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Abstract Nephrin is a podocyte adhesion molecule lo-
cated at the slit diaphragm between adjacent glomerular
epithelial cells. Mutations in the gene encoding nephrin
result in the absence of nephrin or alterations in nephrin
causing massive proteinuria in patients with congenital
nephrotic syndrome. Given the importance of nephrin to
the structural integrity of the glomerular filtration barrier,
we postulated that it might also be altered in acquired
forms of nephrotic syndrome (NS). To test this hypo-
thesis, frozen kidney biopsy sections from 29 pediatric
patients with acquired NS and 5 controls were examined
for expression of nephrin. The pathological diagnoses
were minimal change disease (MCNS) (19) and focal
segmental glomerulosclerosis (FSGS) (10). To determine
if nephrin expression differed between children and adults
with NS, 10 adult patients and 3 controls were also
examined. Nephrin expression was evaluated by immu-
noperoxidase staining with a monoclonal antibody against
the extracellular Fnlll portion of human nephrin. In all
cases, nephrin expression was seen along the glomerular
basement membrane in a finely granular/linear pattern.
Expression of nephrin was similar to controls in all 19
patients with MCNS and all 10 patients with FSGS. Areas
of sclerosis in patients with FSGS did not demonstrate
nephrin expression. A distinctly granular pattern to
nephrin expression was seen in adult patients with NS
as well as controls. These findings suggest that an
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Introduction

Acquired nephrotic syndrome (NS) is characterized by
proteinuria, hypoalbuminemia, edema, and hypercholes-
terolemia. The incidence of idiopathic NS is approxi-
mately 2-7 cases per 100,000 and it primarily affects
children between the ages of 1 and 6 years [1, 2]. The two
most common types of NS in children are minimal change
nephrotic syndrome (MCNS) and focal segmental glo-
merulosclerosis (FSGS). The clinical and laboratory
manifestations of edema, hypoalbuminemia, and protein-
uria correlate with ultrastructural changes within the
glomerulus, specifically of the glomerular visceral epi-
thelial cells or podocytes. The glomerular filtration barrier
consists of a fenestrated endothelial layer, an extracellular
glomerular basement membrane, and overlying podocytes
with their interdigitating foot processes and slit di-
aphragms [3]. The most characteristic pathological alter-
ation is effacement and retraction of the foot processes
with loss of the integrity of the filtration barrier and slit
diaphragms (reviewed in [3]). The molecular mechanisms
leading to podocyte effacement and loss of an intact
filtration barrier remain unclear. However, recent studies
have identified key components of the glomerular filtra-
tion barrier offering new insights into the pathogenesis of
proteinuria.

Certain inherited diseases may be associated with NS.
The prototype is congenital nephrotic syndrome of the
Finnish type (CNF), an autosomal recessive disease that
affects approximately 1 in 10,000 births in Finland. CNF
is also characterized by fusion of foot processes. Studying
29 affected families, Tryggvason [4] identified a gene
(NPHS]) that encodes nephrin, a protein that is altered in
these patients. Nephrin is a 1,241-amino acid glycoprotein



member of the immunoglobulin (Ig) superfamily consist-
ing of eight extracellular Ig domains and one fibronectin-
type III domain. Based on its structure, it is believed to be
a podocyte adhesion molecule and it may play a role in
signal transduction. Both immunofluorescence staining
and immunoelectron microscopy have localized nephrin
specifically to the area of the slit diaphragm [5]. Further
ultrastructural studies in the CNF population confirmed
the importance of nephrin in the development of the
ladder-like structure of the slit diaphragm and filtration
barrier [6]. Mutations in NPHS, resulting in the absence
of or alterations in the nephrin protein, are presumed to
contribute to the lack of a slit diaphragm and massive
proteinuria seen in patients with CNF. The sequence of
cellular and molecular events between nephrin loss and
proteinuria are currently under investigation in several
laboratories.

Given the similar pathological findings between CNF
and idiopathic NS and the importance of nephrin to the
structural integrity of the glomerular filtration barrier, we
hypothesized that nephrin expression may also be altered
in idiopathic forms of childhood NS.

