
Nephron-deficient Fvb mice develop rapidly progressive
renal failure and heavy albuminuria involving excess
glomerular GLUT1 and VEGF
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Reduced nephron numbers may predispose to renal failure. We hypothesized that glucose transporters (GLUTs) may
contribute to progression of the renal disease, as GLUTs have been implicated in diabetic glomerulosclerosis and
hypertensive renal disease with mesangial cell (MC) stretch. The Os (oligosyndactyly) allele that typically reduces nephron
number by B50%, was repeatedly backcrossed from ROP (Ra/þ (ragged), Os/þ (oligosyndactyly), and Pt/þ (pintail))
Os/þ mice more than six times into the Fvb mouse background to obtain Os/þ and þ /þ mice with the Fvb
background for study. Glomerular function, GLUT1, signaling, albumin excretion, and structural and ultrastructural
changes were assessed. The FvbROP Os/þ mice (Fvb background) exhibited increased glomerular GLUT1, glucose
uptake, VEGF, glomerular hypertrophy, hyperfiltration, extensive podocyte foot process effacement, marked albuminuria,
severe extracellular matrix (ECM) protein deposition, and rapidly progressive renal failure leading to their early demise.
Glomerular GLUT1 was increased 2.7-fold in the FvbROP Os/þ mice vs controls at 4 weeks of age, and glucose uptake
was increased 2.7-fold. These changes were associated with the activation of glomerular PKCb1 and NF-kB p50 which
contribute to ECM accumulation. The cyclic mechanical stretch of MCs in vitro, used as a model for increased MC stretch
in vivo, reproduced increased GLUT1 at 48 h, a stimulus for increased VEGF expression which followed at 72 h. VEGF was
also shown to act in a positive feedback manner on MC GLUT1, increasing GLUT1 expression, glucose uptake and
fibronectin (FN) accumulation in vitro, whereas antisense suppression of GLUT1 largely blocked FN upregulation by VEGF.
The FvbROP Os/þ mice exhibited an early increase in glomerular GLUT1 leading to increased glomerular glucose uptake
PKCb1, and NF-kB activation, with excess ECM accumulation. A GLUT1–VEGF–GLUT1 positive feedback loop may play a
key role in contributing to renal disease in this model of nondiabetic glomerulosclerosis.
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The glomeruli constitute an important filtration barrier
between the blood and urinary space, and prevention of
glomerular injury is important to maintaining normal kidney
function. Disparate insults resulting in an initial glomerular
loss may predispose to later, additional loss of nephrons
after the cessation of injury.1 Growing clinical and epidemio-
logical evidence also indicates that an insufficient number of
nephrons at birth is associated with the development of
glomerulosclerosis in animals and humans, and may result in
later development of end-stage kidney disease.2,3

Brenner et al1,3,4 proposed that reduced nephron numbers
may lead to renal failure from glomerular hypertension with
glomerular hyperfiltration.3 Furthermore, previous studies
have implicated glomerular hypertension in progressive renal
disease after numerous different types of insults resulting in a
reduced nephron number.3 Hyperfiltration may manifest as
microalbuminuria and accelerated loss of renal function,
and these changes are more prevalent in adults with a history
of low birth weight.5 In addition, nephron deficiency
accompanying low birth weight has been implicated in the
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development of renal failure in adulthood, cardiovascular
disease, hypertension, hyperlipidemia, and diabetes.2 As no-
ted by Drukker,2 the number of nephrons in animal and
human kidneys correlates with renal mass. Accordingly,
infants with low birth weights tend to be born with relatively
smaller kidneys, and a nephron deficit. However, the un-
derlying mechanism of the reduced nephron number in this
situation has not yet been determined. Studies in rats and
sheep have shown that a reduction in nephron mass during
fetal development, or shortly after birth, favored the devel-
opment of hypertension and renal disease with renal fail-
ure.6,7 In humans, loss of sufficient kidney mass results in
similar results, whereas transplantation of small kidney donor
organs into large recipients increases the risk for hyperten-
sion and graft failure.8,9 Furthermore, research in rats with
oligomeganephronic hypoplastic kidneys associated with
male hypogonadism showed development of glomerulo-
sclerosis in some of the nephrons, and proteinuria.10 Humans
with congenital oligomeganephronia have a reduced number
of greatly enlarged glomeruli with renal hypoplasia.2 The
glomeruli eventually sclerose leading to end-stage renal dis-
ease in early childhood.2 Therefore, a reduced nephron
number tends to predispose to later renal damage.

In a previously described mouse model, studies have
shown that ROP (Ra/þ (ragged), Os/þ (oligosyndactyly),
and Pt/þ (pintail)) mice possessing the gene for oligo-
syndactylism (Os) represent a genetic model of reduced renal
mass in which renal disease develops.11–13 Mice that carry
the oligosyndactylism (Os) radiation-induced allele have a
mutation in chromosome 8, with a disruption of the Anapc10
(Apc10/Doc1) gene.14 The Os allele may block progression of
the cell cycle from metaphase to anaphase,15 and mice het-
erozygous for the Os allele have two prominent develop-
mental defects: (1) fusion of the second and third digits of all
four limbs16 and (2) a 50% reduction in the nephron number
of the kidneys.11 Homozygous Os is lethal during gestation.17

Heterozygous Os mice may therefore be a useful model for
identifying factors causing renal dysfunction. ROP mice
heterozygous for the Os allele gradually develop moderately
severe glomerulosclerosis, with increased glomerular cellu-
larity, increased mean glomerular volume (MGV) and hy-
pertrophic changes in the epithelium of proximal tubules and
cortical collecting ducts.13 The reduced renal mass is asso-
ciated with overexpression of extracellular matrix (ECM)
proteins in the glomeruli, including collagen type IV and
tenascin.12 The mice have not been found to develop renal
failure or early death. In contrast, mice with the C57BL6
background heterozygous for the Os allele (ie, B6ROP Os/þ
mice) did not develop significant renal disease. It was con-
cluded that the development of glomerulosclerosis was de-
pendent on the genetic background of the mice.13,18,19

However, the mechanisms involved in development of the
renal disease remain to be determined, and multiple different
genetic alterations may have roles in the glomerulosclerosis of
ROP Os/þ mice.18

In this study, we generated and characterized Fvb mice
with reduced renal mass due to the heterozygous Os allele.
We described in a preliminary report that the FvbROP Os/þ
mice have an 85% reduction in glomerular number.20 The
FvbROP Os/þ mice were much more severely affected than
were the C57BL6 (B6) or ROP mice carrying the Os allele.
The FvbROP Os/þ mice developed marked albuminuria,
rapidly progressive glomerulosclerosis, and early renal failure,
which were lacking in the ROP Os/þ and B6 Os/þ
mice.13,21 The glomeruli in the FvbROP Os/þ mice are
subjected to greater tension than in normal mice for a given
pressure, due to their enlargement in the setting of deficient
glomerular numbers and small kidneys.

