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Abstract

To evaluate changes during the development of proteinuria, podocyte morphology and protein
expression were evaluated in spontaneously proteinuric, Dahl salt-sensitive (Dahl SS) rats. Dahl SS
rats on a low-salt diet were compared with spontaneously hypertensive rats (SHR) at age 2, 4, 6,
8, and 10 weeks. Blood pressure, urinary protein excretion, urinary albumin excretion, and podo-
cyte morphology were evaluated. In addition, the expression of 11 podocyte-related proteins was
determined by analyzing protein and mRNA levels. In Dahl SS rats, proteinuria became evident
around week 5, increasing thereafter. SHR rats remained non-proteinuric. Dahl SS rats showed
widespread foot process effacement at 10 weeks. At 8 weeks, expression and distribution of the
podocyte proteins was similar between the two strains, except for the protein podoplanin. At 4
weeks, podoplanin began decreasing in the glomeruli of Dahl SS rats in a focal and segmental
fashion. Podoplanin loss increased progressively and correlated with albuminuria (r = 0.8, P <
0.001). Double labeling experiments revealed increased expression of the podocyte stress marker
desmin in glomerular areas where podoplanin was lost. Dahl SS rats did not show podoplanin
gene mutations or decreased mRNA expression. Thus, podocyte morphology and the expression
and distribution of most podocyte-specific proteins were normal in young Dahl SS rats, despite
marked proteinuria. Our study suggests that decreased expression of podoplanin plays a role in

the decrease of glomerular permselectivity.
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Introduction

The permselectivity of the glomerular filtration barrier restricts passage of proteins into Bowman'’s
space. Loss of permselectivity leads to proteinuria, which is common in renal diseases of diverse
origin. Proteinuria is related to the progression of renal and cardiovascular disease (1-3) Although
the details of glomerular filtration remain unknown, it is clear that the glomerular visceral epithe-
lial cell or podocyte is an important component of the glomerular filtration barrier. Damage to
podocytes is frequently involved in the pathogenesis of glomerular diseases (4).

Podocyte damage can be the result of changes in individual podocyte-associated proteins. Ex-
amples include mutations in the genes that encode nephrin, podocin, CD2AP, and a-actinin-4
(5-8). Such mutations can result in both congenital and hereditary forms of glomerular dysfunc-
tion. Podocyte damage also appears to be of pathogenic importance in acquired diseases. For ex-
ample, in diabetic nephropathy and IgA nephropathy, podocyte loss is related to disease severity
(9-11). Similarly, animal models have shown that loss of podocytes is related to the development
of proteinuria and glomerulosclerosis (12-15).

A change in podocyte morphology often accompanies proteinuria. In the normal glomerulus, the
podocyte has an arborized phenotype, and its terminal branches or foot processes cover the outer
wall of the glomerular capillaries. In proteinuric states, this morphology is typically lost as the
podocyte converts to a flatter epithelial cell, a process referred to as “foot process effacement”.
In foot process effacement, the cytoskeleton that normally supports the delicate architecture of
the foot processes is condensed at the basal side of the flattened podocytes (16).

We previously studied the mRNA and protein expression of several podocyte-associated proteins
in acquired proteinuric diseases (17). Based on the results of that study, we hypothesized that the
changes in expression of podocyte proteins represented a compensatory reaction of the podo-
cyte to the occurrence of proteinuria. Accordingly, we wanted to investigate how the expression
of podocyte-associated proteins is regulated during the development of proteinuria, and how
changes in expression are related to podocyte morphology. We studied proteins that have been
shown to be involved in congenital and hereditary nephrotic syndromes, as well as podocyte
proteins that have been studied in animal models. Among these is the glycoprotein podoplanin,
of which the expression was previously found to change in the puromycin aminonucleoside ne-
phrosis model of the rat (18). Studying human kidney biopsy samples does not allow the rigor-
ous evaluation of changes over time. In this study, we therefore used the Dahl salt-sensitive rat
(Dahl SS) proteinuric model (19) to evaluate changes in podocyte morphology and expression of

podocyte-associated proteins during the development of proteinuria.
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Materials and Methods

Animals and study design

We compared the spontaneously proteinuric Dahl SS rat strain with non-proteinuric spontane-
ous hypertensive (SHR) rats. Male Dahl SS and SHR rats were obtained from colonies at the Freie
Universitat Berlin as previously reported (19). All animals were fed a low-salt diet containing 0.2
percent NaCl by weight; on this diet, Dahl SS rats develop mild spontaneous hypertension com-
parable to SHR rats. To study changes in expression of podocyte-associated proteins during the
development of proteinuria, groups of rats (n = 5 to 8 rats per group) were studied at 2, 4, 6, 8,

and 10 weeks of age. Experiments were performed in accordance with institutional guidelines.

