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Platelet-derived growth factor (PDGF), a potent che-
motactic and proliferation factor for mesenchymal-
derived cells, has been demonstrated to play critical
roles in kidney development. Two receptors for
PDGF, PDGFR-� and PDGFR-� , have been identified
and we previously analyzed the effects of blockade of
PDGFR-� signal in neonatal mice. In the current
study, we examined the role of PDGFR-� in glomeru-
lar development by blocking PDGFR-� signal in neo-
natal mice by administration of antagonistic anti-
PDGFR-� monoclonal antibody. Unlike the mice
injected with anti-PDGFR-� antibody, the mice in-
jected daily with anti-PDGFR-� antibody could be kept
alive at least for 2 weeks after birth but showed severe
disruption of the glomerular structure, whereas no
apparent deformation was observed in the collecting
ducts. In the disrupted glomeruli , the number of the
mesangial cells was reduced markedly. Electron mi-
croscopic analysis and immunohistochemical studies
with terminal deoxynucleotidyl transferase nick-end
labeling staining revealed that the capillary endothe-
lial cells of the glomeruli in the outer cortex region
underwent apoptosis. However, the glomeruli located
near the medulla were less affected. Because PDGFR-�
is not expressed in the endothelial cells, the effects of
the blockade of PDGFR-� might have caused glomer-
ular endothelial cell apoptosis by inducing the loss of
mesangial cells and/or pericytes. (Am J Pathol 2002,
161:135–143)

Platelet-derived growth factor (PDGF) exists as disulfide-
linked dimers of four homologous polypeptide chains,
PDGF-A, PDGF-B,1 and the recently identified PDGF-C2

and PDGF-D.3,4 The polyfunctional effect of PDGFs on
various cells suggest their roles in multiple processes
such as cell proliferation, survival, and chemotaxis, as
well as wound healing,5 gastrulation,6 glial cell develop-
ment,7 angiogenesis,8 and atherosclerosis.9

Each of these PDGF chains has a different receptor
affinity. Although the PDGF receptor (PDGFR)-� binds
and is activated by PDGF-A, -B, or -C, the PDGFR-� is
activated exclusively by PDGF-BB and PDGF-DD. It is
therefore conceivable that the two PDGFRs transmit func-
tionally specific signals, and the capability of these re-
ceptors to activate PDGF-induced responses might not
be identical. For example, PDGFR-� can promote che-
motaxis in certain cell types such as vascular smooth
muscle cells, whereas the PDGFR-� cannot.10,11 Interest-
ingly, exposure of these cells to PDGF-BB significantly
activates their migration, whereas PDGF-AA shows inhib-
itory effects on the cell migration. Similarly, although both
PDGFRs can trigger mitogenesis, only the PDGFR-� is
efficient at driving cellular transformation, and inhibition
of PDGFR-� signaling enhances this event.12–14 Thus, in
some cell types, the PDGFR-� is able to mediate PDGF-
induced reactions, whereas the PDGFR-� cannot.
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Vasculogenesis, development of the vascular system
during the body formation, is composed of complex pro-
cess, in which coordinated migration and assembly of
vascular endothelial cells and smooth muscle cells play
pivotal roles. Because PDGF is believed to be one of the
most potent proliferative and chemotactic factors for vas-
cular smooth muscle cells, it would be conceivable that
the PDGF pathway could be involved in vascular mor-
phogenesis. To test this hypothesis, the developmental
process of the glomerulus or corpuscle of the kidney
offers an ideal experimental system, as developmental
assembly of endothelial, mesangial, and epithelial cells
into glomerular vascular capillaries requires a coordi-
nated and temporally and spatially defined series of
steps in an anatomically ordered sequence. The vascular
network or tuft is surrounded by a layer of visceral epi-
thelial cells and the parietal layer of the Bowman capsule.
During embryogenesis, a cleft-like structure, in which
glomerular vasculature develops, is formed at the pole of
the S-shaped body directly opposite the pole destined to
join the ureteric duct. As compared with that of tubular
structures, however, the molecular basis of glomerular
development has, thus far, received less attention.15