Previous observations made by us and others indicated
that glucose transporters (GLUTs) have been implicated in
diabetic glomerulosclerosis22,23 and in hypertensive renal
disease with mesangial cell (MC) stretch.24 Changes in the
expression of GLUT1 in MCs have been shown specifically to
lead to parallel changes in glucose uptake and ECM pro-
duction.22,25 The GLUT1 in MCs is known to be upregu-
lated by high extracellular glucose exposure and by cyclic
mechanical stretch.24,26 Glomerular hypertension increases
glomerular GLUT1 expression, presumably by increasing the
MC stretch.24 Furthermore, VEGF has been reported to
be induced by MC stretch,27 and has been implicated in
glomerular hypertrophy, glomerulosclerosis, and albumi-
nuria.28,29 We therefore hypothesized that GLUT1, glucose
uptake, and VEGF could be increased in the glomeruli of
FvbROP Os/þ mice, contributing to glomerulosclerosis and
renal failure in this novel model.

The aims of the current studies were to characterize the
new FvbROP Os/þ mouse model of rapidly progressive
renal disease, and to investigate the potential roles of GLUT1
and VEGF in causing glomerular pathology in these non-
diabetic, nonhypertensive mice. This new, highly susceptible
mouse model should also provide clues regarding the pa-
thogenesis of other renal diseases in which nephron numbers
are reduced by various different disorders.

MATERIALS AND METHODS
Experimental Animals
Animal studies were approved by the Institutional Animal
Care and Use Committee. ROP Os/þ mice (Jackson
Laboratories, Bar Harbor, ME, USA) were backcrossed into
the Fvb mouse line (Taconic Farms, Rockville, MD, USA)
more than six times to generate FvbROP Os/þ mice with
Fvb background carrying the Os allele (Dr D Pravtcheva,
New York State Institute for Research in Developmental
Disabilities). All the mice were maintained on standard ro-
dent chow (Harlan Teklad no. 2918).

Measurements of Arterial Blood Pressure
A computer-automated tail-cuff blood pressure and
pulse monitoring system (Hatteras, MC-4000 Blood
Pressure Analysis System) was used to determine arterial

Glucose in rapidly progressive renal disease

Y Wang et al

84 Laboratory Investigation | Volume 90 January 2010 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


blood pressure by averaging 20 serial measurements for each
mouse after initial equilibration in restraining chambers. The
pulse rate was determined using a photoelectric sensor placed
over the tail.

Measurements in Serum and Urine
Tail blood samples obtained from nonfasting mice were used
for measurements of blood glucose concentrations using an
Accucheck Simplicity Glucometer, following the manu-
facturer’s instructions (Roche Diagnostics, Indianapolis, IN,
USA). Mice were housed in individual metabolic cages for
24-h urine collections before being killed. Urine albumin
concentration was determined by competitive ELISA using
the Albuwell-M Test Kit (Exocell, Philadelphia, PA, USA).
Urine creatinine concentrations were determined using the
Creatinine Companion Kit (Exocell). Results were expressed
as the urine albumin to creatinine ratio (mcg albumin/mg
creatinine). Creatinine (Cr) concentration in the plasma was
assayed by high performance liquid chromatography as de-
scribed previously.30 Creatinine clearance (CrCl), used as a
marker for glomerular filtration rate, was determined from
Cr (urine)�V (urine volume)/Cr (plasma).

Glomerular Isolation and Primary MC Culture
FvbROP Os/þ and FvbROP þ /þ mice were killed at 4, 8,
and 12 weeks of age for the study. The right kidney was used
for histological and immunohistochemical studies. The glo-
meruli from the left kidney were used for primary MC cul-
ture or for glomerular protein lysates. Briefly, the left renal
artery was first perfused with 2ml PBS, followed by deacti-
vated Dynabeads (M-450, Invitrogen, Carlsbad, CA, USA) or
by iron oxide particles in 10ml Hank’s buffered salt solution.
The perfused kidneys were minced and passed through a 100-
mm mesh sieve. The glomeruli were then collected using a
magnet.31 Some of the glomeruli isolated with Dynabeads
were used for cell culture, whereas others were used to
prepare glomerular protein lysates for western analyses.
Glomerular isolates of 495% purity were obtained with this
approach.

The glomeruli isolated from FvBROP Os/þ mice and
their controls, and from antisense-GLUT1 transgenic mice32

and their controls, were cultured in MEM plus F12 medium
(3:1) with 10% FBS, EGF (10 ng/ml), 8mM glucose, and
penicillin (100U/ml)/streptomycin (0.1mg/ml) to allow the
MCs to grow out. Primary culture MCs were confirmed by
positive staining with a-smooth muscle actin, along
with confirmation of the typical MC morphology on light
microscopy.22,33 Primary culture MCs were studied at pas-
sages 5–10. Podocytes did not survive in the MC culture
conditions.

Light Microscopy and Immunohistochemistry of Kidney
Tissues
Renal tissues were fixed in 4% paraformaldehyde in PBS (pH
7.4) for 24 h at 4 1C. After fixation, tissue samples were

embedded in paraffin wax. Tissue sections of 5 mm thickness
were used for staining with Mayer’s hematoxylin, Putt’s eosin,
periodic acid-Schiff (PAS), or Masson’s trichrome for histo-
logical and pathological examination of the glomeruli and
tubulointerstitium. In addition, MGV was determined using
the method described by Najafian et al,34 and mean capillary
diameters (MCDs) were determined from measurements of
maximum capillary loop diameters on images of PAS-stained
glomeruli all at the same magnification. The mean±s.e.m.
capillary diameter was then calculated for mice of each
genotype for comparison.

In all, 5–8 kidney sections per group of animals were ob-
tained for assessments of glomerulosclerosis, with Z20 glo-
meruli per section. The degree of glomerulosclerosis was
expressed as the mesangial index, ie, the percentage cross-
sectional area of the glomerular tuft that was PAS positive.
Histological preparations were examined using an Olympus
BX60 microscope (Olympus, Melville, NY, USA), at magni-
fications of � 100 and � 400, and a photographic record was
obtained using a Zeiss Axiocam camera.

