
Cardiovascular, Pulmonary and Renal Pathology

Selective Loss of Podoplanin Protein Expression
Accompanies Proteinuria and Precedes Alterations
in Podocyte Morphology in a Spontaneous
Proteinuric Rat Model

Klaas Koop,* Michael Eikmans,†

Markus Wehland,‡ Hans Baelde,*
Daphne Ijpelaar,* Reinhold Kreutz,‡

Hiroshi Kawachi,§ Dontscho Kerjaschki,¶

Emile de Heer,* and Jan Anthonie Bruijn*
From the Departments of Pathology* and Immunohematology

and Blood Transfusion,† Leiden University Medical Center,

Leiden, The Netherlands; the Department of Clinical

Pharmacology and Toxicology,‡ Charité Universitätsmedizin
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To evaluate changes during the development of pro-
teinuria, podocyte morphology and protein expres-
sion were evaluated in spontaneously proteinuric,
Dahl salt-sensitive (Dahl SS) rats. Dahl SS rats on a
low-salt diet were compared with spontaneously hy-
pertensive rats (SHR) at age 2, 4, 6, 8, and 10 weeks.
Blood pressure, urinary protein excretion, urinary
albumin excretion, and podocyte 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 podo-
cyte proteins was similar between the two strains,
except for the protein podoplanin. At 4 weeks, podo-
planin began decreasing in the glomeruli of Dahl SS
rats in a focal and segmental fashion. Podoplanin loss
increased progressively and correlated with albumin-
uria (r � 0.8, P < 0.001). Double labeling experiments
revealed increased expression of the podocyte stress
marker desmin in glomerular areas where podopla-
nin was lost. Dahl SS rats did not show podoplanin
gene mutations or decreased mRNA expression. Thus,

podocyte morphology and the expression and distri-
bution of most podocyte-specific proteins were nor-
mal in young Dahl SS rats, despite marked protein-
uria. Our study suggests that decreased expression of
podoplanin plays a role in the decrease of glomerular
permselectivity. (Am J Pathol 2008, 173:315–326; DOI:
10.2353/ajpath.2008.080063)

The permselectivity of the glomerular filtration barrier re-
stricts 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 un-
known, it is clear that the glomerular visceral epithelial
cell or podocyte is an important component of the glo-
merular filtration barrier. Damage to podocytes is fre-
quently involved in the pathogenesis of glomerular
diseases.4

Podocyte damage can be the result of changes in
individual podocyte-associated proteins. Examples in-
clude mutations in the genes that encode nephrin, podo-
cin, CD2AP, and �-actinin-4.5–8 Such mutations can re-
sult in both congenital and hereditary forms of glomerular
dysfunction. 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 Simi-
larly, 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 capillar-
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ies. 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 nor-
mally supports the delicate architecture of the foot
processes is condensed at the basal side of the flat-
tened podocytes.16

We previously studied the mRNA and protein expres-
sion 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 podo-
cyte proteins represented a compensatory reaction of the
podocyte to the occurrence of proteinuria. Accordingly,
we wanted to investigate how the expression of podo-
cyte-associated proteins is regulated during the devel-
opment 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 ex-
pression was previously found to change in the puromy-
cin aminonucleoside nephrosis model of the rat.18 Study-
ing human kidney biopsy samples does not allow the
rigorous evaluation of changes over time. In this study,
we therefore used the Dahl salt-sensitive rat (Dahl SS)
proteinuric model19 to evaluate changes in podocyte
morphology and expression of podocyte-associated pro-
teins during the development of proteinuria.

