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Changes in podocyte number or density have been
suggested to play an important role in renal disease
progression. Here, we investigated the temporal
relationship between glomerular podocyte number
and development of proteinuria and glomeruloscle-
rosis in the male Munich Wistar Fromter (MWF) rat.
We also assessed whether changes in podocyte
number affect podocyte function and focused spe-
cifically on the slit diaphragm-associated protein
nephrin. Age-matched Wistar rats were used as con-
trols. Estimation of podocyte number per glomeru-
lus was determined by digital morphometry of WT1-
positive cells. MWF rats developed moderate
hypertension, massive proteinuria, and glomerulo-
sclerosis with age. Glomerular hypertrophy was al-
ready observed at 10 weeks of age and progressively
increased thereafter. By contrast, mean podocyte
number per glomerulus was lower than normal in
young animals and further decreased with time. As
a consequence, the capillary tuft volume per podo-
cyte was more than threefold increased in older
rats. Electron microscopy showed important
changes in podocyte structure of MWF rats, with
expansion of podocyte bodies surrounding glomer-
ular filtration membrane. Glomerular nephrin ex-
pression was markedly altered in MWF rats and
inversely correlated with both podocyte loss and
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proteinuria. Our findings suggest that reduction in
podocyte number is an important determinant of
podocyte dysfunction and progressive impairment
of the glomerular permselectivity that lead to the
development of massive proteinuria and ultimately
to renal scarring. (Am J Patbol 2006, 168:42-54; DOI:
10.2353/ajpath.2006.050398)

Proteinuric nephropathies progress toward end-stage re-
nal failure independently of the primary insult. Proteinuria
is the leakage of plasma proteins into the urine due to
dysfunction of the glomerular barrier, which loses its
permselective properties. Increasing evidence suggests
that the visceral glomerular epithelial cell is a key deter-
minant in the maintenance of the permselective function
of the glomerular capillary.’® Podocytes are highly dif-
ferentiated and specialized epithelial cells anchored to
the glomerular basement membrane (GBM). Foot pro-
cesses of neighboring podocytes interdigitate each other
over the capillary wall and are bridged by the slit dia-
phragm forming the filtration barrier. The most character-
istic structural change of damaged podocytes, concom-
itant with proteinuria, consists of foot process effacement,
reorganization of actin cytoskeleton, and apical disloca-
tion of the slit diaphragm.>~® We have recently demon-
strated that in a genetic model of spontaneous glomeru-
losclerosis, the male Munich Wistar Fromter (MWF) rat,®
proteinuria paralleled redistribution of the slit diaphragm
protein zonula occludens-1 in the absence of changes in
the ultrastructure of the podocyte foot processes as mea-
sured by mean foot process width.'® Along this line, no
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statistically significant changes in the foot process width
have been described in patients with glomerulonephritis
and severe proteinuria.’" Preserved foot processes ultra-
structure was also observed in rats made proteinuric by
injection with nephritogenic doses of anti-nephrin anti-
body or with a combination of subnephritogenic doses of
anti-neph1 and anti-nephrin antibodies.'®'® These find-
ings suggest that foot process fusion is not a prerequisite
for proteinuria, but they rather indicate that altered ex-
pression or dislocation of or perturbed interaction be-
tween key components of the slit diaphragm may play a
causal role in the development of proteinuria. The mech-
anism(s) underlying the slit diaphragm reorganization re-
mains a matter for investigation.

There is increasing evidence that reduction in glomer-
ular podocyte number plays an important role in the
development of proteinuria and renal disease progres-
sion both in animals'*~'® and in humans."” 22 A positive
correlation has been clearly demonstrated between pro-
gressive podocyte depletion and the development of
glomerulosclerosis in an experimental model of nephro-
sis in the rat.' Among the glomerular structural changes,
the podocyte number per glomerulus was the strongest
predictor of long-term urinary albumin excretion and
rapid progression of the disease in patients with type I
diabetes.'®

The aims of the present study were then to investigate
the temporal relationship between glomerular podocyte
number and the development of proteinuria and glomer-
ulosclerosis in the MWF rat. We also investigated whether
possible changes in podocyte number are associated
with alteration in the expression of the slit diaphragm-
associated protein nephrin. Functional and structural ob-
servations in kidney tissue were compared with those of
Wistar rats as controls.