Materials and methods
Patient selection

Pediatric patients with a biopsy-proven diagnosis of MCNS or
FSGS made between 1996 and 2001 at our institution were
included in the study. Adults with MCNS and FSGS studied at the
University of Washington between 2002 and 2003 were used for
comparison. Percutaneous needle or open-wedge kidney biopsies
were performed in children with NS that was unresponsive to an 8-
week course of prednisone, or that followed a complicated clinical
course with frequent relapses and/or steroid dependency. All
biopsies were analyzed by light microscopy, immunofluorescence
(IF), and electron microscopy (EM). The diagnosis was based on
typical pathological, clinical, and laboratory data. Cases from the
last 5 years were reviewed and those with adequate residual frozen
tissue were selected for staining. Prior approval for these studies
was obtained from our institutional review board.

Data collected from the pediatric patient charts included serum
albumin and creatinine, urinalysis, quantification of proteinuria
either by spot urinary protein/creatinine ratios or 24-h urine
collections when available, and medications at the time of biopsy.
Medications included prednisone, cyclosporine, and Cytoxan. Not
all patients received therapy prior to the biopsy.

Kidney immunohistochemistry

OCT-embedded tissue was cut at 5 um and fixed in cold acetone for
1 min. Two slides, each containing two tissue sections, were
prepared for each case. Sections were air dried, washed in
phosphate-buffered saline, and treated sequentially with 0.6%
hydrogen peroxide/methanol and an avidin/biotin block (Avidin-
Biotin Blocking Kit, Vector Laboratories, Burlingame, Calif.,
USA) to quench endogenous peroxidase and biotin and eliminate
background staining. Blocking was achieved with mouse blocking
serum (Vector Laboratories). Slides were incubated at room
temperature for 2 h with a mouse monoclonal antibody (1:200
dilution) directed against the extracellular Fnlll portion of human
nephrin (gift from Dr. Vesa Ruotsalainen, Oulu, Finland). The
antibody was detected using avidin-biotin-horseradish peroxidase
(Vectastain ABC Immunoperoxidase Kit, Vector) followed by
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color visualization with 3,3’-diaminobenzidine tetrahydrochloride
(DAB, Sigma, St. Louis, Mo., USA). Slides were counterstained
with Gill’s hematoxylin. Negative controls, treated identically
except for omission of the primary antibody, were run for each
case. Test cases contained at least 2 glomeruli (range 2-26) on each
section. Positive controls included the following: normal kidney
tissue obtained at the time of nephrectomy for Wilms tumor (n=1),
normal kidney tissue obtained at autopsy of patients without renal
disease (n=2), and protocol allograft kidney biopsies from asymp-
tomatic patients (n=2). A kidney biopsy obtained from a 6-week-
old infant diagnosed with NS at 1 week of age whose light
microscopic, IF, and EM pathology was consistent with congenital
NS of the Finnish type was also stained.

Adult samples were handled in an identical manner, although
some biopsies had been transported in tissue culture media and
were washed in neutral phosphate buffer prior to freezing in OCT.
Positive controls included allograft kidney biopsies from 3 asymp-
tomatic patients.

Results

In total, 29 renal biopsies from 20 males and 9 females,
ranging in age from 7 months to 18 years 10 months
(mean age 7 years, 4 months) at the time of biopsy, were
studied. The pathological diagnoses were MCNS in 19
cases and FSGS in 10 cases, based on standard patho-
logical criteria by light microscopy, IF, and EM (Table 1).
Ultrastructural examination revealed evidence of fused
podocyte foot processes in all test specimens. Just prior to
renal biopsy, the serum albumin levels ranged from 1.3 to
3.8 mg/dl and serum creatinine ranged from 0.3 to 1.7 mg/
dl. All patients with FSGS had proteinuria. Proteinuria in
patients with MCNS varied from negative to 3+ on
dipstick prior to the biopsy.