Immunohistochemical staining with various antibodies
including GLUT1 (1:400, Alpha Diagnostic International,
San Antonio, TX, USA), VEGF (1:200, Lab Vision, CA, USA),
tenascin, phospho-PKCa (p-PKCa), and PKCb1 (all 1:100,
Santa Cruz Biotechnology, CA, USA), fibronectin (FN)
and laminin (both 1:100, Sigma-Aldrich, St Louis, MO,
USA), collagen IV (1:100, Santa Cruz Biotechnology, against
a-1, a-3, and a-5 chains), CD2AP (1:100, Abcam, Cambridge,
MA, USA), nephrin and podocin (both 1:100, kind gifts
from Dr L Holzman, University of Michigan) was conducted
using a Vectastain Elite ABC Kit (Vector Laboratories, Bur-
lingame, CA, USA) with some modifications. Briefly, 5 mm
sections were deparaffinized, and endogenous peroxidase
activity was ablated by incubation in 3% hydrogen peroxide
in TBS (pH 7.4). Epitope retrieval was carried out on sections
by microwave treatment (2� 5min in 100mM sodium ci-
trate, pH 6). Sections were sequentially blocked for non-
specific staining (diluted normal serum, 1:67, 60min),
and endogenous biotin (avidin/biotin blocking kit, Vector
Laboratories, 30min per step). Blocking was followed by
incubation with affinity-purified antibody, control IgG, or
antibody preadsorbed with blocking peptide (1 h at room
temperature or overnight at 4 1C). The sections were then
washed in TBS and incubated with biotinylated secondary
antibody for 60min. After further washes with TBS, the
sections were incubated with an avidin-biotinylated
horseradish peroxidase complex for 1 h. Finally, the sections
were washed in TBS, then processed to achieve color devel-
opment with 3, 3-diaminobenzidine tetrahydrochloride
(DAB; Sigma-Aldrich), 0.0075% nickel chloride, 0.0075%
cobalt chloride, and 0.0075% hydrogen peroxide for
5–10min, and counterstained with Mayer’s hematoxylin.
Staining of kidney tissue from the untreated kidney
or staining with nonimmune serum or rabbit IgG was
performed for controls.
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Detection of NF-jB p50, p65, and Nuclear Translocation
in Glomerular Cells
Immunohistochemical staining for NF-kB p50 and NF-kB
p65 (antibodies both 1:100, Santa Cruz Biotechnology) was
performed using a Vectastain Elite ABC kit as described
above. DAB staining was replaced by using the ‘Vector Red’
staining kit (Vector Laboratories). Mayer’s hematoxylin stain
was replaced by DAPI (Molecular Probes, Eugene, OR, USA)
staining. Digital images of the Vector Red immunoperoxidase
staining (NF-kB p50 or NF-kB p65) and the immuno-
fluorescent nuclear stain DAPI (blue), were merged to
identify NF-kB staining (red-brown) in the nuclei (DAPI
blue) with their co-localization producing a violet color. The
percentage of glomerular nuclei double stained for DAPI and
NF-kB in each glomerular tuft cross-section examined was
determined for the FvbROP þ /þ and FvbROP Os/þ
glomeruli, as a marker for NF-kB activation.

Glucose Uptake Rates in Primary MCs and Isolated
Glomeruli
Glucose uptake rates of primary culture mouse MCs were
determined as described previously.22,25 Glucose uptake rates
of isolated glomeruli were performed as described in our
previous approach with some modifications.22 Briefly, fresh
glomeruli isolated using the Dynabead method31 from in-
dividual mice were suspended in PBS with 0.1 mCi/ml 3H2-
deoxyglucose (3H2-DOG, NEN-Perkin Elmer, Wellesley, MA,
USA) for 10min (linear portion of the glucose uptake curve
for the freshly isolated glomeruli). An aliquot of each glo-
merular preparation was then taken for measuring total
protein to calculate the quantity of glomerular protein in
each sample. Subsequently, the glomeruli were exposed to
cold stop solution with 0.1mM phloretin, and isolated by
brief centrifugation at 1000 r.p.m. (3min). The glomeruli
were then placed in scintillation cocktail for measurements of
3H activity using a Packard 1500 scintillation counter. The
results of DPM per 10min were then used to back calculate
total DPM per 10min in each sample. This number was then
converted to nmol 2-DOG per 10min, and normalized to the
total glomerular protein content (mg) in the respective
samples. The results of the glucose uptake rate measurements
were then expressed as percentage of control, and compared
between the different groups being studied.

Cyclic Mechanical Stretch of Cultured MCs
Rat MCs derived from the continuous line 16KC2

22 were
cultured in flexible 6-well plates (FLEX-1) coated with type-1
collagen. Mouse MCs from the FvbROP Os/þ mice were
found to be very difficult to grow in culture. Therefore, rat
MCs were used for in vitro stretch studies. Rat MCs were
maintained in RPMI 1640 medium (Gibco) supplemented
with 20% NuSerum IV, 100U/ml penicillin, 0.1mg/ml
streptomycin (Life Technologies, Gaithersburg, MD, USA),
and D-glucose to a final concentration of 8mM. After the
cells reached 80% confluence, the NuSerum IV was decreased

to 1% for 24h to arrest cell proliferation before beginning the
stretch experiments. MCs were stretched in a Flexercells system
at 60 cycles per minute for 48 and 72h with 10% linear
elongation. The cells were then washed with cold PBS, and total
proteins were harvested with lysis buffer A (50mM Tris HCl pH
8.0, 2mM EDTA, 1% Triton-X100, 312.5mM N-ethylmalemide,
and 0.2% SDS), supplemented with protease inhibitor cocktail
(Complete Mini, Roche Diagnostics) and PMSF. The cells were
vortexed for 30 s and the lysate was centrifuged at 14 000 r.p.m.
for 15min; the supernatant was then collected and frozen at
�80 1C until performance of Western analyses.