PDGF-B and PDGFR-� mutant mice had virtually iden-
tical phenotype during embryonic stage,16,17 both show-
ing markedly abnormal glomerular development with an
absence of mesangial cells and glomerular capillary
tufts. Although the absence of mesangial cells was cor-
related with endothelial hyperplasia and an increase in
capillary diameter,18 the glomerular components except
for mesangial cells and endothelial cells were almost
unchanged, and basement membrane and podocytes
appeared within normal limits. Although these observa-
tions suggested that the PDGFR-� signal is critical in the
embryonic stage, the search for the molecular mecha-
nism behind the role of PDGFR-� has been elusive be-
cause of embryonic lethality. One way to get around the
limitation would be a tissue-specific gene disruption. An
example of this is the bacteriophage site-directed recom-
bination system (Cre-lox). Although the Cre-lox system
has been used in vivo, the major problem is the lack of
truly tissue-specific promoters and the long time it takes
to create the mice. Another method to avoid the problem
is to use antagonistic reagents or antibodies. This strat-
egy depends on specific reagent or antibody, for exam-
ple specific neutralized monoclonal antibody.

Accordingly, we introduced a new strategy by admin-
istration of antagonistic rat monoclonal anti-murine
PDGFR antibodies into neonatal mice to dissect the sig-
nal transduction pathways from the two PDGFRs, which
could be responsible for such distinct cellular actions.
For this purpose, we have created two antagonistic rat
monoclonal anti-murine PDGFR antibodies, APA5 and
APB5, with high specificity for PDGFR-� and PDGFR-�,
respectively.

We have already reported that the blockade of the
PDGFR-� pathway by administration of APA5 in newborn
mice interfered with the formation of the hair canal, der-
mal mesenchyme, and hair follicles.19 In the present
study, we administered APB5, an antagonistic anti-mu-
rine PDGFR-� monoclonal antibody, to neonatal or adult

mice to analyze the function of the PDGFR-�. The neo-
natal mice injected with APB5 were kept alive at least 2
weeks from birth. We found that in those mice the block-
ade of PDGFR-� signals caused deformation of the glo-
merular capillary and apoptosis of the glomerular endo-
thelial cells. In contrast, little change was observed in
adult mice that had already completed formation of the
glomerular vascular system. These results suggest that
the PDGFR-� pathway could play an essential role in
vasculogenesis as far as renal vascular development is in
progress, but would have less significance after the as-
sembly of the vascular component is completed.

Materials and Methods

Administration of Rat Monoclonal Antibody
to Mice

Pregnant ICR female mice were purchased from Japan
SLC Inc. (Shizuoka, Japan). The mice were kept in a
temperature-controlled facility on a 14-hour light/10-hour
dark cycle with free access to food and water.

The preparation of APB5, a rat monoclonal anti-murine
PDGFR-� antibody (IgG2a), and its antagonistic effects
on the PDGFR-� signal transduction pathway in vivo and
in vitro were described previously.9 An isotype-matched
irrelevant rat IgG was used for the control study. These
antibodies were purified by 50% ammonium sulfate pre-
cipitation.

The bearing day of the newborn mice were defined as
0 day post partum (dpp) and the mice were injected
intraperitoneally everyday with 100 �g of either APB5 or
control IgG until 13 dpp. The dose usage of the antibod-
ies was based on the animal weight and deduced from
our previous study with adult mice.9 The mice were killed
at 3, 9, and 13 dpp (Figure 1). For adult mice study, the
ICR female mice at 8 weeks of age were injected intra-
peritoneally every other day with 1 mg of each antibody
for 3 weeks as reported previously.9

Figure 1. The experimental protocol was designed to study whether APB5
affects the vascular system in the kidney glomeruli. The ICR pregnant mice
were purchased. The bearing day of the newborn mice was defined as 0 dpp
and the mice were injected intraperitoneally with 100 �g of APB5 or control
irrelevant rat IgG daily. Then 1, 3, 9, and 13 dpp mice were killed, and the
kidneys were removed.
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Histochemistry

Briefly, each mouse was killed and the kidneys were
removed. The kidneys were fixed with ethyl Carnoy’s solu-
tion and embedded in paraffin. Sections (3-�m thick) were
stained with periodic acid-methenamine-silver (PAM).