Immunoperoxidase staining of frozen tissue from
patients with MCNS and FSGS detected expression for
the extracellular domain of nephrin along the glomerular
basement membrane in a linear to faintly granular pattern
in all patients (Fig. la). Slight variability in staining
intensity was noted. There was light staining of nephrin

Table 1 Clinical parameters of patients at time of renal biopsy
(MCNS minimal change nephrotic syndrome, FSGS focal segmen-
tal glomerulosclerosis, PDN prednisone, CSA cyclosporin)

Clinical parameter MCNS* FSGS
Number of patients 19 10
Age mean (range) 4.7 years 9.5 years
(7 months to (13 months
17 years) to 18 years
10 months)
Serum albumin (mg/dl)
<25 10/18 (56%) 6/10 (60%)
2.6-34 3/18 (17%) 2/10 (20%)
>3.5 5/18 (28%) 2/10 (20%)

Serum creatinine (mg/dl)

Mean (range) 0.5 (0.3-1.0) 0.7 (0.3-1.7)
Medications

None 6/18 (33%) 4/10 (40%)
PDN 11/18 (61%) 3/10 (30%)
CSA 1/18 (6%) 3/10 (30%)

 Data is missing for one patient in the MCNS group
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Fig. 1 a Minimal change disease. Antibodies directed against the
extracellular portion of nephrin showed a linear to mildly granular
pattern of expression. This glomerulus demonstrates uniform
staining along the glomerular basement membrane [diaminobenzi-
dine (DAB) original magnification, 400x]. b Normal control.
Nephrin is demonstrated along the glomerular basement membrane
in a smooth, slightly granular pattern (DAB, original magnification,
400x). ¢ Focal segmental glomerulosclerosis (FSGS). The sclerotic

in the podocytes of some glomeruli, which was more
obvious in the youngest patients. The expression of
nephrin in controls was similar to the patients with
MCNS and FSGS (Fig. 1b). Global or segmental absence
of nephrin expression along the intact basement mem-
brane was not observed in any patient. Although areas of
sclerosis in patients with FSGS did not stain with
nephrin, the non-sclerotic segments and other glomeruli
from the same biopsy showed normal expression
(Fig. 1c). Nephrin expression was not found in the
glomerular basement membrane from the patient with
congenital NS (Fig. 1d).

We included 4 adult patients with MCNS, 6 with FSGS
and 3 adult controls. Immunoperoxidase staining for
nephrin showed positivity along the glomerular basement
membrane in all cases in a granular pattern that never
achieved the smooth linear appearance seen in many of
the children. There was no staining in the focally sclerotic
regions, similar to the pediatric cases (Fig. 2), although
intact segments of the glomerulus expressed nephrin.
There was no significant difference in nephrin expression
between adult patients with NS and the adult control
samples.

segment of the glomerulus (arrowheads) shows no nephrin expres-
sion, while the basement membrane in the more-intact, although
partially collapsed, region has obvious membrane staining (DAB,
original magnification, 400x). d Congenital nephrotic syndrome.
The glomeruli in this young infant showed no nephrin expression
along the basement membrane, consistent with the Finnish type of
congenital nephrotic syndrome (DAB, original magnification,
400x)

Fig. 2 Similar to FSGS in the child (Fig. 1c), there is no staining
for nephrin in the sclerotic region of the glomerulus (arrow) from
this adult patient. Undamaged areas of the glomerulus often showed
a granular expression pattern along the basement membrane (DAB,
original magnification, 400x)

Discussion

NS of childhood is a common illness that causes
significant morbidity and mortality. The recent identifi-
cation of mutations clustering within a single gene
(NPHSI) in an inheritable form of NS (CNF) has
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Table 2 Published studies of nephrin expression in adults and children with MCNS and FSGS

Series Patient age MCNS FSGS  Nephrin expression

Furness et al. (1999) [8] Adults 3 0 Decreased mRNA

Srivastava et al. (2001) [28]  Children 3 3 Decreased glomerular staining intensity