Immunostaining for VEGF Receptors in Cultured Mouse
MCs
Antibodies specific for VEGFR1 and VEGFR2 receptor pro-
teins were obtained from Abcam and Cell Signaling Tech-
nology (Danvers, MA, USA), respectively. The antibodies
were each diluted 1:50 for immunostaining in the cultured
MCs. The MCs were seeded to 8-well glass chamber slides
(1� 104 cells per well) and allowed to attach overnight. On
the subsequent day, nonconfluent primary culture mouse
MCs were fixed in acetone and stained for the different re-
ceptors using a method described previously.25

Treatment of Cultured MCs with VEGF-A165

Primary culture mouse MCs from C57BL6 mice and anti-
sense-GLUT1 transgenic mice with the C57BL6 background
were maintained in MEMþ F12 medium, (3:1, Gibco/
Invitrogen), 10% FBS, EGF (10 ng/ml, Sigma-Aldrich), 8mM
glucose, and (100U/ml) penicillin/(0.1mg/ml) streptomycin
(Life Technologies). The antisense-GLUT1 MCs were isolated
from our GT1AS antisense-GLUT1 transgenic mouse line
with the C57BL6 background.32 The glomeruli of these mice
have a 50% reduction in GLUT1 protein. The MCs from
these antisense-GLUT1 mice also exhibit anB50% reduction
in GLUT1 protein and a similar reduction in glucose uptake
rate (unpublished data). The cells were grown to B80%
confluence; the serum was then decreased to 1% for 24 h to
arrest cell growth. The MCs were treated with or without
2 ng/ml of mouse recombinant VEGF-A165 protein (Alpha
Diagnostic International) for 48 h, adding fresh VEGF-A165

every 24 h, then washed with cold PBS, and the cell proteins
were harvested with lysis buffer A containing PMSF. In se-
parate experiments, 3H2-deoxyglucose uptake rates were
determined in MCs±VEGF-A165 (2 ng/ml).

Western Analyses
Isolated glomeruli and harvested cells were homogenized
with lysis buffer A plus Cocktail Inhibitor of Protein Com-
plete Mini (Roche Diagnostics) with PMSF. Protein con-
centrations were determined by the bicinchoninic acid
protein assay (Pierce Biotechnology, Rockford, IL, USA).
Equal amounts of protein from the samples were subjected to
SDS-PAGE and electrophoretically transferred into a poly-
vinylidene diflouride membrane (Millipore, Bedford, MA,
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USA). The membranes were then blocked with 5% nonfat
dry milk in TBST for 1 h at room temperature and incubated
with primary antibody in TBST, anti-GLUT1 antibody
(1:2500 dilution, Alpha Diagnostic International), anti-VEGF
antibody (1:1000 dilution, Lab Vision), anti-FN antibody
(1:1000 dilution, Sigma-Aldrich), anti-collagen IV antibody
(1:1000 dilution, Santa Cruz Biotechnology), anti-PKCb1
antibody (1:500 dilution, Santa Cruz Biotechnology), anti-
PKCa antibody (1:500 dilution, Santa Cruz Biotechnology),
or anti-tubulin antibody (1:1000, Santa Cruz Biotechnology),
followed by incubation with horseradish peroxidase-con-
jugated anti-rabbit IgG (1:1000 dilution; Pierce Biotechnol-
ogy) and washed with TBST. The signals were detected with
SuperSignal West Dura Extended Duration Substrate (Pierce
Biotechnology). Endogenous b-tubulin protein was used as
an internal control. Signals for each protein were quantified
with the NIH image v.1.62 program.

TEM to Analyze Glomeruli
The renal cortical tissue was diced into 1mm blocks for
electron microscopy, fixed overnight at 4 1C by immersion in
half-strength Karnovsky’s solution (2.5% glutaraldehyde–2%
paraformaldehyde), and then transferred into 0.1M cacody-
late buffer for storage (at 4 1C). The EM tissue was embedded
in Epon and processed in house. Samples were stained with
uranyl acetate and lead citrate. Sections were examined using
an Hitachi HS-9 electron microscope (Hitachi, Pleasanton,
CA, USA) at 60 kV.

Measurements of Glomerular Basement Membrane
Thickness
Random transmission electron microscopy (TEM) samples
of the glomeruli were used to measure thickness of the glo-
merular basement membrane (GBM) in FvbROP þ /þ and
Os/þ mice at 4 weeks of age using orthogonal intercepts.35

More than 160 serial measurements of GBM width by or-
thogonal intercepts on randomly chosen samples were per-
formed for each genotype of mouse, and the mean±s.e.m.
was determined for each.

Assessments of Podocyte Foot Process Effacement
Random TEM samples from FvbROP þ /þ and Os/þ mice
were used to examine the extent of podocyte foot process
effacement at 4 weeks of age. All capillary loops imaged from
the examined glomeruli were evaluated for the presence or
absence of this abnormality, with n¼ 19–28 capillary loops
for each genotype from the TEM images. The percentage of
capillary loops affected by the foot process effacement was
determined for mice of each genotype for comparison.

Statistics
Power analyses were performed using the G*Power3 software
program. Data are reported as the mean±s.e.m. for in-
dividual groups. ANOVA was performed for analysis of serial
data groups. Results that provided a significant F-statistic

were pursued further with Student’s t-test. Intergroup com-
parisons were made by Student’s t-test or by w2 analysis,
where appropriate. Student’s t-test was used to compare
results obtained from two different groups, where nZ3.
A formula designed for experiments with small sample
sizes was used: t¼mean1�mean2/square root of ((s.d.1)

2/
n1þ (s.d.2)

2/n2), where indicated. Po0.05 was considered
significant for statistical comparisons.

RESULTS
Kidney Development, Glomerular Morphometrics, and
Metabolic and Physiological Studies
The Os allele produced a 43% reduction in kidney weight in
the FvbROP Os/þ mice at 8 weeks of age compared with the
FvbROP þ /þ control mice (Po0.0001, Figure 1a). Despite
the reduced kidney mass, FvbROP Os/þ mice were neither
hypertensive nor diabetic (Figure 1b). The MCD and MGV
were both increased more than 1.5-fold when compared with
the FvbROP þ /þ control mice (Figure 1c and d). The body
weights in the FvbROP Os/þ mice were not significantly
different from the FvbROP þ /þ mice at 4 and 8 weeks of
age (Table 1). However, kidney weight/body weight ratios
were significantly lower in the FvbROP Os/þ mice (Table 1).

Food intake was similar between the different types of
mice; however, both urine output and fluid intake were sig-
nificantly higher in the FvbROP Os/þ mice (Table 1), a
finding noted with the Os allele on another mouse back-
ground.36 Specifically, the FvbROP Os/þ mice drank 1.5-
fold more water than did the FvbROP þ /þ mice at 4 weeks
of age (P¼ 0.038), and 1.8-fold more at 8 weeks of age,
(P¼ 0.001), Table 1. The FvbROP Os/þ mice also produced
2.6-fold more urine than did the FvbROP þ /þ mice at both
4 (P¼ 0.012) and 8 weeks of age (P¼ 0.011), as shown in
Table 1.

