated into a simple flat epithelium. VEGF expression in
such tubular cysts was consistently high (Figure 7B).
Cysts were surrounded by a capillary-rich fibrous tissue
(Figure 7C).

In later stages, secondary tubular changes subse-
quent to glomerular damage were encountered, which
are described below.

Glomerular Changes

The glomerular changes were ubiquitous and, in the first
2 weeks, of a uniform pattern. They consisted of promi-
nent expansion of the glomerular vessels followed, gen-
erally with a delay of 1 week, by mesangial proliferation
resulting in massively enlarged glomeruli (Figure 8, A and
B). In addition, starting with 2 weeks in a small, albeit
increasing, fraction of glomeruli, secondary changes de-

veloped that appeared to initiate the degenartion of the
respective nephron (see below).

Thus, the initial changes specific to this model con-
sisted of extensive proliferations of endothelial and mes-
angial cells. Relevant in this respect appear to be the
increased serum levels of VEGF (Figure 1B) together with
a decreased expression of VEGF in glomeruli shown at
the mRNA level (Figure 8C). As shown by immunohisto-
chemistry, VEGF expression was strongly down-regu-
lated in podocytes (Figure 2, B, C, F, and G). Expres-
sion of PDGF-B was up-regulated at the mRNA level in
isolated glomeruli (Figure 8C). PDGF-B was predomi-
nantly produced by endothelial cells as shown by in situ
hybridization (Figure 2D) and by immunohistochemistry
(Figure 2E).

The following describes the changes in detail: the se-
guence started with an overall enlargement of glomerular
vessels, including the afferent and efferent arterioles (Fig-
ures 9 and 10). The capillary enlargement was associ-
ated with hyperplasia (ie, growth in width and length) and
dilation with simplification of the tortuous capillary pat-
tern. Thus, in sections through the tuft, fewer but much
larger capillary profiles were encountered. Glomerular
endothelial cells were increased in density and frequently
found in unusual locations (Figures 9, A and B, and 10, A
and D). Normally, endothelial cell bodies are located
adjacent to the mesangium; here, they were seen at any
position in the capillary even peripherally beneath podo-
cyte cell bodies. Wide lumina and a considerable in-
crease in endothelial cell density were also seen in glo-
merular arterioles, especially the intraglomerular segment of
the efferent arteriole (Figure 9C).
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Figure 5. Expanded peritubular spaces after 2 weeks of DOX. A—C: Immu-
nofluorescence. Staining against 5'NT (red in A and B) and a-SMA (red in C)
and major histocompatibility complex class II (green). A pronounced in-
crease of 5'NT-positive fibroblasts is seen in B compared with the control
(A). A dramatic appearance of a-SMA-positive myofibroblasts is seen in C; in
controls, no myofibroblasts are observed (data not shown). No differences in
major histocompatibility complex class II-positive cells (green) are seen.

At this early stage, the mesangium was not particularly
enlarged (Figures 9B and 10, A and D); small, clustered foci
of cells and matrix, centrally associated with enlarged cap-
illaries, were sometimes found. The changes in podo-
cytes were moderate. Because of the enormous glomeru-
lar enlargement, the density of podocytes was drastically
decreased (Figure 8D). Podocyte cell bodies appeared
hypoplastic, but stereological assessments did not show
any differences in cell body volume (data not shown). The
primary processes were thinned out to cytoplasmatic
sheets (Figure 10H); the interdigitating foot process pat-
tern was unaltered apart from focal sites of effacement in
later stages.

Beginning after 2 weeks, more frequently after 4 weeks
and consistently after 8 or more weeks, mesangial prolif-
eration dominated the picture (Figures 9C and 10, B and
E). The increase in mesangial tissue was associated with
a reorganization of the larger capillaries into smaller sub-
units; however, few large capillary profiles were pre-
served in most glomeruli.

These changes resulted in glomerular lobules with an
abnormal architecture (Figures 9C and 10B). Most of the
small capillaries no longer bulged into Bowman’s space.
Instead, they were progressively buried into the expand-
ing mesangium, eventually losing their contact to the

glomerular basement membrane (GBM) entirely so that
they had no longer any free filtering surface (Figures 10,
B and F). The mesangium in between the capillaries
consisted of extensively branched cells and enormous
amounts of matrix completely filling the intricate spaces
between the capillaries, the GBM, and the mesangial cell
processes. Amid such areas of mesangial expansion,
capillary remnants were frequently encountered. They
consisted of defective profiles with narrow lumina or just
of wrinkled residues of the porous endothelium (Figures
10, C and G). Taken together, mesangial proliferation and
capillary degeneration led to the development of nodular
glomerular lobules that consisted of the expanded mes-
angium enclosing small capillaries with little or no filtering
surface. These nodular structures were surrounded by a
GBM that had largely lost any infoldings. Surprisingly, the
podocytes had generally preserved their interdigitating
foot process pattern.