Materials and Methods
Study Design

Thirty-two male Wistar rats (Charles River S.p.A, Calco,
Italy) and 38 male MWF rats from our colony® were used
in this study. Wistar rats were divided in three groups:
Group 1 (n = 14) was composed of rats of 10 weeks of
age; group 2 (n = 9), at 20 weeks of age; and group 3
(n = 9), at 40 weeks of age. MWF rats were also divided
in three additional groups based on the age of the ani-
mals: 10 weeks for group 4 (n = 13), 20 weeks for group
5 (n = 13), and 40 weeks for group 6 (n = 12). At the end
of the observation period, systolic blood pressure was
measured by tail plethysmography in awake animals, and
urinary protein excretion was determined by 24-hour
urine collections and Coomassie blue G dye-binding as-
say as described previously.’® All animals were main-
tained in a temperature-controlled room regulated with a
12-hour light/dark cycle with free access to water and
food (standard rat chow containing 18.5% protein by
weight). Animal care and treatment were conducted in
conformity with the institutional guidelines that are in
compliance with national and international laws and pol-
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icies (EEC Council Directive 86/609, OJL 358, 1987; DL
n116, G.U., Suppl. 40, 18/2/1992; Circolare No.8, G.U.,
14/7/1994; Guide for the Care and Use of Laboratory
Animals, National Research Council, 1996). At sacrifice,
rats were anesthetized and opened through a mid-line
incision. Abdominal aorta was cannulated below renal
arteries with a catheter connected to a pressure trans-
ducer (Battaglia Rangoni, Bologna, ltaly). Both kidneys
were perfused with phosphate-buffered saline (PBS) at
the measured arterial pressure for 3 minutes. Then, the
right kidney was removed. Midcoronal sections were
fixed by immersion with paraformaldehyde-lysine-perio-
date (PLP; 2% paraformaldehyde, 0.075 mol/L lysine,
and 0.01 mol/L sodium periodate in 0.0375 mol/L sodium
phosphate buffer) overnight at 4°C and processed for
immunohistochemistry as detailed below. Cortex was iso-
lated from the remaining tissue and snap-frozen in liquid
nitrogen for real-time polymerase chain reaction (PCR)
analysis of nephrin and WT1 expression. The left kidney
was fixed by perfusion with 1.25% glutaraldehyde in 0.1
mol/L cacodylate buffer and removed. Midcoronal sec-
tions were postfixed in Dubosg-Brazil fluid or 2.5%
glutaraldehyde for morphological analysis by light mi-
croscopy or scanning electron microscopy (SEM),
respectively. Small pieces of kidney were postfixed in
2.5% glutaraldehyde before processing for transmission
electron microscopy (TEM).

Four to seven rats per group were used at sacrifice to
isolate glomeruli for Western blot analysis of nephrin ex-
pression. To this end, both kidneys were perfused under
controlled pressure with ice-cold PBS supplemented with
protease inhibitors. A small section was fixed in PLP for
immunohistochemistry of nephrin and WT1. Cortex was
isolated from the remaining tissue for glomeruli isolation.

Morphometric Analysis of Glomerulosclerosis

Sections (3.5 um) were stained with periodic acid-Schiff
(PAS) technique as described previously.® The presence
of sclerosis in glomerular tuft area was investigated, and
if present, its extension was determined using computer-
based morphometric analysis. Tissue sections were
examined on a Zeiss light microscope (Zeiss, Jena, Ger-
many) connected to a video camera and a computer-
based image analysis system. For each kidney section,
50 glomeruli were systematically digitized (glomeruli
were consecutively encountered by moving the micro-
scope stage with an S-shape path) using a 40X objective
and examined. For glomerular capillary sections affected
by sclerosis, the fraction of tuft volume affected by scle-
rosis was estimated by point counting using a 19 X 19
line orthogonal grid digitally overlaid on the glomerular
section image (Scion Image v. 1.62). For each glomerular
section, the number of grid points hitting the capillary tuft
and those hitting the sclerotic region were counted. Frac-
tion of glomerular tuft area affected by sclerosis was
expressed as the percent ratio between grid points in the
sclerotic area over total points in the glomerular tuft.
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Electron Microscopy (EM)

Glutaraldehyde-fixed fragments of cortical kidney tissue
from four Wistar and four MWF rats at 20 weeks were
washed repeatedly in cacodylate buffer and postfixed in
1% OsO, for 1 hour. Then specimens were dehydrated
through ascending grades of alcohol and embedded in
Epon resin. Ultrathin sections were stained with uranyl
acetate for examination using a Philips Morgagni trans-
mission electron microscope. To evaluate the density of
peripheral capillary membrane covered by podocyte
body and in direct contact with the Bowman’s space, we
used digital images of semithin sections (obtained by
photo-montage with final resolution of 4500 X 3000 pix-
els) overlaid with a bundle of straight lines intersecting in
the center of the capillary tuft. Line orientation was uni-
formly distributed with a constant angle between two
lines of 5°. The area of the vascular pole was not consid-
ered. The intersection between each line and peripheral
capillary membrane was analyzed to establish whether
capillary membrane was in direct contact with outer uri-
nary space or covered by the podocyte body. For SEM,
kidney samples were processed as for TEM until the step
of dehydration in alcohol, and then samples were dried
under vacuum and coated with atomic gold particles as
previously described.®

Immunohistochemistry of Nephrin and Wilms’
Tumor 1 (WT-1)-Positive Cells

Sections (3 um) from PLP-fixed kidney specimens were
immunostained for nephrin by indirect immunofluores-
cence with monoclonal antibody 5-1-6%* (0.1 mg/ml,
overnight at 4°C), followed by incubation with Cy3-con-
jugated F(ab’), fragment donkey anti-mouse 1gG (affinity
purified 6.5 ug/ml in PBS; Jackson ImmunoResearch
Laboratories, West Grove, PA) for 1 hour at room temper-
ature. Fluorescence was analyzed by an inverted light
microscope (IX70; Olympus Optical, Tokyo, Japan)
equipped with epifluorescence and a computer-based
image analysis system. The extent of glomerular expres-
sion of nephrin was evaluated by a blind observer.
Scores were assigned to individual glomeruli of each
section as follows: 1, signal covering 0 to 25% of the
glomerular tuft area; 2, 25 to 50%; 3, 50 to 75%; and 4, 75
to 100%. The final score per section was then calculated
as the weighted mean