Materials and Methods

Animals and Study Design

We compared the spontaneously proteinuric Dahl SS rat
strain with non-proteinuric spontaneous hypertensive
(SHR) rats. Male Dahl SS and SHR rats were obtained
from colonies at the Freie Universität Berlin as previously
reported.19 All animals were fed a low-salt diet containing
0.2% NaCl by weight; on this diet, Dahl SS rats develop
mild spontaneous hypertension comparable 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 immu-
nosorbent 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 micros-
copy, small pieces of the cortex of the right kidney were
immersion-fixed for 24 hours in 0.1M glutaraldehyde con-
taining cacodylate and were processed according to
standard procedures. For histology and immunohisto-
chemistry, part of the remaining right kidney was embed-
ded 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 glo-
meruli from all animals.21 Briefly, the left kidney was per-
fused with sonicated 1.25% suspension of Fe3O4 (Sigma-
Aldrich Chemicals, Zwijndrecht, The Netherlands) in
PBS, removed, and placed in ice-cold PBS. The kidney
was then cut into pieces and pressed through a 106-�m
(weeks 2 and 4) or 150-�m (weeks 6 to 10) mesh filter.
The glomeruli were isolated by holding the suspension to
a magnet. The fluid was discarded, and the glomeruli
were resuspended in fresh PBS. After repeating this pro-
cedure two times, glomeruli were pelleted and stored at
�80°C until RNA extraction.

RNA isolation, cDNA Synthesis, and Real-Time
PCR

RNA was isolated from the glomeruli using the TRIzol
(Invitrogen) method. Total RNA (0.5 �g) was reverse
transcribed into cDNA using Avian Myeloblastosis Virus
reverse transcriptase (Roche Diagnostics).

Primers (Isogen Bioscience) for 14 podocyte-ex-
pressed genes were designed using BeaconDesigner
4.0 software (PREMIER Biosoft International). To prevent
genomic contamination, all primers, except those for the
synaptopodin gene that contains only one exon, were
chosen to span at least one splice-site. Primers se-
quences are listed in Table 1. Real-time PCR was per-
formed using an iCycler real-time PCR machine with
iCyclerIQ 3.1 software (Bio-Rad laboratories). Sybrgreen
was used as the fluorescent dye. The mean expression
levels of three housekeeping genes (Hmbs, Tbp, and
Hprt) were used to correct for variations in the quantity of
input cDNA.

Immunohistochemistry, Immunofluorescence,
and Morphometrics

Three-micron paraffin sections were deparaffinized, re-
hydrated, and used for immunostaining after appropriate
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antigen retrieval procedures. Three-micron cryosections
were used untreated or after fixation with acetone/ethanol
for 5 minutes and 100% ethanol for 10 minutes.

Endogenous peroxidase activity was blocked for 15
minutes in 0.1% H2O2 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 second-
ary antibody, the slides were developed with diamino-
benzidine. Slides were counterstained with hematoxylin,

dehydrated, and mounted. To minimize variations in in-
tensity, staining for each antibody was performed on all
sections during one session.

Podoplanin staining was evaluated on a semiquantita-
tive scale: 0, normal intensity and pseudo-linear staining
pattern; 1, loss of staining �25% of the glomerular sur-
face or a granular staining pattern; 2, loss of staining
involving 25 to 75% of the glomerular surface; and 3, loss
of staining in �75% of the glomerular surface.

Podoplanin and desmin were costained on paraffin
sections and cryosections using the appropriate Alexa

Table 1. Primers

Name Symbol
mRNA

sequence Forward Reverse
Amplicon

size

Actinin alpha 4 Actn4 NM_031675 5�-GGCTATGAAGAATGGCTGCTGAATG-3� 5�-AGGGTGGCTGTCTCGTAGTCC-3� 151
CD2-associated