The GBM itself did not show any conspicuous changes
in appearance or in thickness. In late stages at sites of
mesangial expansion, it became difficult to clearly dis-
criminate in transmission electron microscopies the GBM
from the mesangial matrix. Capillaries that were fully en-
closed within the mesangium synthesized their own
basement membrane.

On top of these model-specific changes, which af-
fected all glomeruli, in a fraction of glomeruli “classic”
injuries were focally encountered. They consisted of tuft
adhesions to Bowman’s capsule combined with prolifer-
ative capsular changes that encroached on the glo-
merulo-tubular junction. In the vicinity of such glomeruli,
groups of atrophic/degenerating tubules were generally
found (Figures 3 and 6D). Tracing in serial sections re-
vealed that degenerating tubules were only encountered
when associated with specifically injured glomeruli, ie,
when the glomerular damage had encroached on the
tubule alongside the urinary orifice. In such areas, mac-
rophages were frequently encountered (Figure 6E), the
abundance of capillaries disappeared, and a progres-
sive fibrosis of the “classic type” developed (Figure 6F).

Discussion

VEGF plays an essential role in nephron development
and in maintenance of kidney integrity in the adult.>*2° |t
is continuously produced in podocytes and also to a
lesser extent in tubules.® The Pax8 promoter in the
present model mediated overexpression of VEGF in all
tubular segments that resulted in multiple changes in the
tubulo-interstitium as well as in glomeruli and to in-
creased levels of VEGF in the serum. Because there is no
intrarenal pathway for VEGF released in the tubulointer-
stitial compartment to gain access to the glomerular tuft,
we interpreted the glomerular changes as the conse-
quence of the elevated VEGF serum levels.

Tubulointerstitial Effects

The tubulointerstitial effects were interesting in several
respects. First, the newly formed capillaries frequently
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Figure 7. Cyst formation within renal tubules. A—C: Tubular cysts of a
proximal tubule (A). B and C: Immunohistochemistry showing the strong
staining against VEGF in the cystic epithelium (B) and the high density of
capillaries surrounding the cyst (C; shown with an antibody against Meca 32).

contained portions of endothelium with pores without a
diaphragm as is typically observed in glomerular capil-
laries instead of fenestrae with diaphragms as is ob-
served in peritubular capillaries. This supports the notion
that high doses of VEGF are necessary and sufficient to
initiate pore formation in endothelial cells.*

Second, high local levels of VEGF seem to account
for tubular cyst formation in this model as well. A role
of VEGF in cyst development has recently been sug-
gested.” Inhibition of VEGF receptors 1 and 2 in a rat
model of polycystic kidney disease led to a decrease in
cell proliferation and slowed the progression of cyst de-
velopment. In the present model, the cystic tubules con-
sistently showed high epithelial expression of VEGF,
probably leading to a strong autocrine and paracrine

Figure 6. Changes within the interstitium. A—C: Development of fibrosis
around intact tubules. Already after 2 weeks of DOX (A), more pronounced
after 4 weeks (C and D), a dense fibrotic tissue (arrows in A) is encountered
that contains collagen I (B) and collagen IV (C) as shown by immunohisto-
chemistry. D—F: Focal interstitial fibrosis associated with the atrophy/degen-
eration of a nephron. D: Glomerular profile with tuft adhesion and prolifer-
ative process at Bowman’s capsule (between two arrowheads), expansion
of the parietal basement membrane (arrows), and encroachment on the
tubule. The complete obstruction of the urinary orifice was verified by tracing in
serial sections. Note the corresponding atrophic tubules (asterisks) in the
vicinity surrounded by fibrous tissue. E and F: Immunohistochemistry showing
the numerous macrophages (E; ER-HR3 staining) and the dense accumulation of
collagen I in such areas (F). Arrows in E denote red-stained macrophages.
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Figure 8. Values of experimental animals in black, controls in gray columns;
shown are the means * SD. A: Glomerular tuft volume; a dramatic increase
is seen after 1, 2, and 4 weeks of DOX in transgenic animals. N = 7; *"P <
0.01. B: Proliferation of endocapillary cells within glomeruli. After 2 and 4
weeks of DOX, the number of Ki-67-positive endocapillary cells (including
mesangial and endothelial cells) is drastically increased in transgenic mice.
N = 7; ™P < 0.01. C: mRNA expression within glomeruli. After 4 weeks of
DOX, VEGF within glomeruli of transgenic animals shows a tendency to
decrease whereas PDGF-B increases. N = 4. D: Podocyte density. Transgenic
animals show a dramatic decrease in podocyte density of glomeruli after 2
and 4 weeks of DOX. N (transgenics) = 7, N (controls) = 5; **P < 0.01.

stimulations. Cystic tubules always exhibited the most
intensive VEGF staining.