Albuminuria and CrCl Measurements
The FvbROP Os/þ mice exhibited heavy albuminuria from
the earliest time point assessed at age 4 weeks (Table 1). The
ratio of albumin to creatinine in the urine of FvbROP Os/þ
mice at 4 weeks of age was 188-fold higher than in the
FvbROP þ /þ control mice (P¼ 0.00008), and was 94-fold
higher than in the FvbROP þ /þ mice at 8 weeks of age
(P¼ 0.0001, Table 1). The lesser increase in the albumin/
creatinine ratio for FvbROP Os/þ mice at 8 weeks of age
resulted largely from increased albuminuria in controls at
that age, rather than decreased total albumin excretion in the
FvbROP Os/þ mice. The FvbROP Os/þ mice also had
substantial glomerular hyperfiltration at age 4 weeks (Figure 1e),
which decreased over time such that by 8 weeks of age the
CrCl/g kidney was back to the control level, and by 12 weeks
of age the CrCl/g kidney was below control levels. Plasma
creatinine levels were already elevated 60% in the FvbROP
Os/þ mice at 4 weeks of age (Po0.05, Figure 1e) and were
further increased to 100% above controls at 8 weeks of
age (Po0.03 vs plasma creatinine at age 4 weeks,
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Figure 1e), preceding the death of the animals which began at
B12 weeks of age.

Renal Histology
To evaluate the mice for development of glomerulosclerosis,
PAS staining and Masson’s trichrome staining were per-
formed on kidney sections from FvbROP Os/þ and FvbROP
þ /þ mice at 4, 8, and 12 weeks of age. PAS staining in-
dicated that the FvbROP Os/þ mice had developed severe
glomerulosclerosis by 4 weeks of age, and that the matrix

accumulation in the glomeruli consistently increased from 8
to 12 weeks when the mice began to die (Figure 2a and b). In
addition, tubular enlargement was detected at 4 weeks of age
with development of interstitial fibrosis by 8 weeks of age
(not shown). Glomerulosclerosis assessed by the mesangial
index in the FvbROP Os/þ mice was increased from 45 to
83% above FvbROP þ /þ control levels during the period of
4, 8, and 12 weeks of age (Po0.001, Figure 2b). Masson’s
trichrome staining indicated that the FvbROP Os/þ mice
had extensive glomerular collagen accumulation by 4 weeks

Table 1 Characteristics of FvB mice with and without the heterozygous Os allele

Genotype Age (weeks) Body Wt (g) Kidney wt/body wt (%) Food (g) H2O (ml) Urine (ml) Alb/Cr (mg/mg)

FvB ROP +/+ 4 18.0±0.5 0.67±0.02 4.45±0.12 5.37±0.68 1.01±0.22 137.2±13.9

FvB ROP Os/+ 17.3±0.3 0.44±0.03 4.62±0.28 8.29±1.30 2.58±0.52 25758±6515

t-test P-value 0.15 0.00003 0.3 0.038 0.012 0.00008

FvB ROP +/+ 8 20.5±0.8 0.74±0.04 5.26±0.57 4.43±0.61 0.79±0.19 223.7±50.7

FvB ROP Os/+ 20.0±1.1 0.43±0.01 6.34±0.58 7.96±0.62 1.98±0.38 21130±2970

t-test P-value 0.36 0.0003 0.11 0.001 0.011 0.0001
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of age, which was increased from 125% to more than 200%
above the levels in FvbROP þ /þ control mice at 4 to 12
weeks of age (Figure 2c and d). The increase in glomerulo-
sclerosis with time in the FvbROP Os/þ mice was associated

with a decrease in the CrCl/g kidney over time, and an in-
crease in the plasma creatinine concentration. In contrast,
FvbROP þ /þ control mice did not develop significant
glomerulosclerosis or renal failure.
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Figure 2 (a–f) Glomerulosclerosis (GS) in FvbROP mice with and without the Os allele. (Panel a) PAS-stained kidneys from FvbROP þ /þ and FvbROP
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ECM Protein Deposition in the Glomeruli
Deposition of individual ECM proteins in the glomeruli was
determined by Western and immunohistochemical analyses.
As noted above, the FvbROP Os/þ mice rapidly developed
heavy albuminuria and glomerulosclerosis by 4 weeks of age.
In this study, the kidneys were assessed for specific ECM
proteins that could contribute to this glomerulosclerosis. The
glomeruli were analyzed by both immunolabeling of fixed
kidney sections and by Western analyses of proteins from the
isolated glomeruli. FN had substantially accumulated in the
glomeruli of the FvbROP Os/þ mice by 4 weeks of age. In
addition, collagen accumulation in the glomeruli of the
FvbROP Os/þ mice, as assessed by Masson’s trichrome
staining, was also quite substantial by this time point,
and also at 8 and 12 weeks of age. However, type IV collagen
was not increased, and the glomerular collagen which
had accumulated was therefore of another type. Glomerular
tenascin and laminin were also found not to be increased in
the FvbROP Os/þ mice. Glomerular FN protein was in-
creased B3.5-fold at 4 weeks of age (Po0.01) in the
FvbROP Os/þ mice, as determined by Western analysis
(Figure 2e and f).

TEM of the Kidneys
The kidney tissues of FvbROP Os/þ mice at 4 weeks
of age were used for analysis by TEM, which detected
heavy matrix deposition in the glomeruli of FvbROP Os/þ
mice (Figure 3b). Effacement of glomerular podocytes was
also very prominent in the glomeruli of FvbROP Os/þ mice
at 4 weeks of age, and this change was accompanied by a
10-fold greater frequency of glomerular capillary loops
exhibiting podocyte foot process effacement (Po0.01,
Figure 3d and e). Moreover, quantitation of GBM thickness
by the orthogonal intercept method detected a 65% increase
in FvbROP Os/þ mice (Po0.01 vs FvbROP þ /þ mice,
Figure 3g and h). All these changes were associated
with marked albuminuria in the FvbROP Os/þ mice as
described earlier.