[(1 X Ny) + (2 X Np) + (B3 X N3) + (4 X Ny

Snephrm - /\/1 +N2+N3+N4

where N, (i = 1 to 4) is the number of glomeruli in each
category. From 50 to 150 glomeruli in one or two sections
were randomly chosen and examined. Care was taken
not to resample the same glomeruli by moving the micro-
scope stage with an S-shape path. Negative controls,
with the secondary antibody alone, resulted in a com-
plete prevention of staining at the glomerular level.

To assess whether changes in nephrin staining were
associated with area of glomerulosclerosis, we com-
pared nephrin expression and glomerulosclerosis in the

same glomerular tuft. To this purpose, we obtained two
serial sections from PLP-fixed kidney tissue of three MWF
rats at 40 weeks. The first section was immunostained for
nephrin, and the second section was stained with PAS.
Images of 36 glomeruli randomly selected on nephrin-
immunostained sections were digitally acquired. For
each glomerular tuft imaged, the corresponding glomer-
ular section at optical microscopy using PAS-stained
sections was identified and digitized at the same final
magnification. To quantify the area density occupied by
different nephrin staining and sclerosis, we overlaid each
glomerular section with an orthogonal grid made of 20 X
20 equispaced lines. On immunostained images, the
number of grid points hitting normal nephrin staining,
fragmented, or absent were counted, and the area den-
sity of each glomerular section was calculated as per-
centage. The same grid was overlaid on the correspond-
ing PAS image, and the density of points hitting sclerotic
area or normal capillary tuft was calculated.

Glomerular podocytes were identified as WT 1-positive
cells as follows. After antigen unmasking and blocking of
nonspecific sites, sections were incubated with rabbit
polyclonal antibody to WT1 (C-19) directed against the C
terminus of WT1, a podocyte-specific marker2® (2 ug/ml
in PBS; Santa Cruz Biotechnology, Santa Cruz, CA), for 1
hour (room temperature), followed by Cy3-conjugated
goat anti-rabbit IgG (15 pg/ml in PBS; Jackson Immu-
noresearch Laboratories Inc.). After washing, sections
were incubated with fluorescein-conjugated wheat germ
agglutinin (WGA; 12.5 ug/ml in PBS; Vector Laboratories
Inc., Burlingame, CA) for 15 minutes at room tempera-
ture, then washed, and finally incubated with 4’ ,6-diami-
dine-2'-phenylindole dihydrochloride (DAPI; Boehringer,
Mannheim, Germany) for 30 minutes at 37°C. Using flu-
orescence microscopy with appropriate filters, images of
single wavelength were acquired and digitally merged. In
the merged image, podocytes were then identified and
counted. At least 15 glomerular sections were examined
in a blinded manner for each animal. In additional exper-
iments, we performed triple labeling for WT1, vimentin
(monoclonal mouse anti-vimentin clone V9; 1:300; Dako
S.p.A, Milan, ltaly), and DAPI in kidney sections from
MWF rats (n = 2 for each age) and 20-week-old Wistar
rats (n = 2) selected for having a podocyte number per
glomerulus close to the group average. Sections were
analyzed by an observer unaware of the identity of sam-
ples using a confocal laser scanning microscopy (LS 510
Meta; Zeiss). Five to nine glomeruli for each MWF group
and three for Wistar rats were randomly examined. For
each glomerulus, separate images for each marker were
acquired and digitally merged. Then, by comparing su-
perimposed images of WT1 and DAPI with those of vi-
mentin plus DAPI, we counted the number of cells posi-
tive for WT1, vimentin, or both.

Estimation of Glomerular VVolume and Number
of Podocyte/Glomerulus

Estimation of glomerular volume (Vg) was performed us-
ing a computer-based image analysis system (Mac OS



09; Apple Computer, Cupertino CA). Histological sec-
tions of fluorescein-WGA-labeled glomeruli were digi-
tized from the fluorescence microscope and stored on
696 X 520-pixel images. Exact enlargement in microme-
ters per pixel of digital images was calculated from im-
ages of a reference grid digitized at the same resolution.
The outline of the minimal polygon around the glomerular
tuft area was manually traced, and its surface area auto-
matically measured, in the same glomeruli examined for
counting WT1-positive cells in each tissue section. Mean
value of Vg was then calculated using the formula®®

Ve = (BIk)(A)*

where k = 1.1 (size distribution coefficient) and g = 1.38
(shape coefficient for spheres), which is the assumed
shape of glomeruli.®