For hematoxylin and eosin (H&E) staining, the kidneys
of neonatal mice were fixed in 4% paraformaldehyde
before paraffin embedding. Then the tissues were routinely
slide-mounted. The slides were stained with Meyer’s H&E
(Wako Pure Chemical Industries, Osaka, Japan).

Terminal Deoxynucleotidyl Transferase Nick-End
Labeling (TUNEL) Assay

The apoptotic cells were detected with TUNEL assay
using the In Situ Cell Death Detection Kit, Fluorescein
(Roche Diagnostic, Mannheim, Germany), according to
the specifications and instructions recommended by the
manufacturer. To quantify apoptosis, the sections from
APB5-treated mice (n � 5) or control mice (n � 5) were
applied to TUNEL staining followed by counterstaining
with Meyer’s hematoxylin solution. The cells that existed
within 50 �m from the surface of kidney cortex from each
mouse were examined. For each mouse, five micro-
scopic fields at a magnification of �200 were randomly
selected and the proportion of the TUNEL-positive cells
to the total cells was calculated and subjected to statis-
tical analysis. The apoptotic rate was presented as the
number of apoptotic cells per 1000 nuclei. Furthermore
we calculated the ratio of the number of glomeruli con-
taining apoptotic cells to the total number of glomeruli in
the cortex.

Immunohistochemistry

The tissue preparation was conducted as described pre-
viously.9 Briefly, the kidney was removed, snap-frozen in
O.C.T. compound (Sakura Finetek, Tokyo, Japan), and
sectioned at 6 �m. This section was subjected to staining
with a mouse monoclonal antibody, 3B4, against vimentin
labeled with a horseradish peroxidase/enhanced poly-
mer one-step staining (EPOS) system (DAKO A/S,
Glostrup, Denmark). Immunoreactivity was detected us-
ing diaminobenzidine. Sections were counterstained with
Meyer’s hematoxylin solution.

To detect apoptotic cells and endothelial cells, sec-
tions were subjected to double staining with TUNEL and
anti-Flk1 antibody, respectively. After labeling first with
TUNEL as described above, the sections were blocked
by the avidin/biotin-blocking kit (Vector Laboratories,
Inc., Burlingame, CA). After further blocking with phos-
phate-buffered saline containing with 0.1% bovine serum
albumin and 10% serum, the sections were stained with
biotinylated anti-murine Flk1 antibody.20 Flk1-positive
signals were amplified by the Vectastain Elite ABC kit
(Vector Laboratories, Inc.) and reacted with Texas-red
avidin (ICN Biomedicals Inc., Aurora, OH). Specimens
were observed with a Zeiss microscope (Jena, Germany)
equipped with proper filters.

Electron Microscopy

ICR mouse kidney tissue samples were cut into 1-mm
cubes and fixed for 4 hours at 4°C in 2.5% glutaralde-
hyde in 0.1 mol/L phosphate buffer. They were postfixed
in 1% buffered osmium tetroxide, dehydrated through
graded ethanols, and embedded in epoxy resin. Thin
sections (80 nm) were cut with a diamond knife, collected
on 300-mesh copper or nickel grids and double-stained
with uranyl acetate and lead citrate before examination
using an electron microscope (H-700; Hitachi, Tokyo,
Japan).

Statistical Analysis

Apoptotic rate data were expressed as means � SD and
were analyzed by Student’s t-test using Statview software
(Abacus Concepts Inc., Berkeley, CA).

Results

Blockade of PDGFR-� Pathway Disrupted
Glomerular Development in Neonatal Mice

We first examined whether the blockade of the signal
transduction pathway through the PDGFR-� could affect
glomerular capillary formation in vivo. According to the
experimental protocol (Figure 1), 100 �g of APB5 or
irrelevant IgG was administered intraperitoneally to the
neonatal mice daily. The mice were killed at 3, 9, or 13
dpp and kidneys were subjected to histochemical anal-
ysis. When glomeruli from the mice killed at 1 dpp were
studied by PAM staining, no difference was observed
between the mice injected with APB5 (Figure 2B) and
with irrelevant IgG (Figure 2A). In contrast, at 3 dpp, the
glomerular cell population decreased in the mice that
had been injected with APB5 (Figure 2, D and F). The
glomeruli with deformed capillaries in the representative
section are indicated by the arrow in Figure 2D. These
phenotypes were similar to the findings reported previ-
ously on the homozygous PDGFR-�-deficient mouse em-
bryo.16 When APB5-treated mice were killed at 9 dpp, the
capillary tufts were almost lost in the glomeruli located in
the outer cortex (Figure 2, H and J). In contrast, injection
with control IgG caused none of such changes in the
mice killed either at 3 dpp or at 9 dpp (Figure 2; C, E, G,
and I).