Glomerular Expression of GLUT1, VEGF, PKCb1, p-PKCa,
PKCa, and TGFb1
Severe glomerulosclerosis developing in FvbROP Os/þ mice
indicated activation of prosclerotic factors. Therefore, we
investigated the expression of candidate proteins that might
be involved in this process. We found increases in glomerular
GLUT1, VEGF, and PKCb1 expression by both Western
analyses of glomerular proteins (Figures 4a and c) and im-
munolabeling of kidney tissue sections (Figures 4b). Western
analyses of glomerular GLUT1 showed 2.7- (Po0.05) and
1.9-fold (Po0.05) increases at ages 4 and 8 weeks (not
shown), respectively in the FvbROP Os/þ mice (Figure 4a
and c). The glomerular glucose uptake rate was increased 2.7-
fold in the FvbROP Os/þ mice (Figure 4d) in association
with the increased GLUT1. PKCb1 protein was increased in
the glomeruli of FvbROP Os/þ mice, with a perinuclear

pattern of localization, indicating its activation there (Figure
4b). Western analyses for total glomerular PKCb1 showed a
3.5-fold increase in this protein in FvbROP Os/þ mice at 4
weeks of age, which returned to baseline by 8 weeks of age
(Figure 4a and c). Active PKCa (p-PKCa) exhibited a non-
significant trend toward increase in FvbROP Os/þ mice, and
total PKCa was also not significantly increased (Figure 4a and
b). Furthermore, glomerular TGFb1 expression and PCNA
immunolabeling were not significantly changed in the
FvbROP Os/þ mice at 4 weeks of age (not shown). In
contrast, glomerular VEGF (Figure 4a and c) was increased
B2.9-fold above controls in the FvbROP Os/þ mice at 4
weeks of age (Po0.05), but was not significantly increased at
8 weeks of age (P40.05).

As the FvbROP Os/þ mice developed marked albumi-
nuria at 4 weeks of age, selected podocyte proteins in the slit
diaphragm and proteins involved in attaching podocytes to
the GBM were investigated in the FvbROP Os/þ vs FvbROP
þ /þ mice. No significant changes were detected for ne-
phrin or podocin in the FvbROP Os/þ mice at 2 weeks
of age (not shown), or for CD2AP protein at 4 weeks of age
(not shown), by immunolabeling and assessment of the
glomeruli.

Examination of NF-jB and its Activation in the Glomeruli
The transcription factor NF-kB may respond to both PKC
and VEGF; therefore, we investigated its potential activation
in the FvbROP Os/þ mice at 4 weeks of age. The glomeruli
of both FvbROP þ /þ and FvbROP Os/þ mice exhibited
substantial immunolabeling for NF-kB p50, and much less
labeling for NF-kB p65. Translocation of the NF-kB subunits
to the nucleus of glomerular cells (ie, activation) was in-
vestigated by double immunolabeling for NF-kB subunits
(Vector Red immunoperoxidase, red-brown) and cell nuclei
(DAPI, blue). NF-kB p50 was found to exhibit 70% greater
activation (nuclear localization, Po0.01) in glomerular cells
of the FvbROP Os/þ mice than in the FvbROP þ /þ mice
(Figure 5a and b), and NF-kB p50 was activated to a greater
extent than was NF-kB p65 (Figure 5b). The glomeruli of
FvbROP Os/þ mice by age 4 weeks also had 27% more cells/
tuft cross-section than did the glomeruli from FvbROP þ /þ
control mice, when assessed by numbers of nuclei (Po0.05,
not shown). However, PCNA immunolabeling to assess
for cell proliferation in the glomeruli was not significantly
different between the FvbROP Os/þ and FvbROP þ /þ
mice at this time point (not shown).

MC Expression of GLUT-1, VEGF, and ECM Proteins in
Response to Cyclic Mechanical Stretch In Vitro
The FvbROP Os/þ mice have a reduced nephron number
due to the Os allele, resulting in glomerular hypertrophy
with increased volume, increased capillary diameter, and
hyperfiltration. Increased capillary diameter associated with
glomerular hypertrophy increases MC tension and stretch for
any given pressure, as described by LaPlace’s law and Kriz’
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description of glomerular architecture.37,38 Therefore, to ex-
amine the relationships between MC GLUT1, VEGF, and
ECM expression in response to stretch, we used a Flexercells

system programmed to induce a cyclic mechanical stretch of
cultured MCs in vitro as described in the ‘Materials and
methods’ section for 48 and 72 h. MCs isolated from the

FvbROP Os/þ and FvbROP þ /þ mice revealed that the
former were very difficult to maintain and grow in culture.
The FvbROP Os/þ MCs, when they survived, grew far
slower than did the FvbROP þ /þ MCs. This characteristic
might result from the known effect of the Os allele to impair
progression of cell division from metaphase to anaphase.39
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Figure 3 (a–h) TEM images of glomeruli. (Panels a and b) Arrows indicate substantial mesangial matrix accumulation in FvbROP Os/þ mice. (c and d).

Arrows indicate glomerular podocyte foot processes, where podocyte foot process effacement was far greater in FvbROP Os/þ glomeruli. (e) Graph of the

frequency of glomerular capillary involvement with podocyte foot process effacement in FvbROP þ /þ and FvbROP Os/þ mice (n¼ 3 mice for each group,

n¼ 6–8 glomerular capillaries counted/mouse). (f and g) Arrows indicate GBM in the affected mice. (h) Graph of GBM thickness (n¼ 3 mice for each group,

n¼ 2–3 glomerular basement membrane loops measured per mouse). *Po0.001 vs control.
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Therefore, we instead used a line of rat MCs for the in vitro
cell stretch studies (see the section ‘Materials and methods’)
and these cells attached well to the FlexCell plates.

Western analyses of MC proteins from different time
points showed an early three-fold increase in MC GLUT1
protein at 48 h (Po0.05) (Figure 6a and c), which was sus-
tained at 72 h (not shown). The increase in GLUT1 preceded
an increase in VEGF (2.2-fold, Po0.01) which became de-
tectable at 72 h, but not at the earlier 48 h time point (Figure
6b and c). Subsequent examination for expression of the
VEGF receptors, VEGFR1 and VEGFR2, in MCs by im-

munolabeling with specific antibodies (Abcam, Cambridge,
England and Cell Signaling Technology) showed they were
both expressed in primary culture mouse MCs (not shown).