The estimation of the average number of podocytes
per glomerulus (Np) was determined by the stereologi-
cal method of particle density proposed by Weibel.?®
Briefly, the volume density of the podocytes (Ny) in
glomerular tuft volume was estimated as N, = N,/D
where podocyte nuclear profile area density (N,) was
estimated by the ratio between the numbers of podo-
cyte nuclear profiles and the glomerular profile area in
each glomerulus. D is the average diameter of podo-
cyte nuclei that we estimated from major and minor
axes of cell nuclear sections. To calculate D, the aver-
age volume of podocyte nuclei (V) was first calculated
based on the assumption that podocyte nuclei have an
ellipsoidal shape. The average diameter of an equiva-
lent sphere having the same volume of the ellipsoid
was then determined. The mean number of podocytes
per glomerular tuft (Np) was calculated for each animal
by multiplying podocyte volume density N, in the
capillary tuft by the mean value of Vg previously
calculated.

Isolation of Glomeruli and Western Blot Analysis

Glomeruli were isolated from kidney cortices by graded
sieving as previously described,'© and the purity of prepa-
ration accounted for >90% decapsulated glomeruli. Briefly,
glomerular pellets were incubated in RIPA buffer (0.1%
sodium dodecyl sulfate, 0.5% deoxycholate, 1% Triton
X-100, 20 mmol/L HEPES [pH 7.5], and 150 mmol/L NaCl) in
the presence of protease inhibitor cocktail (Sigma-Aldrich)
and 1 mmol/L EDTA for 30 minutes. Samples were lysed on
ice by sonication and centrifuged (15,000 X g for 15 min-
utes at 4°C) to remove detergent-insoluble materials. Pro-
tein concentration was determined by BCA assay (Pierce
Chemical Co., Rockford, IL). Equal amounts of proteins
were separated on 5% sodium dodecyl! sulfate-polyacryl-
amide gel electrophoresis under reducing conditions and
transferred to polyvinylidene difluoride membranes (Bio-
Rad Laboratories, Hercules, CA). Membranes were incu-
bated overnight at 4°C with rabbit anti-rat nephrin antibody
raised against an intracellular site peptide of 21 amino
acids®” (1:2000), followed by horseradish peroxidase-con-
jugated goat anti-rabbit IgG (room temperature, 1 hour).
Bound antibodies were detected by enhanced chemilumi-
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nescence (SuperSignal, Pierce Chemical Co.). Bands were
quantified by densitometric analysis with Microscan 1.0.5
and NIH Image (v. 1.61) software.

Quantitative Real-Time PCR

Total RNA was extracted from the cortical portion of the
kidney by the guanidium isothiocyanate/cesium chlo-
ride procedure. Contaminating genomic DNA was re-
moved by incubating with RNase-free DNase (Pro-
mega, Ingelheim, Germany) for 1 hour at 37°C. The
purified RNA (1 wg) was reverse-transcribed using
random hexamer oligonucleotides and 200 U of Super-
Script Il RT (Invitrogen, San Giuliano Milanese, Italy) for
1 hour at 42°C. No enzyme was added for reverse
transcriptase-negative controls (RT™).

Real-time PCR was performed on TagMan ABI 5700
Sequence Detection System (PE Biosystems, Warrington,
UK) using heat-activated TagDNA polymerase (Amplitaq
Gold; PE Biosystems). The SYBR Green Master mix was
used according to the manufacturer’s protocol. After an
initial hold of 2 minutes at 50°C and 10 minutes at 95°C,
the samples were cycled 40 times at 95°C for 15 seconds
and 60°C for 60 seconds to reach the plateau. Fluores-
cence detection, defined as threshold cycle (Ct), is au-
tomatically selected in the exponential phase of PCR and
used for the relative quantification of the target gene. The
comparative Ct method normalizes the number of target
gene copies to a housekeeping gene as glyceraldehyde-
3-phosphate dehydrogenase (ACt). Gene expression
was then evaluated by the quantification of cDNA corre-
sponding to the target gene relative to a reference sam-
ple (10-week-old Wistar or MWF rats, AACt for WT1 and
10-week-old Wistar rats for nephrin). On the basis of
exponential amplification of target gene, 224 gives the
amount of amplified molecules at the Ct. The following
oligonucleotide primers (300 nmol/L) were used. For rat
WT1: sense, 5'-TCCGCAACCAAGGATACAGC-3’, and
antisense, 5’-CATAACTGGGTGCCCCGTC,; for rat neph-
rin: sense, 5'-GGAGGACAGGATCAGGAATGAA-3’, and
antisense, 5’-CCCGGTCCCCAGTCCA-3’; and for glyc-
eraldehyde-3-phosphate dehydrogenase: sense, 5'-
TCATCCCTGCATCCACTGGT, and antisense, 5'-CTGG-
GATGACCTTGCCCAC. All primers were obtained from
Sigma Genosys (Cambridgeshire, UK). True identity of
the amplification products was ensured by primer spec-
ificity for WT1 and nephrin rat sequences, the presence
of a single dissociation curve at a constant T ,qping, @nd
the lack of genomic DNA contamination or primer dimer
in RT™ samples.