Urinalysis and blood pressure measurements

Urinalysis was performed in each rat. Rats that were 4 weeks of age or older were placed in
metabolic cages for a 24-hour period. In the 2-week-old rats, a urine sample was obtained by
bladder punction before the perfusion procedure described below. Urinary albumin excretion was
subsequently determined by enzyme-linked immunosorbent assay (20). Urinary protein excretion
rates were determined using the Bradford method. In rats of 6 weeks of age or older, systolic
blood pressure was determined using the tail-cuff method, as described previously (20). Three

blood pressure measurements were performed each day on two consecutive days.

Perfusion, tissue preservation and isolation of glomeruli

Rats were anesthetized using intraperitoneal injection of ketamine/xylazine. After the abdomen
was opened, the aorta was ligated below the diaphragm and both kidneys were perfused with
PBS. After clamping the vascular pole, the right kidney was removed. For electron microscopy,
small pieces of the cortex of the right kidney were immersion-fixed for 24 hours in 0.1M glutaral-
dehyde containing cacodylate and were processed according to standard procedures. For histol-
ogy and immunohistochemistry, part of the remaining right kidney was embedded in paraffin,
and the other part was snap frozen and stored at -80°C.

The left kidney was used for isolation of glomeruli. Because the standard differential sieving
method is not suitable for isolation of glomeruli in very young animals, we used the magnetic
retraction method to isolate glomeruli from all animals (21). Briefly, the left kidney was perfused
with sonicated 1.25% suspension of Fe,O, (Sigma-Aldrich Chemicals, Zwijndrecht, The Neth-
erlands) in PBS, removed, and placed in ice-cold PBS. The kidney was then cut into pieces and
pressed through a 106 pm (weeks 2 and 4) or 150 pm (weeks 6 to 10) mesh filter. The glomeruli

were isolated by holding the suspension to a magnet. The fluid was discarded, and the glomeruli
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were resuspended in fresh PBS. After repeating this procedure two times, glomeruli were pelleted

and stored at —80°C until RNA extraction.

. Real-time PCR was performed us-
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Endogenous peroxidase activity was blocked for 15 minutes in 0.1% H,0, in water. After washing

with PBS, sections were incubated with primary antibodies diluted in 1% bovine serum albumen

in PBS for 2 hours. Details regarding antibodies, fixation, and antigen retrieval are listed in Table

2. After 1 hour incubation with the secondary antibody, the slides were developed with diamino-

benzidine. Slides were counterstained with hematoxylin, dehydrated, and mounted. To minimize

variations in intensity, staining for each antibody
was performed on all sections during one session.

Podoplanin staining was evaluated on a semiquan-
titative scale: 0, normal intensity and pseudo-linear
staining pattern; 1, loss of staining <25 percent of
the glomerular surface or a granular staining pat-
tern; 2, loss of staining involving 25 to 75 percent
of the glomerular surface; and 3, loss of staining in

>75 percent of the glomerular surface.

Podoplanin and desmin were costained on paraf-
fin sections and cryosections using the appropriate
Alexa 466- and 536-conjugated secondary antibod-
ies. Staining was evaluated with a Zeiss LSM 510

confocal microscope.