protein
Cd2ap NM_181475 5�-TCCAGCGAATCAGCACCTACG-3� 5�-CACTCCACCAGCCTTCTTCTACC-3� 197

Dystroglycan Dag1 XM_343483 5�-GATGGCACGGCTGTTGTTGG-3� 5�-GCACTCACTGAGATGTAATGGACAC-3� 199
Ezrin Vil2 NM_019357 5�-CTGGACGACCGTAACGAGGAG-3� 5�-CTTGCCGCATGTTCTCATTGTG-3� 156
Glepp1 Ptpro NM_017336 5�-TGGATGGTCGTGGCAGAAGG-3� 5�-TGGAGGCAGGCTAAGGATGG-3� 107
Hsp-27 Hspb1 NM_031970 5�-AAGGAAGGCGTGGTGGAGATC-3� 5�-ACCTGGAGGGAGCGTGTATTTC-3� 101
Megalin Lrp2 NM_030827 5�-CACGACCGCTGCTTACAACTG-3� 5�-GATGGCATGGCACCGATTCAC-3� 128
Neph1 Kirrel1 NM_207606 5�-GGATGGCGGTAAGGTGGAGTG-3� 5�-CGTTATTGATGGTGAGAGTGGACAG-3� 163
Nephrin Nphs1 NM_022628 5�-CGTCAGCATCAGCAGCAACC-3� 5�-AGCCACATCTTCCAGCCTCTC-3� 72
Podocalyxin Podxl NM_138848 5�-GGCTGTGTTTGAACTGCTGAAGG-3� 5�-ACGATGGTGATGATGAGAGGAAGG-3� 135
Podocin Nphs2 NM_130828 5�-TGGACTCAGTGACCTGTGTTTGG-3� 5�-CAGCAATCACCCGCACTTTGG-3� 138
Podoplanin Pdpn NM_019358 5�-CCAGCCACTCCACGGACAAG-3� 5�-GGGTCACTACAGCCAAGCCATC-3� 101
Ras homolog gene

family, member A
Rhoa NM_057132 5�-GCACACAAGGCGGGAGTTAG-3� 5�-CGTCTTTGGTCTTTGCTGAACAC-3� 121

Synaptopodin Synpo NM_021695 5�-AGCCTAAGGTGACGCCGAATC-3� 5�-TCTCTGCCTCCGCTTCTCATC-3� 70
Wilms tumor 1 Wt1 NM_031534 5�-TGTGACTTCAAGGACTGCGAGAG-3� 5�-GGTGTGGGTCTTCAGGTGGTC-3� 143
Hypoxanthine

guanine
phosphoribosyl
transferase

Hprt NM_012583 5�-GGCTATAAGTTCTTTGCTGACCTG-3� 5�-AACTTTTATGTCCCCCGTTGA-3� 138

TATA box binding
protein

Tbp NM_001004198 5�-ACCGTGAATCTTGGCTGTAAACTTG-3� 5�-GCAGTTGTTCGTGGCTCTCTTATTC-3� 122

Hydroxymethylbilane
synthase

Hmbs NM_013168 5�-TGAAGGATGTGCCTACCATACTACC-3� 5�-GCAAGGTTTCCAGGGTCTTTCC-3� 123

Table 2. Antibodies

Epitope Cryo/paraffin
Antigen
retrieval

Primary antibody, dilution,
and source Secondary antibody Reference

�3 integrin Cryo None Rabbit anti-�3 integrin, 1:800,
Chemicon cat# AB1920

Anti-rabbit Envision*

�-actinin-4 Cryo None Rabbit polyclonal antibody
6A3, 1:4000

Anti-rabbit Envision 8

�-dystroglycan Paraffin Citrate† Mouse mAb VIA4-1, 1:150,
Upstate cat# 05-298

Anti-mouse Envision

Desmin Paraffin/cryo Tris/EDTA‡ Mouse mAb clone 33, 1:750 Anti-mouse Envision,
Alexa

Ezrin Paraffin Tris/EDTA Mouse mAb, 1:100 Anti-mouse Envision
Nephrin

(extra-cellular domain)
Cryo None Mouse mAb 5-1-6, 1:200 Anti-mouse Envision 51

Podocalyxin Paraffin Proteinase K§ Mouse mAb 5A, 1:300 Anti-mouse Envision 52
Podocin

(C-terminal part)
Paraffin Proteinase K Rabbit polyclonal antibody

P35, 1:3000
Anti-rabbit Envision 53

Podoplanin Paraffin/cryo Proteinase K Rabbit polyclonal anti-rat
podoplanin, 1:3000

Anti-rabbit Envision,
Alexa

54

Synaptopodin Paraffin Citrate Mouse mAb G1D4, 1:4,
Progen cat# 65194

Anti-mouse Envision

Wilms tumor 1 Paraffin Tris/EDTA Mouse mAb WLM04, 1:50,
Abcam cat# ab3236

Anti-mouse Envision

*Envision: DakoCytomation, Glostrup, Denmark, Cat# K4001 (anti-mouse Envision HRP) and K4003 (anti-rabbit Envision HRP).
†Citrate: 0.1 mol/L citrate buffer, pH 6.0.
‡Tris/EDTA: 0.1 mol/L Tris/EDTA, pH 9.0
§Proteinase K: DakoCytomation, Glostrup Denmark, Cat# S3020.
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466- and 536-conjugated secondary antibodies. Stain-
ing was evaluated with a Zeiss LSM 510 confocal
microscope.