Statistical Analysis

Results are expressed as means * SD. Values within the
same strain of rats were compared by analysis of variance
and Bonferroni test. Comparison between age-matched
Wistar and MWF rats was performed by unpaired Student’s
t-test. Values of nephrin staining in individual glomeruli were
compared by Kruskal-Wallis or Mann-Whitney test as ap-
propriate for nonparametric data. Regression analysis was
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Figure 1. Systolic blood pressure (A), proteinuria (B), and incidence of
glomerulosclerosis (C) in Wistar and MWF rats. Results are means * SD. *P <
0.01 versus Wistar rats of the same age; O, P < 0.01 versus the 10-week-old
rats within the same strain; @, P < 0.05 and @®, P < 0.01 versus the
20-week-old rats within the same strain.

performed using the simple linear regression test. Statistical
significance was defined as P < 0.05.

Results

Blood Pressure and Proteinuria

As reported in Figure 1A, systolic blood pressure was
comparable in MWF and Wistar rats at 10 weeks of
age. Moderate hypertension developed in MWF rats at
20 and 40 weeks of age, compared with age-matched
Wistar rats. In MWF rats, urinary protein excretion was
already higher than normal at 10 weeks, compared
with Wistar rats of corresponding age. Massive protein-
uria developed spontaneously with age, averaging

356 = 113 and 615 *+ 85 mg/day in animals at 20 and
40 weeks of age, respectively (Figure 1B).

Morphological and Morphometric Analysis of
Glomerular Structure

Structural changes of the glomerular tuft were first inves-
tigated by morphometric analysis to estimate the inci-
dence and the extent of glomerulosclerosis. Data are
reported in Figure 1C. In young animals 10 weeks of age,
the percentage of glomeruli affected by sclerosis was
modest and comparable between control and MWF rats.
Then the incidence of glomerulosclerosis significantly in-
creased with age in MWF rats, affecting 19 = 8 and 47 =
8% of glomeruli on average in 20- and 40-week animals,
respectively. Evaluation of glomerular volume occupied
by sclerosis in individual glomeruli showed that at 20
weeks, the majority of sclerotic glomeruli (89%) had
structural changes occupying less than 25% of the tuft
area, whereas the remaining ones were affected by scle-
rotic changes occupying between 25 and 50% of the tuft
area. At 40 weeks, the percentage of glomeruli affected
by mild sclerosis—occupying <25% of tuft area—was
reduced to 62%, and severe changes were found in 4%
of sclerotic glomeruli.

The results of glomerular volume estimation and podo-
cyte densities are reported in Figure 2. Mean Vg signifi-
cantly increased in Wistar rats from 10 to 20 weeks of
age, averaging 0.73 = 0.17 and 1.16 = 0.23 X 10° um?®,
respectively, but they did not change significantly there-
after (Figure 2A). In MWF rats, glomerular volume pro-
gressively increased with age, with a remarkable volume
increase at 40 weeks. Values of Vg in MWF rats were
significantly higher than those calculated for the control
group at same age (Figure 2A).

To estimate the podocyte number per glomerulus,
we first counted the number of cells positive for WT1.
As shown in Figure 3, A-D, WT1 was specifically local-
ized in nuclei of podocytes, appearing red, fluoresce-
in-WGA stained the glomerular tuft green, and DAPI
stained all cell nuclei blue. In the merged image, podo-
cytes are clearly identified as cells having a nucleus
stained in dark pink (Figure 3D). To validate this
method for podocyte counting, we verified whether all
glomerular cell nuclei in contact with cytoplasm ex-
pressing vimentin were also positive for WT1 staining.
Figure 3, E and F, shows a detail of representative
images of the same glomerular section from a Wistar
rat immunostained for both vimentin and WT1. All vi-
mentin-positive cells were also positive for WT1 in MWF
and Wistar rats. Relative WT1 mRNA levels in cortical
tissue from Wistar rats at 20 and 40 weeks of age were
numerically but not significantly higher than those ex-
pressed in 10-week-old animals of the same strain
(2724Ct 151 = 0.29 and 1.63 = 0.69 at 20 and 40
weeks, respectively). WT1 mRNA expression did not
change with age in MWF rats (2744 1.05 + 0.15 and
1.04 = 0.17 at 20 and 40 weeks, respectively).

Wistar rats at 10 weeks of age had 203 = 36 podo-
cytes per glomerulus, and this number did not change
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Figure 2. Glomerular tuft volume (V) (A), podocyte number per glomer-
ulus (B), and podocyte density, V;/podocyte (C) in Wistar and MWF rats.
Results are means = SD (1 = 7 to 9 rats for Wistar groups and n = 9 to 10
rats for MWF groups). *P < 0.05 and **P < 0.01 versus Wistar rats of the same
age; O, P < 0.05 and OO, P < 0.01 versus the 10-week-old rats within the
same strain; @, P < 0.05 and @@, P < 0.01 versus the 20-week-old rats within
the same strain.

significantly with age (Figure 2B). At variance, in MWF
rats at 10 weeks, mean podocyte number per glomer-
ulus averaged 162 =+ 32, a value significantly lower
than control rats at the same age. Podocyte number
further decreased with age in MWF rats. As shown in
Figure 2C, the increase in calculated glomerular vol-
ume per podocyte was remarkable along the study
period in MWF animals, reaching more than a threefold
increase over Wistar rats at 40 weeks. Linear regres-
sion analysis showed that the glomerular volume re-
lated to each podocyte in MWF rats strongly and sig-
nificantly correlated with both proteinuria (r = 0.78, P <
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0.01) and the incidence of glomerulosclerosis (r =
0.83, P < 0.01) (Figure 4).