As VEGF was increased in the glomeruli of FvbROP Os/þ
mice, and the GLUT1 gene is known to contain growth fac-
tor-responsive elements, we investigated the potential re-
sponses of mouse MC GLUT1 and glucose uptake, plus FN,
to VEGF treatment. We have previously shown that high
GLUT1 expression induces FN expression in GLUT1-trans-
duced MC.22 As FvbROP Os/þ MC did not grow well in
culture, we used C57BL6 mouse MC. These primary culture
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mouse MCs were serum-deprived then treated with or
without VEGF-A165, (2 ng/ml) for 48 h. This was a time point
by which MC responses could be detected. MC GLUT1 in-
creased 2.1-fold in response to VEGF-A165 (Figure 7a and b)
and the glucose uptake rate increased 3.6-fold (Figure 7c),
whereas FN expression increased 3.3-fold (Figure 7d and f).
Next, primary culture MCs from antisense-GLUT1 transgenic
mice (C57BL6 background) were treated with or without
VEGF-A165, 2 ng/ml), for 48 h. FN expression increased only
1.6-fold in the GLUT1-deficient cells (Figure 7e and f), in-
dicating a role for GLUT1 in VEGF-induced MC FN ex-
pression.

DISCUSSION
Chronic renal failure is a disorder achieving epidemic pro-
portions.40,41 Once a critical mass of nephrons is lost, the
kidneys tend to lose additional nephrons over time which can

lead to progressive renal failure and the need for dialysis or
transplantation.2–4,42 The causes of this relentless progression
to end-stage renal disease have been the subject of intensive
study over recent decades, and glomerular hypertension with
hyperfiltration has been implicated in a progressive glo-
merular scarring process over time.1,3 The use of ACE in-
hibitors and angiotensin receptor blockers (ARBs) has been
promoted to slow the progression of chronic renal disease,
particularly that due to diabetes mellitus, but they also seem
to have a benefit in chronic nondiabetic renal disease.43–45

Much of the data supporting this mechanism comes from the
remnant kidney model in rats,1,42,46,47 and also in mice.47

Although the treatment of glomerular hypertension and hy-
perfiltration with ACE inhibitors or ARBs seems to be helpful
in slowing the progression of renal disease in some disorders,
these treatments are not curative. Other factors are likely
involved in the progression of chronic renal disease and some
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Figure 5 (a and b). Activation of glomerular NF-kB in FvbROP mice with the Os allele. (a) Immunostaining of NF-kB p50 and p65 in both the FvbROP þ /þ
and FvbROP Os/þ mice at 4 weeks of age. The FvbROP Os/þ mice exhibited 70% increased nuclear translocation (activation) of NF-kB p50 in their

glomeruli as evidenced by the overlapping immunolabeling for p50 (red-brown) and DAPI (blue) to produce a violet signal. The low level of active

NF-kB p65 in FvbROP þ /þ glomeruli did not appear to increase in the FvbROP Os/þ mice (n¼ 17 glomerular measurements in each group). (b) Bar graph

of nuclear translocation of NF-kB subunits p50 and p65 in the glomeruli of FvbROP þ /þ and FvbROP Os/þ mice at 4 weeks of age. **Po0.05 vs control.
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of those potential factors have been addressed in the present
studies. In this study, we produced and characterized a new
model of rapidly progressive, nondiabetic glomerulosclerosis
on the Fvb mouse background. We examined the expression
of candidate glomerular proteins involved in the process, and
identified a GLUT1-VEGF positive feedback mechanism
which may be important in the pathogenesis of progressive
renal disease resulting from reduced nephron number.

The new FvbROP Os/þ mouse model described in this
study is a model of reduced nephron number and reduced
kidney mass resulting from the presence of the Os allele on
the Fvb background. These mice are unique in that they
develop a rapidly progressive glomerulosclerosis with severe
albuminuria and early renal failure, ending in their pre-
mature demise. Such severe renal disease has not been
observed when the Os allele is present on the C57BL6 or ROP
genetic backgrounds.19 Only when the Os allele was mated
from the ROP background into the Fvb background did the
severe phenotype develop. C57BL6 mice develop little to no
renal pathology with the heterozygous Os allele,13 and ROP
mice heterozygous for Os develop a moderately severe glo-
merulosclerosis which does not progress to renal failure,

shorten the lifespan, or produce marked albuminuria.11,13,19

Therefore, there is something uniquely different about the
Fvb background which makes the mice much more suscep-
tible to the Os allele with reduced nephron number. In re-
viewing the literature, even ROP mice surgically treated to
produce a remnant kidney model (5/6 nephrectomy or
B83% reduction in nephrons) 47 did not develop such severe
disease as that observed in the FvbROP Os/þ mice described
in this study. Although a reduced nephron number may act
as a stimulus to further renal disease, the genetic background
of the animals seems to determine the extent of renal disease
that develops.

In the studies reported herein, the Os allele led to reduced
kidney mass as expected, with glomerular hypertrophy and
glomerular hyperfiltration. The FvbROP Os/þ mice ex-
hibited early increases in glomerular GLUT1, glucose uptake,
and VEGF that preceded the development of severe glomer-
ulosclerosis, and likely contributed to glomerular pathology.
GLUT1 and VEGF have both been implicated in the devel-
opment of glomerular disease in diabetes mellitus, and more
recently in hypertensive renal disease (GLUT1) or the rem-
nant kidney (VEGF).24,26,28 In contrast, glomerular TGFb1
was not increased at either 4 or 8 weeks of age in the FvbROP
Os/þ mice. VEGF has previously been implicated in albu-
minuria, although the results have been variable.28,29,48 In
this study, its early, high expression in the FvbROP Os/þ
mice was associated with a marked albuminuria at 4 weeks of
age, and the decrease in glomerular VEGF by 8 weeks of age
was associated with an insignificant trend for reduction in
the albuminuria. The glomerular GLUT1 level remained
elevated when reassessed at 8 weeks and 3 months of age as
the glomerular disease progressed, whereas the elevation of
glomerular VEGF was no longer statistically significant by 8
weeks of age. The differences in GLUT1 and VEGF expression
between the FvbROP Os/þ mice and FvbROP þ /þ control
mice was greatest at 4 weeks of age.

We have previously found the PKC signaling system to be
activated by overexpression of GLUT1 in kidney MCs.49,50

Furthermore, PKCb and NF-kB have been found to be ac-
tivated under high glucose conditions,51 a situation in which
MC GLUT1 is increased.26 Therefore, we examined this sig-
naling system in the FvbROP Os/þ mouse glomeruli, which
have high GLUT1 expression and glucose uptake. We found
that similar to our cultured MCs,50 PKCb1 was increased in
the glomeruli in a perinuclear pattern, indicating activa-
tion.51 PKCa exhibited a nonsignificant trend for increased
activation in the glomeruli of FvbROP Os/þ mice, whereas
total PKCa (active and inactive) was also not significantly
increased.