For morphometric analysis of the size of the glomeruli
and the number of podocytes, we used slides stained for
WT-1, a podocyte-specific transcription factor that is
used to identify and count podocytes in tissue sections.22

Slides stained for WT-1 were evaluated with a Zeiss Ax-
ioplan microscope equipped with a Sony DXC-950P
3CCD color camera (Sony Corporation, Tokyo, Japan).
Ten randomly chosen regions of the outer glomerular
cortex were photographed at �200 magnification. The
surface area of all glomeruli in the photographs was
determined using ImageJ 1.34 software (National Insti-
tutes of Health, http://rsb.info.nih.gov/ij). The number of
WT-1 positive nuclei in each glomerular cross section
was counted using the same software. The number of
podocytes per glomerulus and the glomerular volume per
podocyte were calculated from these measurements.22

Periodic acid-Schiff staining was performed to deter-
mine changes in morphology.

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 se-
quences of the primers used are available on request.

Laser Capture Microscopy

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

Electron Microscopy and Immunoelectron
Microscopy

Small pieces of the cortex were fixed in 1.5% glutaralde-
hyde and 1% paraformaldehyde for 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. Sec-
tions were contrasted with uranyl acetate and lead citrate

before evaluation with a JEOL JEM-1011 electron micro-
scope equipped with a digital camera.

Random pictures of 2 to 3 glomeruli were taken in two
rats per group using �15,000 magnification. Using im-
age 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% para-
formaldehyde in 0.1 M PBS. Immunogold labeling was
performed on ultrathin 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 differences between groups. Correlations
were tested using Pearson’s or Spearman’s tests, where
appropriate. 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 (Fig-
ure 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 deter-
mined 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 podocyte22 was also higher in
Dahl SS rats (Figure 2B); this difference was statisti-
cally significant from 4 weeks of age onwards. Fibrotic
changes in glomeruli or in the interstitium were not
observed at any time point.

Electron Microscopy

Throughout the first 8 weeks of life, both the Dahl SS
and the SHR rats generally showed normal ultrastruc-
tural glomerular morphology. In 6- and 8-week-old Dahl
SS rats, subtle coarsening of the foot processes was
occasionally seen, together with protein droplets in the
podocyte cell bodies and major processes (Figure 3A).
Ten-week-old Dahl SS rats showed more widespread
foot process effacement. Quantification of the mean
foot process width underscored the normal ultrastruc-
ture of the podocyte in the first 8 weeks of life (Figure
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3B). Detachment of podocytes from the glomerular
basement membrane was not seen at any time point,
and alterations in the glomerular basement membrane
morphology were not observed.

Protein Expression

Immunohistochemistry showed that expression of �3-in-
tegrin, �-actinin-4, �-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 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 cor-
relation 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

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 devel-
oped 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.

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 indicate 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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coincide with changes in expression of other podocyte-
associated proteins (Figure 5B). Podoplanin expression
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, seg-
mental loss of podoplanin was mirrored by an increase
in desmin expression in that particular segment (Figure
7). Desmin expression seemed to lag behind podopla-
nin loss.

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 expres-
sion 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, �-actinin-4) showed late up-reg-
ulation (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 lev-
els 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 differ-
entially regulated (data not shown).

Sequencing and Laser Capture Microdissection

Sequencing the full-length podoplanin cDNA in a repre-
sentative 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 com-
pletely lost podoplanin protein expression versus those
that had retained normal podoplanin expression (Figure
8). Podoplanin has been linked to the activity 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 po-
doplanin 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 ex-
pressed in areas that showed no foot process efface-
ment. Conversely, foot process effacement was accom-
panied by a loss of podoplanin expression (Figure 9).