TEM and SEM

At EM, podocytes of MWF rats at 20 weeks were struc-
turally different from those of control Wistar animals. SEM
showed that the podocyte body in MWF rats covered
most of the external capillary tuft surface, leaving less
peripheral capillary membrane in direct contact with the
urinary space (Figure 5, A and B). This observation was
confirmed by the morphometrical analysis performed on
semithin sections. We actually observed that 53 = 12%
(n = 12) of the peripheral tuft was not covered by podo-
cyte body in Wistar rats, whereas this percentage was
significantly lower (P < 0.01) in MWF rats of the same
age, averaging 37 = 14%. Similar changes were seen by
TEM in Figure 5, C and D, in which the peripheral capil-
lary loops of glomeruli from Wistar and MWF strain are
representative of the glomerular population analyzed. In
glomeruli from Wistar animal capillary loops, foot pro-
cessffiltration slits appeared almost entirely in direct con-
tact with urinary space, whereas in MWF rats, podocyte
bodies were swollen and expanded, frequently extending
around peripheral capillary loops.

Nephrin Protein and mRNA Expression

In Wistar animals, nephrin expression consisted of a lin-
ear pattern of distribution along the peripheral capillary
loop (as shown in Figure 6A), with uniform fluorescence
signal along the capillary membrane in the entire tuft
section; nephrin expression pattern did not change in
older animals (data not shown). On the contrary, in MWF
rats, nephrin staining was already altered in young ani-
mals and further changed with age. As shown in Figure 6,
B-D, protein staining was heterogeneous within glomeruli
of the same animal, with pattern changing from linear to
fragmented or punctated in focal areas of the glomerulus.
This pattern worsened with age. In older MWF rats, partial
or almost complete loss of the protein was observed. The
results of semiquantitative evaluation of nephrin expres-
sion at single glomerular level are reported in Figure 6,
E-H. In Wistar rats of 10 weeks of age, 98 = 3% of
glomeruli showed normal staining for the entire tuft (fourth
rank) (Figure 6E). Similar results were obtained in older
animals: glomeruli with immunofluorescent signal cover-
ing more than 75% of the glomerular tuft accounted for
94 = 4 and 92 * 8% in 20- and 40-week-old rats, re-
spectively. By contrast, in MWF rats, the percentage of
glomeruli grouped in the fourth rank decreased with age
from 81 = 11% at 10 weeks to 60 £ 15 and 39 * 18% at
20 and 40 weeks, respectively (Figure 6, F-H). The pro-
gressive worsening of nephrin staining was further doc-
umented by the concomitant presence of glomeruli
grouped in lower ranks (Figure 6, F-H).

The comparison of nephrin changes and extension of
sclerosis within the same glomerular tuft allowed us to
document that where nephrin staining was absent the
area was always coincident with a sclerotic area slightly
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smaller (Figure 7). Moreover, there were areas of capil-
lary tuft stained by nephrin in a fragmented pattern that
were not associated with sclerotic changes by light mi-
croscopy. In details, in an average 24% of tuft area,

nephrin was absent; in 25%, nephrin appeared frag-
mented; and in the remaining 51%, nephrin expression
was normal. In the same glomeruli, 19% of tuft area was
occupied by sclerosis, and fragmented nephrin was lo-
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Figure 4. Plot of glomerular volume per podocyte (y axis) against urinary
protein excretion (x axis) (A) and the percentage of sclerotic glomeruli (x
axis) (B) in MWF rats. In both cases, a significant positive correlation was
found.

cated in capillary tuft areas not yet sclerotic (Figure 7B).
As shown in Figure 8, B and C, linear regression analysis
showed a positive correlation between glomerular
nephrin expression and mean podocyte number per
glomerulus (r = 0.59, P < 0.01) (Figure 8A). Both
parameters inversely correlated with urinary protein
excretion (r = —0.80 and r = —0.69, for nephrin and
podocyte number, respectively; P < 0.01).

To investigate whether changes in nephrin staining
reflected changes in the amount of protein expressed in
glomeruli of MWF rats, we further analyzed nephrin ex-
pression by Western blot. As shown in Figure 9A, nephrin
from glomerular lysates of Wistar rats migrated as a dou-
blet consisting of a major band of about 180 kd and a
weak immunoband of lower molecular mass.?” Nephrin
expression significantly increased in Wistar rats from 10
to 20 weeks of age and did not change thereafter. No
significant difference was found in nephrin expression in
MWF rats from 10 to 20 weeks of age; however, the
protein significantly decreased in older animals. The den-
sity of nephrin bands was significantly lower in 20- and
40-week MWF rats in comparison with Wistar rats of the
same age (Figure 9B).