The activation of PKCb1 in the FvbROP Os/þ glomeruli
was detected early (at 4 weeks of age), preceding the devel-
opment of severe glomerulosclerosis. Investigation of a po-
tential downstream transcription factor, which might
mediate the effects of the PKC signaling system or VEGF on
ECM production, indicated that NF-kB activation was
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significantly increased in the FvbROP Os/þ glomeruli.
Therefore, this transcription factor could have an important
role in GLUT1 and VEGF stimulation of glomerular matrix
accumulation in this model. Other mechanisms may also be
at play, but have not yet been investigated.

GLUT1 and VEGF have both been implicated in diabetic
glomerulosclerosis.26,52–54 In this study, we investigated po-
tential mechanisms by which glomerular GLUT1 and VEGF
were increased in the nondiabetic FvbROP Os/þ glomeruli,
by studying cultured mouse and rat MCs in vitro. GLUT1 and

VEGF are both known individually to increase in MCs in
response to mechanical stretch,24,55,56 and our previous work
has shown that GLUT1 is a stimulus for VEGF expression in
MCs.56 In this study, we investigated the relationship between
MC GLUT1 and VEGF expression in response to cyclic me-
chanical stretch in vitro, as according to Kriz’ work and La-
Place’s law, glomerular hypertrophy and increased glomerular
capillary diameter in the FvbROP Os/þ mice should exert a
stretch force on MCs attached to the GBM.57 Both GLUT1
and VEGF were increased in MCs in vitro by mechanical
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Figure 7 (a–f) Role of GLUT1 in VEGF-induced MC FN production. (a) Primary culture mouse MCs with the C57BL6 background were studied in

culture with and without VEGF-A165 peptide (2 ng/ml) for 48 h. VEGF-A165 stimulated a two-fold increase in MC GLUT1 protein. (b) Graph of western

blot data from MCs treated with VEGF. **Po0.05, n¼ 4 in each group). (c) Graph of 3H2-deoxyglucose (DOG) uptake rates in cultured MCs treated

with or without VEGF-A165 2 ng/ml for 48 h, **Po0.05 for VEGF-A165-treated cells vs controls, n¼ 4 samples per group. The glucose uptake rate

increased 3.6-fold in response to treatment with VEGF-A165. (d) FN protein increased 3.3-fold in response to the VEGF-A165 treatment, n¼ 3 in each

group. (e) In comparison, FN increased only 1.6-fold in cultured MCs from antisense-GLUT1 transgenic mice in response to the 2 ng/ml VEGF-A165

treatment for 48 h. (f ) Graph of western blot data from MCs isolated from normal and antisense-GLUT1 transgenic mice, treated with VEGF.

*Po0.01 and **Po0.05 vs controls.
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stretch, and the increase in GLUT1 (48 h onward) preceded
the increase in VEGF (72 h), suggesting that GLUT1 could act
as a stimulus for the VEGF.

Subsequently, as the GLUT1 gene has growth factor-re-
sponsive elements in its 50-flank,58 we tested the effect of
VEGF treatment on MC GLUT1 and glucose uptake. Both
were increased and VEGF was clearly a potent stimulus for
these. VEGF treatment of MCs, similar to overexpression of
GLUT1 in MCs,22 was also a potent stimulus to FN expres-
sion, with much of the effect attributable to the increased
glucose uptake.22 Experiments in which GLUT1 was sup-
pressed in cultured MCs indicated that GLUT1 was sig-
nificantly involved in VEGF-induced FN expression.
Evidence was therefore obtained for a positive feedback
mechanism in MCs by which GLUT1 and VEGF may influ-
ence each other to enhance ECM production. This me-
chanism in nondiabetic mice might also have a role in the
progression of other chronic renal diseases in which nephron
number has been substantially reduced.

Electron microscopy results at 4 weeks of age showed se-
vere ultrastructural pathology in the glomeruli of FvbROP
Os/þ mice, including diffuse podocyte foot process efface-
ment and GBM thickening. Although the current studies
focus on the molecular mechanisms of glomerulosclerosis in
MCs, the causes of the podocyte foot process effacement and
GBM thickening will be important topics in our future
investigations of the FvbROP Os/þ mice. Accumulation of
mesangial matrix was easily visualized, and consistent with
the detection of substantially increased glomerular FN by
Western analysis, and collagen by Masson’s trichrome stain-
ing. The damaged glomerular barrier may explain the con-
comitant marked albuminuria in the FvbROP Os/þ mice.
Subsequent investigations of developing kidneys will allow
for determination of the point at which glomerular pathology
begins, and will show whether the alterations begin during
embryogenesis, or subsequent to birth of the animals when
the kidneys must function without assistance from the mo-
ther. Even ROP mice with 5/6 nephrectomy do not develop
the severity of glomerular disease and albuminuria observed
in the FvbROP Os/þ mice.47 The severity of albuminuria,
accompanied by rapidly progressive glomerulosclerosis sug-
gest some similarities to the congenital nephrotic syndrome
in humans,59 and excess glomerular expression of VEGF has
been associated with the development of a collapsing glo-
merulopathy.60 Future investigations should determine
whether novel podocyte proteins involved in maintaining the
barrier to filtration are significantly altered in the FvbROP
Os/þ mice, as nephrin, podocin, and CD2AP levels tested in
the studies herein were unchanged.

In summary, we report the development of a mouse model
exhibiting rapidly progressive glomerulosclerosis with
marked albuminuria, early renal failure, and early demise of
the animals carrying the Os allele. The early increases in
glomerular GLUT1 and glucose uptake likely contributed to
the severe renal disease of the FvbROP Os/þ mice. Evidence

was also presented supporting roles for VEGF, PKCb1, and
NF-kB in the pathogenesis of the renal disease in these mice.
Additional studies investigating glomerular hemodynamics,
glomerular numbers, differential gene expression, develop-
mental stages of the renal disease, and genetic analyses to
identify the inheritance of the increased susceptibility of Fvb
mice to Os will further clarify the mechanisms regulating
development of the severe renal pathology in these animals.
Investigations of the FvbROP Os/þ mouse model may allow
for detection of new and important factors regulating the
development of nondiabetic glomerulosclerosis.
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