For morphometric analysis of the size of the glom-
eruli and the number of podocytes, we used slides
stained for WT-1, a podocyte-specific transcription
factor that is used to identify and count podo-
cytes in tissue sections (22). Slides stained for WT-1
were evaluated with a Zeiss Axioplan microscope
equipped with a Sony DXC-950P 3CCD color cam-
era (Sony Corporation, Tokyo, Japan). Ten randomly
chosen regions of the outer glomerular cortex were
photographed at x200 magnification. The surface
area of all glomeruli in the photographs was deter-
mined using ImageJ 1.34 software (National Insti-
tutes of Health, http://rsb.info.nih.gov/ij). The num-
ber of WT-1 positive nuclei in each glomerular cross
section was counted using the same software. The
number of podocytes per glomerulus and the glo-

merular volume per podocyte were calculated from
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Table 2: Antibodies

Epitope

Reference

Secondary Antibody

Antigen retrieval Primary Antibody, dilution and source

Cryo/paraffin

Cryo
Cryo

Rabbit anti-a.3 integrin, 1:800, Chemicon cat# AB1920 Anti-rabbit Envision

a3 integrin
a-actinin-4

Anti-rabbit Envision

Rabbit polyclonal antibody 6A3, 1:4000

Anti-mouse Envision

Mouse mAb VIA4-1, 1:150, Upstate cat# 05-298

Mouse mAb clone 33, 1:750

Mouse mAb, 1:100

Citrate

Paraffin

a-dystroglycan

Desmin
Ezrin

Anti-mouse Envision, Alexa

Anti-mouse Envision

Tris/EDTA
Tris/EDTA

Paraffin/Cryo

Paraffin
Cryo

[¥s)

Anti-mouse Envision

Mouse mAb 5-1-6, 1:200
Mouse mAb 5A, 1:300

Nephrin (EC domain)

Podocalyxin

~
[T

Anti-mouse Envision
Anti-rabbit Envision

Proteinase K
Proteinase K
Proteinase K

Citrate

Paraffin
Podocin (C-terminal part) Paraffin

Podoplanin

[sa)
n

Rabbit polyclonal antibody P35, 1:3000

(54)

Anti-rabbit Envision, Alexa
Anti-mouse Envision

Rabbit polyclonal anti-rat podoplanin, 1:3000
Mouse mAb G1D4, 1:4, Progen cat# 65194

Paraffin/Cryo

Paraffin

Paraffin
Envision: DakoCytomation, Glostrup, Denmark. Cat# K4001 (anti-mouse Envision HRP) and K4003 (anti-rabbit Envision HRP); Proteinase K: DakoCytomation, Glos-

trup Denmark. Cat# $3020; Citrate: 0.1M Citrate buffer, pH 6.0; Tris/EDTA: 0.1M Tris/EDTA, pH9.0

Synaptopodin

WT-1

Anti-mouse Envision

Mouse mAb WLMO04, 1:50, Abcam cat# ab3236

Tris/EDTA




these measurements (22). Periodic acid-Schiff staining was performed to determine changes in

morphology.

UPE (mgl24n)

UAE [mg/24h)

Blood pressure (mmHg)

—— Dahl 55
“eue SHR

—=— Dahl 55
ceans GHA

O Dahl 55
. SHR

T hmmmmape

4 ) &
Animal age [weeks)

4 1 L}

Animal age (weeks)

8

L]
Animal age (weeks)

10

Sequencing

To check for genetic differences between the
Dahl SS and SHR rats, we sequenced the full-
length podoplanin ¢cDNA in a representative rat
from each strain. The sequences of the primers
used are available on request.

Laser capture microscopy

We used laser capture microscopy to determine
whether there were differences in podoplanin
mMRNA expression in glomeruli that showed a
difference in podoplanin protein expression.
Four-micron cryosections were obtained from
four 8-week-old Dahl SS rats. One section was
used for immunohistochemical staining for
podoplanin to identify glomeruli that had either
completely lost or retained podoplanin expres-
sion. The cross-section of the same glomerulus
was identified in the sequential unstained sec-
tion and isolated by laser capture microdissec-
tion using a PALM Laser-MicroBeam system
(Wolfratshausen, Germany). RNA was isolated
from the isolated glomeruli, and quantitative
measurements of the expression of podoplanin
and RhoA mRNA were performed as described
above.