Changes in nephrin mMRNA expression paralleled those
in nephrin protein expression (Figure 9C). Relative neph-
rin mMRNA levels increased with age in Wistar rats, al-
though the difference did not reach statistical signifi-
cance. In MWF rats, nephrin mRNA slightly increased at
20 weeks, but by 40 weeks, values returned to levels fully
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comparable with those measured in 10-week-old ani-
mals. At this age, nephrin mRNA expression was signif-
icantly lower than in Wistar rats.

Discussion

The present study shows that in the male MWF rat, a
progressive reduction in the number of podocytes per
glomerulus correlated with proteinuria and preceded the
development of glomerulosclerosis. Decrease in the
podocyte number with time was paralleled by the pro-
gressive loss of the expression of slit diaphragm protein
nephrin.

Glomerular volume increased both in MWF and Wistar
rats although at a different rate. Confirming our previous
observation,?® glomerular hypertrophy had already de-
veloped by 10 weeks in MWF animals. Such early adap-
tive changes serve to achieve a higher single nephron
glomerular flow and filtration necessary to compensate
the inborn nephron deficit.?® Glomerular volume progres-
sively increased from 10 to 20 weeks of age in MWF rats
as a consequence of animal growth,?® with a similar trend
observed in Wistar rats of comparable age. However the
subsequent significant increase in glomerular volume,
which was only confined to the MWF rat, reflects a further
increase both in the number and in the volume of glomer-
ular cells, as we have previously reported for mesangial
cells.® The recent observation that alterations in podo-
cytes may contribute to glomerular volume hypertrophy in
subtotally nephrectomized rats'®3° prompted us to eval-
uate podocyte behavior in MWF rats.

Here, we estimated the number of podocytes per glo-
merulus by counting WT-1-positive cells. WT-1 is involved
in nephrogenesis, is widely expressed in glomerular pro-
genitor cells, and is restricted to the nuclei of differenti-
ated podocytes as the glomerulus matures.?® Our results
showed that in MWF rats, the podocyte number per glo-
merulus was already lower than normal at a young age
and progressively decreased with time. In some disease
conditions, as in HIV nephropathy and in collapsing focal
segmental glomerulosclerosis,®’ podocyte nuclei are
WT-1-negative as cells undergo phenotypic dysregula-
tion. Therefore, we wondered whether the reduction of
WT-1-positive cells, which we observed in the MWF rats,
represents a real loss of podocytes rather than podo-
cytes that have undergone phenotypic changes. To ex-
amine this, we concomitantly evaluated both WT-1 and
vimentin, a cytoskeletal intermediate filament protein
highly expressed in podocytes and not modulated in
various experimental models of glomerular epithelial cell
injury.®2 Double staining with vimentin and WT-1 showed
that in MWF rats, all vimentin-positive cells also ex-
pressed WT1. These data, together with the evidence
that WT-1 mRNA did not vary with age, would definitely
indicate an effective, progressive loss of podocytes in
MWF rats. Of note, the lower podocyte number in this
strain at 10 weeks could be attributed to the impaired
nephrogenesis that is due to the genetic defect, resulting
in reduced nephron number (about 50% in average) and
in superficial capillary tufts not covered by the peripheral
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Figure 5. Representative SEM (A and B; final magnification, X3000) and TEM (C and Dj final magnification, X2200) micrographs of podocyte ultrastructure in
Wistar (A and C) and MWF rats (B and D) of 20 weeks of age. Podocyte body covers most of the peripheral capillary wall surface in MWF animals (B and D).

layer of proximal tubules (as in normal animals) that is
formed during the last phase of nephrogenesis.?®33

Podocyte loss has been found to be a common feature
in both experimental and human progressive renal dis-
eases' 22 and may occur as a consequence of both
apoptosis®*3® and podocyte detachment from the
GBM.”3¢ In the latter case, podocytes may be found in
the urine.®”~2° Here, we observed a positive correlation in
MWF rats between the capillary tuft volume per podocyte
and both urinary protein excretion and incidence of glo-
merulosclerosis. The intercepts of these plots were 6.1 or
8.6 X 10% um?®, respectively, and might represent the
threshold values of glomerular volume, above which pro-
teinuria or glomerulosclerosis would be expected to oc-
cur. MWF rats at 10 weeks of age with a glomerular
volume per podocyte of 7.5 X 10° um® had urinary
protein excretion above normal but had renal morpholog-
ical changes comparable with Wistar rats. Older MWF
rats with a glomerular volume per podocyte value of 28 X
10° um® had massive proteinuria. In these animals, a
consistent fraction of the glomerular population was af-
fected by sclerosis, and this might contribute in part to
podocyte loss.

In the MWEF rat, the increase in glomerular tuft volume
and progressive reduction in number of podocytes result
in adaptive changes of the podocyte structure that may
influence permeability function of the glomerular capillary

membrane.*®*" Our present observation of podocyte ul-
trastructure at EM shows that in MWF rats, podocyte
body extends around glomerular capillary segment and
peripheral glomerular membrane. These morphological
observations were confirmed by morphometrical analysis
showing a reduction in the peripheral capillary mem-
brane directly in contact with the urinary space while the
remaining peripheral membrane is covered by podocyte
body. If the area of GBM that must be covered by single
podocytes increases, podocyte architecture must
change. The mechanism(s) through which these alter-
ations relate to proteinuria in these animals has to be
established.