To further study the effect of APB5 administration on
glomerular morphogenesis in the mice killed at 9 dpp, we
conducted histochemical analysis with anti-vimentin an-
tibody. The glomeruli with deformed capillaries in the
representative section are indicated in Figure 3, A and B.
Interestingly, the glomeruli found in the region near the
medulla were less affected (Figure 3, A and C). We also
estimated the proportion of the glomeruli with deformed
capillary tufts. The proportions of the glomeruli affected
by APB5 administration were 27.7% (91 of 328 glomeruli
examined in total) and 70.0% (505 of 726 glomeruli ex-
amined) at 3 dpp and 9 dpp, respectively. Administration
of APB5 did not cause a significant change either in the
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Figure 2. Photomicrographs of the kidney from neonatal mice. The kidneys from the mice injected with rat monoclonal antibodies were stained with PAM at
1 dpp (A and B), 3 dpp (C-F), and 9 dpp (G-J) according to Figure 1. The kidneys of the mice administered with control irrelevant rat IgG and APB5 are shown
in A, C, E, G, I, and in B, D, F, H, and J, respectively. A and B: No obvious changes were detected between control and APB5-treated mice at 1 dpp. D and F:
The capillary tufts began to rupture in the kidney of the mouse administered with APB5 (indicated by the arrow in D and high magnification in F). C and E: No
apparent deformation was observed in the kidney of the mouse treated with control IgG. H and J: At 9 dpp, the rupture of the glomerular capillary was more
marked in the mouse administered with APB5 than at 3 dpp and glomerular cells decreased (deformed glomeruli are indicated by the arrow in H). G and I: The
mouse injected with control IgG showed no apparent glomerular deformation. Original magnifications: �100 (A and B); �200 (C, D, E, and F), �1000 (E, F, I,
and J).
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size of the kidney or in the body weight throughout the
experimental period (data not shown).

PAM Staining of Adult Mice Kidney

We further studied whether APB5 could cause deforma-
tion of adult mouse glomeruli. For this purpose, 1 mg of
APB5 or control irrelevant rat IgG was administered in-
traperitoneally to each mouse on alternate days from 8 to
11 weeks of age. At the end of the experiment, the
animals were killed and the freshly removed kidneys were
fixed and stained with PAM. As shown in Figure 4, the
glomeruli of the APB5-treated adult mice (Figure 4, B and
D) showed no apparent deformation as compared with
those of control mice (Figure 4, A and C).

Induction of Apoptosis in the Glomerular
Endothelial Cells by PDGFR-� Blockade

To clarify which cell types were involved in APB5-induced
glomerular deformation, we studied glomeruli under elec-
tron microscopy. At 3 dpp, as far as we could examine,
virtually no mesangial cells could be found in the glomer-
uli in the mice injected with APB5 and the apoptotic
bodies were detected in the glomerular endothelial cells
(Figure 5). In striking contrast, no apoptotic body was

observed in the podocytes (Figure 5, A and B). At 9 dpp,
although blood cells were still observed in the lumen,
glomerular capillary tufts were almost completely dis-
rupted (Figure 5D). No obvious changes were detected
in the kidney from the mice injected with control IgG
either at 3 dpp or at 9 dpp (data not shown).