Third, the role of VEGF in development of renal fibrosis
has been the subject of some controversy.® In the

Figure 9. Glomerular changes. A: Control; note the numerous uniformly
small capillary profiles. B: After 2 weeks of DOX, giant glomeruli with fewer
but considerably lager capillary profiles (asterisks) are prominent. Fre-
quently, endothelial cell bodies are lying at unusual peripheral positions
(arrows). Note the islands of clustered mesangium. C: After 4 weeks of
DOX, individual giant glomerular capillaries (asterisks) are still seen, oth-
erwise mesangial nodules (N) developed that contain either small or com-
pletely collapsed capillaries (arrowheads). Note the intraglomerular seg-
ment of the efferent arteriole (E) that is densely equipped with endothelial
cells (seen in both glomeruli).

present model, VEGF strongly stimulated the proliferation
of fibroblasts. Moreover, the acquisition of a-SMA by
5'NT-positive interstitial cells (as shown previously)?'22
suggests that VEGF induced the conversion of fibroblasts
into myofibroblasts, leading to an exceptional high den-
sity of these cells. These effects were most probably
mediated by TGF-Bg and PDGF-B produced by endothe-
lial cells in response to VEGF; both cytokines are known



to induce this conversion.?®> 2% Myofibroblasts are capa-
ble of matrix production®* and are the most likely source
of the large amounts of matrix in this model.

Thus, at early stages of the disease, a unique kind of
fibrosis had developed characterized by abundance of
fibroblasts/myofibroblasts and of collagenous fibers as
well as capillaries but intact tubules. In later stages, areas
of classic fibrosis associated with degenerating tubules
appeared in a focal distribution secondary to glomerular
degeneration (see below). Thus, two different types of
fibrosis were seen side-by-side, with and without tubular
decomposition. This supports the notion that fibrosis per
se is not necessarily harmful to tubules and that the focal
fibrosis found in many glomerular diseases is secondary
to nephron degeneration, not the reverse.*®

Glomerular Injury

In the first 2 weeks, all glomeruli displayed severe
injuries that indicated a deranged cross-talk between
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Figure 10. Glomerular changes; TEM details. A,
B, D, and E: Glomerular profiles after 2 (A and
D) and 4 weeks (B and E) of DOX treatment; D
and E indicate the cellular composition in both
profiles (nuclei of endothelial cells are shown in
red, of mesangial cells in blue, of podocytes in
yellow, and of extraglomerular mesangial cells
in turquoise). After 2 weeks of DOX capillary
enlargement and endothelial proliferation (red-
labeled cells) and after 4 weeks mesangial pro-
liferation (blue-labeled cells) are dominant.
Note that the podocyte foot processes are gen-
erally well preserved. C: A capillary in the pro-
cess of strangulation and collapse. F: A stage
after 4 weeks of DOX showing the incorpora-
tion of capillaries (1 and 2) into an expanding
mesangial nodule. Mesangial cells extend to-
ward the periphery at both sides of 1 and the
almost total embracement and collapse of 2;
note that the podocyte foot processes of this
capillary are partially effaced. G: A mesangial
nodule consisting of cells and matrix that con-
tains the collapsed remnants of at least two
capillaries (arrows). H: An apparently hypo-
plastic podocyte with primary processes (ar-
row) that are extended into thin sheets. Note
the partial foot process effacement and the
shedding of a portion of an apical membrane
(asterisk) into Bowman’s space. Furthermore,
the separation of the endothelium from the
GBM by the expanding mesangium is seen;
mesangial cell processes still fix to the GBM
(arrowheads).

podocytes and the endocapillary compartment, sug-
gesting a significant susceptibility of the glomerular
architecture to changes in VEGF signaling. At present,
VEGF blockade has assumed an important new role in
the treatment of cancer.?”-?8 In a fraction of patients, the
anti-VEGF therapy causes significant glomerular disease,
mostly a kind of thrombotic microangiopathy.?® Indeed, it
has been experimentally proven that this glomerular dis-
ease derives from a decreased availability of VEGF within
the glomerulus.®°

So far, two publications*®" have reported glomerular
changes in animal models of VEGF overexpression. In a
mouse model, podocyte-specific overexpression of
VEGF started already at birth and thus interfered with
normal nephron development; this led to misshaped glo-
meruli of the collapsing type.* In rabbits,®" overexpres-
sion of VEGF in liver and kidney glomeruli (probably
including the podocytes) led to quite different results
glomerular hypertrophy based on endothelial, and some-
what later, mesangial cell proliferation was also found in
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this study.®" Differences were seen in the response of
podocytes that were hypertrophied and exhibited foot
process effacement and leakiness to serum proteins in
the rabbit model but were unchanged in size and gener-
ally had intact foot processes in our model. The different
outcomes are probably a consequence of the extent of
the increase in VEGF serum levels in our study.