Electron microscopy and immunoelectron
microscopy

Small pieces of the cortex were fixed in 1.5%
glutaraldehyde and 1% paraformaldehyde for

Figure 1. Urinary protein excretion (A), urinary albumin excretion (B) and blood pressure (C) in Dahl SS and SHR rats. As
expected, SHR rats remained non-proteinuric throughout the time course of the study. Dahl SS rats developed proteinuria and
albuminuria between 4 and 6 weeks of age (A and B). In Dahl SS rats, measurements were taken at an additional time point,
5 weeks of age, to obtain a more detailed view of the early phase of proteinuria development in these rats. Both rat strains
developed hypertension starting at week 8. At 10 weeks of age, the blood pressure of SHR rats was significantly higher than that

of Dahl SS rats (C). An asterisk indicates P < 0.05.

materials and methods > electron microscopy and immunoelectron microscopy
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Figure 2. Number of podocytes per glomerulus (A) and
glomerular volume per podocyte (B) in Dahl SS and SHR
rats. The total number of podocytes per glomerulus increased
over time in both Dahl SS and SHR rats, and remained stable
from 6 to 8 weeks onwards at 350 to 400 podocytes per
glomerulus. Although there was no difference in absolute
number of podocytes per glomerulus, the glomerular volume
per podocyte was higher in Dahl SS compared with SHR rats.
The glomerular volume per podocyte is an index used to in-
dicate the glomerular volume that one podocyte ‘serves’ and
is calculated as the mean glomerular volume divided by the
mean number of podocytes per glomerulus. This difference
was statistically significant from week 4 onward. An asterisk
indicates P < 0.05.
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24 hours and then stored in 0.1 M cacodylate
buffer with 6% sucrose. After postfixation in
1% reduced osmium in 0.1 M cacodylate buffer,
the samples were dehydrated and embedded in
EPON. Ultrathin sections were cut using a Leica
Ultracut microtome and mounted on uncoated
copper grids. Sections were contrasted with
uranyl acetate and lead citrate before evalua-
tion with a JEOL JEM-1011 electron microscope

equipped with a digital camera.

Random pictures of 2 to 3 glomeruli were taken
in two rats per group using x15,000 magnifica-
tion. Using image analysis, we determined the
extent of foot process effacement by measuring
the average foot process width, as described

previously (17).

For immunoelectron microscopy, small pieces of
the cortex from 8-week-old Dahl SS rats were
fixed in 4% paraformaldehyde in 0.1 M PBS and
stored in 0.1% paraformaldehyde in 0.1 M PBS.
Immunogold labeling was performed on ultra-

thin frozen sections as described previously (18).

Statistical analysis

Data are reported as the mean + SD. Analysis
of variance with a Least Significant Difference
posthoc correction was used to test for differ-
ences between groups. Correlations were tested
using Pearson’s or Spearman’s tests, where ap-

propriate. P < 0.05 was considered significant.



Results

Proteinuria and blood pressure

Starting at 4 weeks, proteinuria was increasingly evident in Dahl SS rats. As expected, SHR rats
remained non-proteinuric throughout the time course of the study (Figure 1, A and B). Both rats
developed hypertension starting at the age of 8 weeks (Figure 1C). The blood pressure of the 10-
week old SHR rats was significantly higher than that of Dahl SS rats of the same age (P < 0.05).

Glomerular volume, podocyte number, and light microscopy

The number of podocytes per glomerulus, as determined using WT-1 staining, was not different
between the two rat strains (Figure 2A). The glomerular volume was higher in Dahl SS rats than
in SHR rats. The glomerular volume per podocyte (22) was also higher in Dahl SS rats (Figure 2B);

this difference was statistically significant from 4 weeks of age onwards. Fibrotic changes in glom-

]

o) " eruli orin the interstitium were not observed at

,',i"* o : I.-.
-~ ‘_qiﬂ* pd - ? ) )
), S w any time point.

Electron microscopy

Throughout the first 8 weeks of life, both the
Dahl SS and the SHR rats generally showed nor-
mal ultrastructural glomerular morphology. In
6- and 8-week-old Dahl SS rats, subtle coarsen-
ing of the foot processes was occasionally seen,
together with protein droplets in the podocyte
cell bodies and major processes (Figure 3A).
Figure 3. Electron microscopy of podocytes in Dahl SS and
SHR rats (A) and evaluation of the mean foot process width
(B). In 4-week-old Dahl SS rats (A, top panel), the podocyte
ultrastructure was normal, showing regularly spaced foot pro-
cesses. Occasionally, protein droplets were observed in podocyte
major processes and cell bodies (arrowheads). At 8 weeks, sub-
tle coarsening of the foot processes was observed sporadically in
B = . Dahl SS rats (A, second panel). At 10 weeks of age, widespread

foot process effacement was observed in segmental areas of the
glomerulus, with condensation of the actin cytoskeleton at the

£ basal site of the effaced processes (arrow). Microvillous transfor-
% o mation of podocytes was observed frequently at this time point.
g‘ In contrast, the podocytes of SHR rats had normal ultrastructure
3 . throughout the time course studied (A, bottom panel). Original

magnification: x 15,000. Quantification of the mean foot pro-
cess width showed significant effacement only in the 10-week-
H H : H I old Dahl SS rats (B). An asterisk indicates P < 0.05.