To detect the cells undergoing apoptosis, we also
conducted an in situ TUNEL assay. In accordance with
the results above, the APB5-treated mice killed at 3 dpp
presented a large number of TUNEL signals (Figure 6B).
In contrast, the control IgG-treated mouse kidney showed
only a few TUNEL signals (Figure 6A). To examine
whether glomerular endothelial cells were responsible for
the apoptotic change, we further applied the sequential
sections of the TUNEL-labeled slides to H&E staining
(Figure 6, C and D). Approximately 95% of the signals
were detected in the glomeruli in the outer cortex region,
whereas very few signals were found in the glomeruli
near the medulla. As shown in Figure 6, D and E, a
sequential slide of Figure 6B, most of the cells corre-
sponding to the TUNEL-positive signals were located in
the glomeruli in the outer cortex. To quantify the apoptotic
rate, we counted the apoptotic cells and whole nuclei in
the outer cortex. In the mice injected with APB5 (n � 5),
18.57 � 1.427 apoptotic cells were observed per 1000
nuclei. In striking contrast, in the mice injected with irrel-

Figure 3. Photomicrographs of the kidney immunostained with anti-vimen-
tin antibody. The kidney was obtained from 9 dpp mice injected with 100 �g
per day of APB5. A: The fresh-frozen section was immunostained with
anti-vimentin antibody. The outer cortex area and the region near the me-
dulla are indicated by the rectangles. B: The glomeruli in the outer cortex.
Notice the rupture of glomerular capillaries. C: The glomeruli in the region
near the medulla that were less affected by APB5 injection. Original magni-
fications: �100: (A); �400 (B and C).
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evant rat IgG (n � 5), only 4.018 � 1.510 apoptotic cells
were detected per 1000 nuclei (P � 0.0001) (Figure 6F).
We further estimated the ratio between the number of
glomeruli containing apoptotic cells and the total number
of glomeruli in the kidney cortex. As shown in Figure 6G,
the ratio in the mice injected with APB5 (n � 5), 30.44 �
3.988%, was obviously higher than in the control mice
(n � 5), 14.63 � 2.299% (P � 0.0001). To further confirm
that glomerular endothelial cells were undergoing apo-
ptosis, we performed double staining with anti-Flk1 anti-
body and TUNEL (Figure 6, H to K). The Flk1-positive
endothelial cells were completely overlapped with
TUNEL-positive cells as shown in the merged image
(Figure 6, J and K). In Figure 6K, at higher magnification,
two glomeruli were observed and TUNEL-positive glo-
merular endothelial cells were labeled yellow. It was con-
cluded that blockade of the PDGFR-� pathway in neona-
tal mice induced apoptosis in glomerular endothelial
cells.

Discussion

In the current study, we examined the molecular mech-
anisms for glomerular development by blocking the
PDGFR-� signal in the neonatal mouse by administration
of an antagonistic monoclonal antibody. The neonatal

mice injected daily with anti-PDGFR-� antibody could be
kept alive for at least for 2 weeks with apparently unaf-
fected collecting ducts, but showed severe deformation

Figure 4. Histochemical analysis of the kidneys from the adult mice injected
with APB5 for 3 weeks. The 8-week-old mice were injected with 1 mg of
irrelevant rat IgG (n � 3) or APB5 (n � 3) intraperitoneally for 3 weeks on
alternate days. At 11 weeks of age, the mice were killed and the kidney
specimens were fixed and stained with PAM. Representative sections of the
kidneys from the mice injected with irrelevant rat IgG (A and C) or APB5 (B and
D) are presented. Original magnifications: �100 (A and B); �400 (C and D).

Figure 5. Electron microphotographs of kidney glomeruli from the mice
injected with APB5 for 3 days (A-C) or 9 days (D). A: An apoptotic glomer-
ular endothelial cell with many buddings and apoptotic bodies. B: An
apoptotic glomerular endothelial cell containing fragmented nuclei with
peripherally condensed chromatin. C: An apoptotic cell seen in the glomer-
ular capillary lumen. D: At 9 dpp, glomerular capillary tufts were almost
destroyed and blood cells (red blood cells, leukocytes, and platelets) were
observed inside, presumably reflecting glomerular endothelial cell loss via
apoptosis at younger ages. aEC, apoptotic endothelial cell; EC, glomerular
endothelial cell; GBM, glomerular basement membrane; PC, podocyte. Scale
bars, 1 �m.