In the present model, the increased VEGF serum levels
appear to have initiated a feedback-mediated decrease
in VEGF production by podocytes, and this combination
of increased serum levels but decreased local produc-
tion of VEGF may account for the particular form of glo-
merular injury. Normally, VEGF produced by podocytes is
probably the only VEGF present in the glomerulus; it
controls the development, maintenance, and repair of the
glomerular tuft.323% The proper effects largely depend on
a correct dosage® and on an asymmetric intraglomerular
distribution of VEGF. To reach the endocapillary compart-
ment, VEGF secreted by podocytes has to spread by
diffusion through the GBM toward the center of the tuft;
thus, we expect a concentration profile with highest con-
centrations at the podocyte dissipating toward the center
of a lobule. This gradient appears to be essential for the
proper organization of glomerular lobules whereby cap-
illaries are arranged at the periphery with their filtration
surface abutting the urinary space and with the endothe-
lial cell bodies bordering the mesangium.

In response to VEGF, as known from studies of glo-
merular development,3*35 endothelial cells produce
PDGF-B (and possibly other mediators) that stimulates
mesangial cell proliferation and directs these cells toward
the capillaries, where they adhere to the GBM in between
capillaries. The centripetal pull on the GBM by mesangial
cells together with a centrifugal growth of capillaries
leads to the bulging of capillaries into the urinary space.?

In the present model, high levels of serum VEGF de-
creased VEGF production by podocytes and abolished
any concentration gradient within the tuft and thus the
stimulus for directed capillary growth. One sign of an
undirected growth was the abnormal positioning of many
endothelial cell bodies away from the mesangial com-
partment but close to podocytes. As a further conse-
quence, PDGF (or any additional mediator produced by
endothelial cells) became available at peripheral sites,
attracting mesangial cells into the space between the
GBM and the endothelium. Thereby, the glomerular lob-
ules were transformed into random conglomerates of
capillaries and mesangium that finally presented as mes-
angial nodules (schematically depicted in Supplemental
Figure S5, see http.//ajp.amjpathol.org), which are strik-
ingly similar to early lesions in diabetic glomerulopathy
generally designated as diffuse/nodular intercapillary
sclerosis.®®

Since in the present model transgenic production of
VEGF lacks any feedback control, VEGF was continu-
ously available within the glomerulus, accounting for on-
going stimulation. We suggest that capillaries and mes-
angial cells “competed” for the available space inside the
GBM. In advanced stages, mesangial proliferation ap-
pears to dominate over capillary proliferation leading to
compression and strangulation of capillaries. On the

other hand, since mesangial proliferation depends, at
least in part, on PDGF-B produced by endothelial cells, a
kind of equilibrium probably developed between these
cell types that accounted for the survival of the severely
damaged glomeruli.

Secondary Changes

The degeneration of glomeruli and subsequently of the
entire nephron was clearly initiated by another type of
change that developed focally on top of the model-spe-
cific damage. As established in previous studies of de-
generative and proliferative glomerular diseases,'®®” this
pathway started with the formation of tuft adhesions to
Bowman’s capsule and proceeded by enroachment of
the capsular process onto the tubule via the urinary pole.
Tracing in serial sections in the present study revealed
the same mechanism, ie, degeneration of tubules even-
tually resulting in focal fibrosis only occurred in nephrons
with obstructed urinary orifice. This fully agrees with the
establishment of focal fibrosis in other relevant models.?®

This present scenario of mixed changes—consisting
of specific lesions, secondary lesions of the focal seg-
mental glomerulosclerosis type and focal areas of tubular
degeneration and fibrosis—has striking similarities with
the pathology in human diabetic nephropathy. In diabetic
retinopathy,3-1° a crucial role of increased VEGF is
firmly established, whereas the role of VEGF in diabetic
nephropathy is a matter of controversy.®®4'=43 The dif-
fuse/early nodular lesions seen in diabetic glomerulopa-
thy consist of a disorganized mixture of capillaries and
mesangium, enclosed by a bulged sack of GBM covered
with fairly intact podocytes—like the specific changes in
the present model. Note, a deranged balance between
systemic and locally produced VEGF may also be rooted
in a decreased availability of podocyte-derived VEGF in
the endocapillary compartment. The progressing thick-
ening of the GBM in diabetic glomerulopathy may well
account for a progressing deficit. Further studies are
needed whether the structural similarities are based on
comparable mechanisms.
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