Animal age (weeks)
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Ten-week-old Dahl SS rats showed more widespread foot process effacement. Quantification of
the mean foot process width underscored the normal ultrastructure of the podocyte in the first
8 weeks of life (Figure 3B). Detachment of podocytes from the glomerular basement membrane
was not seen at any time point, and alterations in the glomerular basement membrane morphol-
ogy were not observed.

Protein expression

Immunohistochemistry showed that expression of a.3-integrin, a-actinin-4, a-dystroglycan, ezrin,
podocalyxin, podocin, and synaptopodin, was similar at all time points in both rat strains (Figure
4). Expression of the nephrin protein showed a normal pseudo-linear staining pattern throughout

the first 8 weeks of life; however, by 10 weeks of age, expression became more granular in a

Figure 4. Immunohistochemistry of podocyte proteins. Despite marked proteinuria, 10-week-old Dahl SS rats showed normal
expression of a-actinin-4, a3 integrin, a-dystroglycan, ezrin, nephrin, podocin, podocalyxin, synaptopodin, and WT1. Original
magnification: x 400.
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Figure 6. Loss of podoplanin protein expression was determined using a semiquantitative method. The loss of podoplanin
protein staining in Dahl SS samples was statistically significant from week 4 onward (A). The extent of loss of podoplanin expres-
sion was positively correlated with urinary albumin excretion rates (r = 0.8, P < 0.001) B: In contrast, there was a slight but
significant increase in podoplanin mRNA expression levels in Dahl SS rats compared with SHR rats at weeks 4 to 10 (C). Nephrin
mRNA expression was increased only in 10-week-old Dahl SS rats (D). An asterisk indicates P < 0.05.

focal and segmental fashion in Dahl SS rats (Figure 5C). In contrast to all other proteins studied,
and only in Dahl SS rats, expression of the podoplanin protein decreased in a focal and segmental
fashion. The decrease in podoplanin expression started as early as week 4 and increased with age
(Figure 5A and Figure 6A). There was a strong correlation between development of albuminuria
and loss of podoplanin protein expression (r = 0.8, P < 0.001, Figure 6B). The loss of podoplanin
protein expression was not related to changes in glomerular morphology, and did not coincide
with changes in expression of other podocyte-associated proteins (Figure 5B). Podoplanin expres-
sion in endothelial cells in intrarenal lymphatic vessels was not diminished.

Expression of the intermediate filament desmin can be used as a marker of podocyte stress or
damage in rat podocytes. Indeed, we found an increase in desmin protein expression during the
time course (Figure 5A). When desmin and podoplanin were costained, we found that desmin
expression was absent in glomeruli that retained podoplanin expression. In contrast, segmental
loss of podoplanin was mirrored by an increase in desmin expression in that particular segment
(Figure 7). Desmin expression seemed to lag behind podoplanin loss.
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MRNA expression

We also investigated the expression of 14 podocyte-expressed genes at the mRNA level (Table 1),
revealing varied expression patterns. In both strains, the expression of podocyte-specific genes
was lowest at the early time points. At 4 weeks of age, the podoplanin and ezrin genes were
more highly expressed in Dahl SS than in SHR rats. From 4 to 10 weeks, the podoplanin mRNA
expression levels were significantly increased in Dahl SS rats compared with SHR rats (Figure 6C),
mirroring the decreased podoplanin protein expression in Dahl SS at these time points (Figure
5A). Other genes (NEPH-1, podocin, synaptopodin, a-actinin-4) showed late up-regulation (at 8
to 10 weeks) of MRNA expression in Dahl SS rats as compared with SHR rats.

Only at 10 weeks were nephrin mRNA expression levels significantly elevated in Dahl SS rats
compared with SHR rats (P < 0.05, Figure 6D), again mirroring the nephrin protein staining results
in Dahl SS rats at this time point (Figure 5C). Despite marked proteinuria, the pivotal podocyte

protein transcription factor WT-1 was not differentially regulated (data not shown).