Figure 6. Micrographs of glomeruli stained with TUNEL and anti-Flk1 antibody. The neonatal mice were injected everyday with irrelevant IgG (A and C) or APB5
(B and D) and killed at 3 dpp. A and B: The frozen sections of the kidneys were subjected to TUNEL analysis as described in Material and Methods. The mouse
kidney injected with APB5 presented a larger number of green signals (B) than the control mouse kidney (A). More than 95% of TUNEL-positive signals were
exclusively detected in the glomeruli localized in the outer cortex. TUNEL signals are depicted by the white arrowheads. The sequential sections (C and D) of
the TUNEL-stained slides (A and B) from control and APB5-treated mice were applied to H&E staining, respectively. In D, the TUNEL-positive cells in B are
indicated by the black arrowheads. E: Magnified image of the rectangle area in D. F: Quantitative analysis of the effect of APB5 on apoptosis induction in the
outer cortex (�50 �m from the surface). The number of apoptotic cells per 1000 nuclei is presented. In the mice treated with APB5 (n � 5), the proportion of
apoptotic cells is increased significantly as compared to the control animal (n � 5) (P � 0.0001). Data are mean � SD G: The ratio of the glomeruli containing
TUNEL-positive cells to the total glomeruli in the cortex could be observed in the mice treated with APB5 (n � 5) or with control IgG (n � 5) (P � 0.0001). H–K:
Double-histochemical preparation (Flk1 and TUNEL) of the glomeruli from the mice injected with APB5. H: The glomerular endothelial cells were stained with
anti-Flk1 antibody (red; Texas red). I: Apoptotic cells were stained with TUNEL (green; fluorescein). J: Merged-image of H and I. K: High magnification of the
rectangle area in J. Original magnifications: �200 (A–D); �400 (E, H–J); �600 (K).
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of the glomerular structure. The number of the mesangial
cells was reduced markedly and the glomerular capillary
formation was disrupted. Electron microscopic analysis
and the TUNEL-Flk1 double staining revealed that the
endothelial cells of the glomerular capillary underwent
apoptosis.

We first asked whether APB5, an antagonistic rat anti-
murine PDGFR-� antibody, could block the signal trans-
duction pathway through PDGFR-� in vivo and disrupt
glomerular vasculogenesis in the neonatal mice. When
the mice that had been injected with APB5 were killed at
3 dpp, the glomerular capillaries were distended with a
decrease in cell density (Figure 2, D and F). In the mice
injected with APB5 and killed at 9 dpp, the capillary tufts
were almost lost in the glomeruli in the region of outer
cortex, whereas those located in the region near the
medulla were less affected (Figure 3). We also tested
whether APB5 could also affect the glomerular structure
in the adult mice. For this purpose, APB5 or control IgG
was administered from 8 to 11 weeks in ICR mice. In
contrast to the neonatal mice, the adult mice injected with
APB5 showed no apparent glomerular deformation (Fig-
ure 4). In many mammalian species, including human,
rat, and mouse, nephrogenesis is completed during the
perinatal period. Thus, mice are born with the nephrons in
different developmental stages and nephrogenesis still
continues until several days after birth.15 Our observa-
tions would propose the proof that the nephrons near the
medulla are considered to be more matured than those
located in the outer cortex. The glomeruli found near the
medulla were associated with the cell components as-
sembled almost completely and therefore might have
been less affected by the antibody. In contrast, those in
the outer cortex would be at an immature stage, in which
cell assembly might be still in progress. This could have
made the glomeruli in the outer cortex more prone to the
blockade of the PDGF signal pathway. These results
indicate that the signals via the PDGFR-� is critically
involved in the glomerular vasculogenesis presumably
mediating the migration and proliferation of the mesan-
gial cells, and in the neonates, the PDGFR-� pathway
plays a more significant role in vasculogenesis of the
glomeruli located in the outer cortex than of those near
the medulla where glomerular tuft formation might have
been already completed.