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 processes. Occasionally, protein droplets were observed in
podocyte major processes and cell bodies (arrowheads). At 8 weeks, subtle
coarsening of the foot processes was observed sporadically in 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). Mi-
crovillous transformation of podocytes was observed frequently at this time
point. In contrast, the podocytes of SHR rats had normal ultrastructure
throughout the time course studied (A, bottom panel). Original magnifica-
tion: �15,000. Quantification of the mean foot process width showed signif-
icant effacement only in the 10-week-old Dahl SS rats (B). An asterisk
indicates P � 0.05.
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Discussion

In this study, spontaneous development of proteinuria in
Dahl SS rats preceded changes in podocyte morphology
and changes in expression of most of the observed
podocyte-specific proteins. In contrast, focal and seg-
mental loss of the podoplanin protein accompanied pro-
teinuria. The early loss of podoplanin expression did not
coincide with changes in the expression of other podo-
cyte proteins and could not be explained by mutations in
the podoplanin gene or by decreased transcription.

Proteinuria is an important risk factor for the progression
of renal disease,1,2 and understanding its pathogenesis
may help reduce the burden of chronic renal disease. Elu-

cidation of the molecular basis of congenital and hereditary
proteinuric diseases has contributed significantly to our un-
derstanding of glomerular function in health and disease.
We previously studied the expression of podocyte-associ-
ated 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 efface-
ment. Based on these results, we hypothesized that the
changes in expression represented a compensatory reac-
tion of the podocyte to damage.17 In the current study, we
used a rat model to determine how the observed changes
may have developed over time.

Figure 4. Immunohistochemistry of podocyte proteins. Despite marked proteinuria, 10-week-old Dahl SS rats showed normal expression of �-actinin-4, �3
integrin, �-dystroglycan, ezrin, nephrin, podocin, podocalyxin, synaptopodin, and WT1. Original magnification: �400.
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Proteinuria is often, but not always, accompanied by
podocyte foot process effacement. A remarkable finding
in the current study was that foot process effacement
early after the development of proteinuria was subtle, and
the difference 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 litera-
ture that support this temporal uncoupling of proteinuria
and foot process effacement: similar observations were
made in young proteinuric Dahl SS rats,19 and in other
spontaneous proteinuric rat strains24 as well as in exper-
imental 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 pat-
tern we found in humans in which the mRNA expres-
sion levels of several podocyte proteins were up-reg-
ulated during the development of proteinuria. For
example, only at time points at which proteinuria was
present in combination with more widespread foot pro-
cess 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 neph-

rin expression are secondary to proteinuria develop-
ment and foot process effacement.

In remarkable contrast to the general pattern of most of
the podocyte-associated proteins studied, the glycopro-
tein podoplanin showed changes in expression with a
clear temporal relationship to the development of protein-
uria. 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 glo-
merular podoplanin expression preceded detectable
morphological alterations in the podocytes. At later time
points (from 8 weeks onwards), when proteinuria had
already progressed appreciably, immunoelectron mi-
croscopy showed that foot process effacement coin-
cided with the loss of podoplanin; in contrast, areas in
which podoplanin expression was retained showed nor-
mal ultrastructural morphology (Figure 9). The semiquan-
titative nature of the immunoelectron microscopy exper-
iments 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 podoplanin
expression was not related to changes in the slit
diaphragm.

Figure 5. Podoplanin protein expression in Dahl SS glomeruli was progressively lost in a focal and segmental fashion. Loss of podoplanin protein expression
was first seen in 4-week-old Dahl SS rats and increased thereafter. In contrast, podoplanin protein expression remained normal in SHR rats throughout the time
course of the study. The upper row of images in A shows podoplanin staining in Dahl SS rats at the indicated time points and in a 10-week-old SHR rat. The
lower row of images in A shows desmin staining in Dahl SS rats at the indicated time points and in a 10-week-old SHR rat. Starting at 6 weeks, desmin expression
was visible in the extramesangial areas of Dahl SS glomeruli. Expression level increased with age. No change in desmin expression was observed in aging SHR
rats. Sequential sections of the kidney of a 10-week-old Dahl SS rat stained with anti-rat podoplanin antibodies, anti-podocin antibodies, and with PAS show that
loss of podoplanin is not related to morphological alterations observed by light microscopy or to alterations in podocin expression (B). Nephrin expression was
diminished sporadically in segmental parts of glomeruli, but only in 10-week-old Dahl SS rats (C). Original magnification: �400.
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Expression of podoplanin in the glomerulus was first
reported by Breiteneder-Geleff et al, who described a
43-kDa glycoprotein that was specifically down-regu-
lated in puromycin aminonucleoside 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 podo-
planin expression was further substantiated by the ob-
servation that injection of antibodies directed against a
specific podoplanin epitope caused reversible protein-

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 expression 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.