Patrakka et al. (2001) [7] Children 11 2 No staining difference

Doublier et al. (2001) [9] Adults 10 7 Granular staining pattern or loss of staining in NS

Huh et al. (2002) [27] Adult 1 0 Absent gold particles at sites of foot process effacement only

Wang et al. (2002) [29] Adults 4 11 Quantitative changes detected in nephrin staining in patients

Kim et al. (2002) [16] Adults and children 7 14 Granular staining pattern; decreased levels of nephrin mRNA
and mRNA-containing cells

Wernerson et al. (2003) [17] Adults and children 13 0 Granular staining pattern; decreased nephrin in patients

provided the first insights into the molecular pathogenesis
of proteinuria and resulted in a number of recent studies
attempting to elucidate the role of nephrin in inherited and
sporadic glomerular diseases.

This study focused on MCNS and FSGS, most
common forms of acquired NS seen in the pediatric
population. While these diseases also affect adults, they
often follow different clinical courses in the two popu-
lations and respond differently to steroids. We found no
difference in the expression of nephrin in 29 children with
acquired NS compared with normal control kidneys.
Immunohistochemical analyses showed a similar pattern
of nephrin distribution along the glomerular capillary wall
in both nephrotic patients and controls. The linear to
slightly granular expression pattern and variable intensity
was also similar in both groups. The single exception was
the absence of nephrin in the regions of segmental
glomerular sclerosis in patients with FSGS. Although we
also noticed a uniformly more granular pattern of staining
in adult patients with MCNS and FSGS, this was not
significantly different from the adult controls. Our results
are consistent with the findings of Patrakka et al. [7] who
also reported no major alterations in the expression of
nephrin using immunohistochemistry and in situ hybrid-
ization in MCNS, FSGS, and membranous nephropathy
(MN). Although nephrin mRNA levels were not measured
in our samples, Patrakka et al. [7] reported no major
difference in the expression of nephrin mRNA in the
samples from patients with MCNS and FSGS compared
with controls.

However, other published studies report conflicting
findings (Table 2). Decreased nephrin mRNA expression
was found in an isolated glomerulus using the polymerase
chain reaction from three adult patients with MCNS
compared with controls [8]. Given the possibility of inter-
glomerular heterogeneity and a sample of only 1 glomer-
ulus per patient, the differences in results may be due to
sampling bias. Doublier et al. [9] investigated the distri-
bution of nephrin in the acquired proteinuric diseases
MCNS, MN, and FSGS. Using indirect IF, they found a
shift in the fluorescence pattern for nephrin from linear to
granular and a loss of signal in patients with all types of
NS compared with controls. Based on the relative
diminution of the fluorescence intensity in proteinuric
patients, the authors suggested that changes in nephrin
expression are not specific to a particular disease but

rather to the proteinuric state. Notably, however, there
was no inverse correlation between the nephrin fluores-
cence intensity and degree of proteinuria. The variation in
results may partly reflect different techniques for inves-
tigation.

Experimental animal models also support a role for
nephrin in the primary pathogenesis of proteinuria [10,
11]. In an experimental rat model of MN, nephrin was
shown to dissociate from actin at the onset of podocyte
injury. There was progressive loss of nephrin from the
foot process and changes in the morphology of the slit
diaphragm [12].