Sequencing and laser capture microdissection

Sequencing the full-length podoplanin ¢cDNA in a representative Dahl SS and SHR rat did not
reveal mutations in the Dahl SS podoplanin gene. There was no difference in podoplanin mRNA
expression in glomeruli that had completely lost podoplanin protein expression versus those that
had retained normal podoplanin expression (Figure 8). Podoplanin has been linked to the activ-
ity of the small GTPase RhoA (23) so we evaluated whether such a link existed in glomeruli. We
found that RhoA mRNA levels were increased in sections of glomeruli that lacked podoplanin

expression (Figure 8), although this did not reach statistical significance.

Immunoelectron microscopy
Immunogold labeling of podoplanin in 8-week-old Dahl SS rats revealed that podoplanin was
extensively expressed in areas that showed no foot process effacement. Conversely, foot process

effacement was accompanied by a loss of podoplanin expression (Figure 9).

Discussion

In this study, spontaneous development of proteinuria in Dahl SS rats preceded changes in podo-
cyte morphology and changes in expression of most of the observed podocyte-specific proteins.
In contrast, focal and segmental loss of the podoplanin protein accompanied proteinuria. The

early loss of podoplanin expression did not coincide with changes in the expression of other
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Figure 7. Podoplanin (red) and desmin (green) were
costained in kidney sections from 8-week-old Dahl SS rats.
Normal glomeruli show desmin expression in renal blood ves-
sels and glomerular mesangium and podoplanin expression
in podocytes. Desmin and podoplanin did not colocalize (A).
In glomeruli that showed segmental loss of podoplanin ex-
pression, increased desmin expression was observed in the
podoplanin-negative areas (B). Original magnification: x 630.
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Figure 8. Podoplanin mRNA expression in podoplanin
positive and negative glomeruli. In 8-week-old Dahl SS rats,
podoplanin mRNA expression was not different in glomeruli
that showed extensive loss of podoplanin protein (ppl) ex-
pression compared with glomeruli that had retained podo-
planin expression. RhoA mRNA expression was higher in
glomeruli that no longer expressed the podoplanin protein,
although this difference did not reach statistical significance.
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Figure 9. Immunogold electron microscopic analysis of
podoplanin labeling in 8-week-old Dahl SS rats. Podo-
planin labeling was most prominent in glomerular areas that
showed no foot process effacement (A). Podoplanin labeling
was weak or absent in areas in which foot process effacement
was observed (B).
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podocyte proteins and could not be explained
by mutations in the podoplanin gene or by de-
creased transcription.

Proteinuria is an important risk factor for the
progression of renal disease (1,2), and under-
standing its pathogenesis may help reduce the
burden of chronic renal disease. Elucidation of
the molecular basis of congenital and hereditary
proteinuric diseases has contributed significantly
to our understanding of glomerular function in
health and disease. We previously studied the
expression of podocyte-associated proteins in
human acquired proteinuric diseases, and found
that the mRNA expression of these was up-
regulated, whereas the protein expression was
down-regulated. These changes correlated with
the extent of foot process effacement. Based on
these results, we hypothesized that the changes
in expression represented a compensatory reac-
tion of the podocyte to damage (17). In the cur-
rent study, we used a rat model to determine
how the observed changes may have developed

over time.

Proteinuria is often, but not always, accompa-
nied by podocyte foot process effacement. A
remarkable finding in the current study was that
foot process effacement early after the devel-
opment of proteinuria was subtle, and the dif-
ference in mean foot process width between
SHR and Dahl SS rats only became statistically
significant at 10 weeks of age. There are several
reports in the literature that support this tempo-
ral uncoupling of proteinuria and foot process
effacement: similar observations were made in
young proteinuric Dahl SS rats (19), and in other
spontaneous proteinuric rat strains (24) as well
as in experimental models (25,26). Some reports



have indicated that in humans, the extent of foot process effacement is not related to the severity
of proteinuria (27,28). Others have reported patients and families with nephrotic syndromes that

did not show foot process effacement (29-31).