Furthermore, to study which cells could be affected by
APB5, we studied the kidney from the mice injected with
APB5 until 3 dpp under electron microscopy. In the glo-
meruli associated with deformed tufts, the mesangial
cells were hardly detected, and apoptotic bodies were
observed in the glomerular endothelial cells (Figure 5).
We also conducted in situ TUNEL analysis, which showed
that a larger number of TUNEL signals were detected in
the APB5-treated mouse kidney than in the control IgG-
treated mouse kidney (Figure 6; A to D). In the APB5-
treated mice, �95% of the signals were detected in the
glomeruli in the outer cortex region, whereas very few
signals were found in the glomeruli near the medulla
(Figure 6; B, D, and E). To estimate the apoptotic rate, we
counted the apoptotic cells and whole nuclei in the outer
cortex. The rate in the APB5-treated mice was signifi-

cantly higher than in the control rat IgG-treated mice (P �
0.0001) (Figure 6F). We also calculated the ratio between
the number of glomeruli containing apoptotic cells and
the total number of glomeruli in the kidney cortex. As
shown in Figure 6G, the ratio in the mice injected with
APB5 was significantly higher than in the control mice
(P � 0.0001). To further confirm that glomerular endothe-
lial cells were responsible for apoptotic change in the
mouse kidney, we performed double staining with anti-
Flk1 antibody and TUNEL (Figure 6; H to K). The Flk1-
positive glomerular endothelial cells were completely
overlapped with TUNEL-positive cells as shown in the
merged image (Figure 6, J and K). In Figure 6K, two
glomeruli were observed and TUNEL-positive glomerular
endothelial cells were labeled yellow. Taken together, it
was concluded that blockade of the PDGFR-� pathway in
neonatal mice induced apoptosis in glomerular endothe-
lial cells.

It has been reported previously that PDGF-B is pro-
duced by endothelial cells and that PDGFR-� is present
on pericytes/vascular smooth muscle cells.21–24 How-
ever, as determined by immunoblot analysis, PDGFR-�
was not expressed in murine glomerular endothelial cells
(Xu et al, unpublished observation). It is therefore unlikely
that APB5 exerted direct action on the endothelial cells.
Taken together, our current data would indicate that:
blockade of the PDGFR-� pathway during the stage of
glomerular neovascularization results in a decrease in the
mesangial cell density because of inhibition of mesangial
cell migration, which then induces apoptosis in the glo-
merular endothelial cells thereby leading to glomerular
deformation; and because the presence or association of
mesangial cells were required for the viability of the glo-
merular endothelial cells, there would be some signals
directed from mesangial cells toward other cells includ-
ing glomerular endothelial cells.

In summary, this study demonstrated that blockade of
PDGFR-� signals induces glomerular endothelial cell ap-
optosis in the newborn mice. Hellstrom and colleagues24

have reported that PDGFR-�-deficient mice showed no
apoptotic signals in the glomerular endothelial cells. To
interpret the discordance, it could be conceivable that
the mesenchymal cells including smooth muscle progen-
itor cells and immature pericytes of the PDGFR-�-defi-
cient mice did not differentiate enough to form integrated
vascular structure at the delivery. On the other hand, in
the neonatal mice in our study, these cells might have
differentiated to a certain extent and played a role in
glomerular capillary formation in the outer cortex. The
functional blockade of PDGFR-� pathway could prohibit
the proliferation and migration of those cells abruptly and
result in the endothelial cell apoptosis. Another possible
explanation would be that some anti-apoptotic factors
were prevented from endothelial apoptosis in the
PDGFR-�-deficient mice. It has been reported that vas-
cular endothelial growth factor expression is increased in
PDGFR-�-deficient mice.18 It is of importance to study
and identify these factors or signals. Nehls and col-
leagues25,26 and Hellstrom and colleagues18 have re-
ported that lack of pericytes leads to endothelial cell
hyperplasia by morphological studies on the brain of the
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mouse embryo. It has been proposed that pericytes con-
trol vessel sprouting and branching. Our electron micro-
scopic and TUNEL analysis showed glomerular endothe-
lial cells had apoptotic status. It is conceivable that the
mesangial cells, which migrate to the central region of the
vascular tuft of the glomerulus, might play a significant
role in maintenance of the glomerular endothelial cell
viability either by supporting the structure of the tuft se-
creting extra cellular matrices or by sending some hu-
moral factors to the endothelial cells that are essential for
endothelial cell stability. It is to be further investigated the
molecular mechanism for the regulatory role of mesangial
cells on function and structure of the glomerulus.
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