There may be age-dependent differences in glomerular
expression of nephrin, as has been suggested for glom-
erular endothelial cell expression of the Gb3 shiga toxin
receptor [13, 14, 15]. The different staining patterns,
linear versus granular, in the pediatric and adult patients
with NS and controls in this study may reflect differential
expression or distribution of nephrin. It is difficult to
comment on variation of expression of nephrin with age
using immunohistochemistry alone. Various studies of
adult patients with NS describe a granular pattern of
nephrin staining compared with the linear pattern of their
normal controls [9, 16, 17]. Wernerson et al. [17] found a
direct correlation between the degree of foot process
effacement and nephrin granularity using IF. Using
immunoelectron microscopy and gold-labeled antibodies,
proportionally more nephrin was located in the cytoplasm
than the slit diaphragm in patients with NS compared with
controls . Nephrin redistribution from the plasma mem-
brane has also been reported by others [9]. These
investigators postulated that this granular pattern repre-
sents a dislocation or displacement of nephrin from the
slit diaphragm [9, 17]. Perhaps the altered distribution of
nephrin in adults with NS reflects a more severe disease
process or different pathophysiology than in children.
This possibility deserves further investigation given that
only 3 of 32 previously published MCNS patients with
decreased nephrin expression were children and 11 of 14
children had normal expression, whereas all 18 adults had
decreased expression (summarized in Table 2). In previ-
ously published studies of patients with FSGS, only 3 of 5
children had abnormal nephrin expression compared with
18 of 18 adults with abnormal expression. Once podo-
cytes are lost as the glomerulus scars in FSGS, nephrin
immunoreactivity disappears in all patients.
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Our findings suggest that a significant reduction in
nephrin expression is not the primary mechanism under-
lying proteinuria in idiopathic forms of NS in childhood.
It is still possible that altered nephrin distribution (not
identifiable by light microscopy) or altered nephrin
function could play an important pathogenetic role.
Single gene mutations in nephrin can lead to profound
nephrosis. Such ‘missense’ mutations can lead to mis-
folding of the mutant nephrin and cause its retention in
the endoplasmic reticulum rather than transport to the cell
membrane [18]. Based on its structure, nephrin is also
thought to play a role in signal transduction, so it is
feasible that alterations in the downstream signaling
pathways lead to podocyte effacement and proteinuria
rather than alterations in the protein itself [19]. Interac-
tions between nephrin, podocin, and CD2AP have also
been demonstrated in rat models [20]. Huber et al. [21]
demonstrated that nephrin stimulates mitogen-activated
protein kinases. This signaling pathway is further en-
hanced by interaction with podocin. They suggest that
appropriate function of nephrin depends not only on it
being present, but also on proper localization to the foot
processes and efficient signaling.

The recent identification of podocin and alpha actinin
mutations in familial forms of FSGS, as well as the
localization of CD2AP in the glomerular filtration barrier,
raises the question of whether interactions and alterations
in the podocyte cytoskeleton, rather than exclusively in
nephrin, contribute to the pathogenesis of proteinuria [22,
23, 24, 25]. CD2AP is an adapter protein thought to
anchor nephrin to the cytoskeleton of the podocyte [24].
Mice deficient in CD2AP have congenital NS, although
the human homologue of this disease has not yet been
reported. Perturbations in the normal dynamic interac-
tions between CD2AP, podocin, nephrin, and the podo-
cyte cytoskeleton may also lead to proteinuria [20, 26].
By immunoelectron microscopy using a gold-conjugated
polyclonal antibody against nephrin, Huh et al. [27] found
that gold particles were absent in areas of podoctye
effacement but preserved in areas with normal podocyte
appearance. This further supported the idea that changes
in the podocyte structure lead to alterations in nephrin
expression. We attempted to stain kidney specimens from
pediatric patients for CD2AP but were unsuccessful (data
not shown).

Additional immunoelectron microscopic studies are
needed to extend the observations of Huh et al. [27] and
determine if subtle differences in nephrin distribution
occur in pediatric idiopathic MCNS and FSGS. While
future cell biological studies should delineate the func-
tional role of nephrin in podocyte effacement and
pathological proteinuria, the findings of the present study
suggest that loss of nephrin protein is neither a prere-
quisite nor a common finding in idiopathic childhood NS.

In summary, in the present study, nephrin immuno-
histochemical studies did not detect significant differ-
ences in glomerular nephrin protein expression or local-
ization patterns between normal kidneys and the kidneys
of children with NS due to MCNS or FSGS. Complete

absence of glomerular nephrin expression appears to be
restricted to patients with congenital NS due to inherited
NPHS mutations. Further studies are indicated to deter-
mine if alterations in nephrin function or distribution
rather than its expression levels represent a common
pathway to proteinuria in acquired forms of idiopathic NS
in childhood.
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