In the MWF rats, the expression of nephrin was mark-
edly altered. We have specifically investigated whether
areas of capillary tuft not expressing nephrin were actu-
ally occupied by sclerosis. Direct comparisons of adja-
cent glomerular sections with nephrin immunostaining
and PAS showed that this was the case. However, we
also observed that in MWF rats, areas of glomerular tuft
that appear normal at light microscopy are characterized
by fragmentation of nephrin staining along the capillary
wall. This would suggest that structural changes of podo-
cytes are also characterized by alteration of nephrin ex-
pression before sclerosis develops. Analysis of protein
content by Western blot in glomerular lysate showed that
reduction of nephrin protein was only observed in ani-
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Figure 6. Glomerular nephrin expression. Representative images of immunostaining for nephrin in Wistar (A) and MWF rats (B: 10 weeks; C: 20 weeks; and D:
40 weeks). Final magnification, X400. E-H: Semiquantitative analysis of nephrin expression in individual glomeruli (see Materials and Methods for details). Results
are means * SD (n = 7 rats for Wistar group and 7 = 9 to 10 rats for MWF groups). *P < 0.01 versus the 10-week-old Wistar rats; O, P < 0.05 and OO, P <
0.01 versus the 10-week-old MWF rats; @, P < 0.01 versus the 20-week-old MWF rats.
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Figure 7. Immunofluorescent images of glomerular tuft immunostained for
nephrin (A—C) and the corresponding glomerular sections stained with PAS
at optical microscopy (D-E). The histogram shows the percentage of scle-
rosis (black bars) and the percentage of capillary tuft in which nephrin
staining is absent (gray bars) measured by morphometrical analysis in 36
glomerular sections from MWF rats at 40 weeks.

mals at 40 weeks of age. This suggests that early
changes in nephrin staining in the MWF rats reflect pro-
tein redistribution, whereas later reduction of nephrin ex-
pression represents an actual decrease in the podocyte
number and development of focal areas of sclerosis.
Compared with Wistar rats, MWF rats have a relative
paucity of podocytes, and on glomerular volume expan-
sion, these would be exposed to higher mechanical load-
ing due to the greater surface area of glomerular capillary
loops covered by each podocyte. It is known that me-
chanical stretch increases the synthesis of angiotensin |l
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Figure 8. Plot of podocyte number per glomerulus () axis) against the mean
score for nephrin (x axis) (A) and of proteinuria () axis) against the mean
score for nephrin (x axis) (B) and the podocyte number per glomerulus (x
axis) (C) in MWF rats. In each case, a significant correlation was found.

(All) and angiotensin type 1 receptor in cultured podo-
cytes and triggers apoptosis through All-induced TGF-
production.* Even though glomerular capillary pressure
is normal in the MWF strain,**> %% podocyte stretching
may occur as a dynamic adaptation to glomerular volume
enlargement. Local activation of the angiotensin system
in podocytes may also occur in vivo, initiating a vicious
cycle that favors the progressive loss of podocytes re-
sponsible for the impairment of the glomerular barrier.
This hypothesis is supported by the consistent observa-
tion that MWF rats are peculiarly sensitive to the reno-
protective action of All blockers.*®

In conclusion, the present study shows that the mas-
sive proteinuria that develops spontaneously with age in
male MWEF rats is associated with glomerular hypertrophy
and progressive reduction in podocyte number per glo-
merulus. Podocyte depletion positively correlates with
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Figure 9. Protein and mRNA expression of nephrin. Western blot (A) and
densitometric analysis (B) of nephrin in glomerular lysates from Wistar and
MWEF rats. Blots were probed with a rabbit anti-rat nephrin antibody raised
against an intracellular site peptide of 21 amino acids (representative of four
experiments). In Wistar rats, nephrin was detected as a doublet consisting of
a major band of about 180 kd and a weak immunoband of lower molecular
mass. Lanes 1, 3, and 5, Wistar rats; lanes 2, 4, and 6, MWF rats. Results are
means * SD (7 = 4 rats for each Wistar group and n = 4 to 7 rats for MWF
groups). *P < 0.05 and **P < 0.01 versus Wistar rats of the same age; O, P <
0.01 versus the 10-week-old rats within the same strain; @, P < 0.05 versus
the 20-week-old rats within the same strain. C: Nephrin mRNA were quan-
tified using real-time PCR in the cortical portion of the kidney from Wistar
and MWF rats. Mean ACt of 10-week-old Wistar rats was taken as reference
value to calculate 2724 values for both strains. Results are means + SD
(n =510 6 rats for each group). *P < 0.05 versus Wistar rats of the same age.

altered glomerular expression of the slit diaphragm-as-
sociated protein nephrin, suggesting that this event im-
portantly contributes to podocyte dysfunction, subse-
quent impairment of the permselective properties of the
glomerular filtration barrier and later progression to
glomerulosclerosis.
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