Our observations in the spontaneously proteinuric rat model studied here are in agreement with
the pattern we found in humans in which the mRNA expression levels of several podocyte pro-
teins were up-regulated during the development of proteinuria. For example, only at time points
at which proteinuria was present in combination with more widespread foot process effacement
(ie, at week 10) changes in nephrin protein expression were seen, paralleled by increased nephrin
MRNA expression levels (Figures 5C and 6D). Although the etiology of proteinuria in the Dahl
SS rat is probably different from that in human disease, these findings support the hypothesis
that changes in nephrin expression are secondary to proteinuria development and foot process

effacement.

In remarkable contrast to the general pattern of most of the podocyte-associated proteins stud-
ied, the glycoprotein podoplanin showed changes in expression with a clear temporal relation-
ship to the development of proteinuria. Increasing loss of glomerular podoplanin expression was
highly correlated with urinary albumin excretion (r = 0.8, P < 0.001, Figure 6B). Observation of
rats up to 6 weeks of age showed that the onset of decreased glomerular podoplanin expression
preceded detectable morphological alterations in the podocytes. At later time points (from 8
weeks onwards), when proteinuria had already progressed appreciably, immunoelectron micros-
copy showed that foot process effacement coincided with the loss of podoplanin; in contrast,
areas in which podoplanin expression was retained showed normal ultrastructural morphology
(Figure 9). The semiquantitative nature of the immunoelectron microscopy experiments did not
allow us to draw conclusions with regard to more subtle changes in podoplanin expression in
areas without foot process effacement. The expression of the slit diaphragm-associated proteins
nephrin and podocin appeared unchanged up until weeks 8 (nephrin) and 10 (podocin) of age
and was not related to the expression of podoplanin (Figure 5), suggesting that loss of podo-

planin expression was not related to changes in the slit diaphragm.

Expression of podoplanin in the glomerulus was first reported by Breiteneder-Geleff et al, who
described a 43-kDa glycoprotein that was specifically down-regulated in puromycin aminonucle-
oside nephrosis in the rat (18). Since down-regulation of this protein was related to foot process
effacement, it was named podoplanin. The relationship between foot process effacement and
podoplanin expression was further substantiated by the observation that injection of antibodies
directed against a specific podoplanin epitope caused reversible proteinuria and foot process
effacement, but only if divalent IgG antibodies were used (32). Homologs of podoplanin (T1-,

P2.26, and E-11) are expressed in other cell types, including type | alveolar cells in the lung, ke-
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ratinocytes, and osteoblasts (33-35). In recent years, podoplanin has received more interest as a

marker of lymphatic endothelial cells (36) and various tumors (37).

The mechanism underlying the involvement of podoplanin in glomerular pathology has remained
unclear. In the current study, we found that focal and segmental loss of podoplanin protein co-
incided with the occurrence of proteinuria. The down-regulation of podoplanin at the protein
level in Dahl SS rats could not be explained by decreased mRNA expression, which was actually
increased during the development of proteinuria compared with non-proteinuric SHR rats. In
addition, sequencing of the full-length Dahl SS podoplanin cDNA did not reveal any differences
between Dahl SS and SHR rats that could explain the down-regulation of podoplanin protein in
Dahl SS rats.

Although the exact extra- and intracellular interactions of podoplanin are currently unknown,
several studies have indicated that podoplanin is involved in cell motility and actin cytoskeleton
modeling. Ectopic expression of podoplanin in cultured cells increases the formation of cell ex-
tensions as well as increasing cell adhesiveness and migration (38,39). Furthermore, podoplanin
expression in MCF7 cells induces filopodia formation, loss of stress fibers, and relocalization of
actin to the newly formed filopodia; relocalization is mediated by inhibition of RhoA (23). Stud-
ies indicate that podoplanin and ezrin colocalize in subcellular compartments (23,39), and one
study found that podoplanin and ezrin could be coimmunoprecipitated (39). Although the details
of the interaction remain to be elucidated, these studies suggest a role for podoplanin in actin
cytoskeleton modeling. In our study, ezrin did not show an altered expression pattern. However,

immunohistochemical staining may not detect protein modifications such as phosphorylation.