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 vessels and glomerular mesangium and podopla-
nin expression in podocytes. Desmin and podoplanin did not colocalize (A).
In glomeruli that showed segmental loss of podoplanin expression, in-
creased desmin expression was observed in the podoplanin-negative areas
(B). Original magnification: �630.

Figure 8. In 8-week-old Dahl SS rats, podoplanin mRNA expression was not
different in glomeruli that showed extensive loss of podoplanin protein (ppl)
expression compared with glomeruli that had retained podoplanin 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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uria 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, in-
cluding type I alveolar cells in the lung, keratinocytes,
and osteoblasts.33–35 In recent years, podoplanin has
received more interest as a marker of lymphatic endothe-
lial cells36 and various tumors.37

The mechanism underlying the involvement of podo-
planin in glomerular pathology has remained unclear. In
the current study, we found that focal and segmental loss
of podoplanin protein coincided 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 in-
creased 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 extensions 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 Studies indicate that podoplanin and ezrin colo-
calize in subcellular compartments,23,39 and one study
found that podoplanin and ezrin could be coimmunopre-
cipitated.39 Although the details of the interaction remain
to be elucidated, these studies suggest a role for podo-
planin 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 development of protein-
uria? The temporal relationship between podoplanin
down-regulation and development of proteinuria does not
necessarily imply a causal involvement of podoplanin
dysregulation in the pathogenesis of proteinuria. How-
ever, 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 ne-
phrosis in the rat, podoplanin is also down-regulated.18

This suggests that either down-regulation of podoplanin
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 le-
thal phenotype.38 However, injection of divalent anti-po-
doplanin IgG antibodies in rats induces rapid foot pro-
cess 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 Frömter rats.40 This may indi-
cate that loss of podoplanin is a more general phenom-
enon in proteinuria in rats.

It has been suggested that foot process effacement
and formation of stress fibers are reactions of the podo-
cyte 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 re-
ported that complement-mediated injury of cultured
podocytes increases RhoA activity, resulting in a change
in cellular morphology that mimics foot process efface-
ment.43 Thus, the events that take place during foot pro-
cess effacement (ie, stress fiber formation and foot pro-
cess effacement in a RhoA-dependent fashion) seem to
be the reverse of those brought about by the actin re-
modeling properties of podoplanin (prevention of stress
fiber formation, filopodia formation, and RhoA inhibition).
The loss of podoplanin we observed thus suggests a
scenario in which the podocyte actively remodels its
shape and down-regulates proteins, including podopla-
nin, which normally would promote foot process forma-
tion. Indeed, we found that RhoA mRNA levels were
up-regulated in microdissected glomeruli 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 predominant 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 efface-
ment,45 and it could be hypothesized that loss of podo-
planin 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
aggravates 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

Figure 9. Immunogold electron microscopic analysis of podoplanin labeling
in 8-week-old Dahl SS rats. Podoplanin 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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hypertension,46 starting from about 4 weeks of age. Fur-
thermore, micropuncture experiments indicate that pro-
teinuria is not explained by increased intraglomerular
pressure.46 From a genetic point of view, development of
proteinuria is independent of the development of hyper-
tension.19,47 Recently, Nagase et al reported that in Dahl
SS rats, podocytes 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 au-
thors suggested that podocyte injury might underlie the
development of proteinuria in these rats. We, too, ob-
served desmin expression in the podocytes of Dahl SS
rats in the absence of salt loading, most notably in glo-
merular segments that showed a loss of podoplanin pro-
tein expression. However, this does not necessarily im-
plicate podocyte damage as the cause of proteinuria in
the Dahl SS rat. Desmin protein expression 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 traffick-
ing through 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 pro-
teinuric 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 preceded widespread podocyte alterations.
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