How could down-regulation of this protein with actin-modeling properties relate to the devel-
opment of proteinuria? The temporal relationship between podoplanin down-regulation and
development of proteinuria does not necessarily imply a causal involvement of podoplanin dys-
regulation in the pathogenesis of proteinuria. However, in the current model, because no marked
regulation of the expression of other podocyte proteins has been observed, it is most likely that
podoplanin expression is specifically regulated. In puromycin aminonucleoside nephrosis in the
rat, podoplanin is also down-regulated (18). This suggests that either down-regulation of podo-
planin causes proteinuria, or that the expression of podoplanin is actively down-regulated by the
podocyte in response to proteinuria. Until now, it has not been possible to study the effect of the
absence of podoplanin in glomeruli, since podoplanin knockout mice have an embryonic lethal
phenotype (38). However, injection of divalent anti-podoplanin IgG antibodies in rats induces
rapid foot process effacement and proteinuria (32), indicating that changes in podoplanin can
indeed be the initial step in the development of proteinuria. We recently found that podoplanin
protein expression is also selectively lost in proteinuric Munich Wistar Fromter rats (40). This may

indicate that loss of podoplanin is a more general phenomenon in proteinuria in rats.

chapter 3



It has been suggested that foot process effacement and formation of stress fibers are reactions
of the podocyte to prevent dilation of capillaries and further leakage of proteins (41). Recently,
Morigi et al showed that following protein load, podocytes reorganize their cytoskeleton in a
RhoA-dependent manner (42). Similarly, Zhang et al reported that complement-mediated injury
of cultured podocytes increases RhoA activity, resulting in a change in cellular morphology that
mimics foot process effacement (43). Thus, the events that take place during foot process ef-
facement (ie, stress fiber formation and foot process effacement in a RhoA-dependent fashion)
seem to be the reverse of those brought about by the actin remodeling properties of podoplanin
(prevention of stress fiber formation, filopodia formation, and RhoA inhibition). The loss of podo-
planin we observed thus suggests a scenario in which the podocyte actively remodels its shape
and down-regulates proteins, including podoplanin, which normally would promote foot process
formation. Indeed, we found that RhoA mRNA levels were up-regulated in microdissected glom-
eruli that showed a loss of podoplanin protein expression compared with those that had retained
podoplanin (Figure 8).

The extracellular domain of podoplanin is presumably negatively charged (32). Given the pre-
dominant localization on the apical membrane of the foot processes, it has been suggested that
podoplanin may have a function comparable to that of podocalyxin, another negatively charged
protein that is thought to serve as a spacer molecule between adjacent foot processes (32,44).
Loss of podocalyxin is associated with foot process effacement (45), and it could be hypothesized

that loss of podoplanin has similar consequences.

As the name implies, the Dahl SS rat is known for developing severe hypertension when raised
on a high-salt diet. The development of hypertension is delayed and diminished when the rats
are fed a low-salt diet, as in the current study. Although development of hypertension aggra-
vates the rate of disease progression, several lines of evidence suggest that the development of
proteinuria is uncoupled from the development of hypertension. First, proteinuria in Dahl SS rats
develops before the onset of hypertension (46), starting from about 4 weeks of age. Furthermore,
micropuncture experiments indicate that proteinuria is not explained by increased intraglomerular
pressure (46). From a genetic point of view, development of proteinuria is independent of the
development of hypertension (19,47). Recently, Nagase et al reported that in Dahl SS rats, podo-
cytes are injured only on salt loading, as judged by de novo expression of desmin and B7-1 and
down-regulation of nephrin protein expression (48). The authors suggested that podocyte injury
might underlie the development of proteinuria in these rats. We, too, observed desmin expres-
sion in the podocytes of Dahl SS rats in the absence of salt loading, most notably in glomerular
segments that showed a loss of podoplanin protein expression. However, this does not necessarily
implicate podocyte damage as the cause of proteinuria in the Dahl SS rat. Desmin protein expres-
sion may also reflect other injury, such as increased mechanical strain as a result of the increased
glomerular volume covered per podocyte (14). Furthermore, increased protein trafficking through
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the glomerular filtration barrier may itself be harmful for podocytes and may promote expression

of podocyte stress markers (42,49,50).

In conclusion, we found that in the spontaneously proteinuric Dahl SS rat, significant proteinuria

was detected several weeks before widespread changes in podocyte morphology were observed.

Moreover, segmental loss of podoplanin protein expression accompanied proteinuria and pre-

ceded widespread podocyte alterations.
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