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ABSTRACT

Glomerular capillary wall is responsible for the sieving of plasma components from the circulating blood in
the kidney. Failure of this barrier leads to proteinuria and nephrotic syndrome (NS). Pathogenesis of proteinuria
in most nephrotic kidney diseases is unknown. Proteinuria in congenital nephrotic syndrome of the Finnish
type (CNF, NPHS1) begins already before birth. Intrauterine protein loss is detected as elevated alpha-
fetoprotein (AFP) levels in amniotic fluid, which is used in the prenatal diagnosis of NPHS1. After birth,
severe proteinuria leads rapidly to NS, and renal transplantation is the only treatment option for most NPHS1
children. After transplantation, the recurrence of NS is a special problem in these children.
Recently, mutations in a novel 29 exon gene (NPHS1) were found to be the cause of NPHS1. Two common
NPHS1 mutations, termed Fin-major and Fin-minor, were found in >90% of the Finnish patients. NPHS1
encodes for a novel transmembrane podocyte adhesion molecule, nephrin, which is located at the glomerular
slit diaphragm (SD).
The present study investigated NPHS1, nephrin and the SD in human glomerulogenesis as well as in nephrotic
disorders. During glomerulogenesis, nephrin was not needed for the assembly of junctional complexes at the
S-shaped and capillary loop stages. However, the formation of ladder-like structures, and mature SDs was
dependent on nephrin. Surprisingly, a transient proteinuria in utero was detected in fetal carriers of NPHS1
mutations (heterozygotes), as indicated by elevated amniotic fluid AFP levels. Also, the kidneys showed
microscopic features of proteinuria. In NPHS1 children, both the Fin-major and the Fin-minor mutations led
to absence of nephrin and the SDs, as well as, to a therapy-resistant form of NPHS1. In contrast, the kidney of
a nephrotic child with a Fin-major/R743C genotype expressed nephrin and had SDs, and her proteinuria
responded to enalapril and indomethacin therapy. The recurrence of NS in the kidney grafts of NPHS1 children
appeared only in patients with a Fin-major/Fin-major genotype. Four of the nine children with the recurrence
had high levels of serum anti-nephrin antibodies, suggesting that autoimmune reaction against nephrin was
behind this process. In acquired nephrotic disorders, the expression of nephrin was quite normal, and it
seems, that the grave reduction of nephrin in the glomeruli is not the underlying mechanism of proteinuria in
these diseases.
In conclusion, nephrin is essential for the formation of the SD, and mutations in nephrin-gene as well as
immunoreactivity against this crucial SD component can cause severe proteinuria in man. In the prenatal
diagnostics of NPHS1, both AFP measurements and histological evaluation can lead to false positive diagnosis.
More studies are clearly needed for the determination of the pathogenic role of nephrin in nephrotic disorders.
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INTRODUCTION

The kidneys are responsible for the removal of waste products from the circulating blood. The sieving of
blood occurs in the kidney glomerulus, where the filtrating plasma molecules pass through the glomerular
capillary wall and reach the urinary space. The filtration barrier is composed of fenestrated endothelium,
glomerular basement membrane (GBM) and podocyte foot processes connected by slit diaphragms (SD).
Normally, the filter restricts the passage of large molecules (such as albumin) to urine. In nephrotic disorders,
the function of the glomerular capillary wall is disturbed leading to heavy protein leakage. Although proteinuria
is a common sign in kidney diseases, its pathogenesis is mostly unknown. The defective GBM has generally
been thought as the cause of proteinuria, and the role of podocyte as well as SD has been questioned.
Congenital nephrotic syndrome of the Finnish type (CNF, NPHS1) is a model disease for proteinuria and
nephrotic syndrome (NS). Proteinuria starts already in utero in this disease, and NS develops shortly after
birth. In 1998, mutations in a novel 29 exon gene (NPHS1) were shown to be responsible for NPHS1 (1). This
gene encodes for nephrin, a cell adhesion molecule of the immunoglobulin superfamily. Nephrin was found to
be produced by glomerular podocytes, and, interestingly, it was localised at the glomerular SD (2). The
results indicated that nephrin and the SD were crucial for the normal glomerular filtration process.
The present study was designed to elucidate the role of nephrin in the formation of the SD, and in the
pathogenesis of nephrotic disorders in man.
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REVIEW OF THE LITERATURE

1. Glomerular filtration barrier

Ultrafiltration of plasma during the formation of primary urine is a crucial event in renal physiology. The
filtration is essential for the constancy of body fluids by removing water as well as metabolic and other waste
products from the circulating blood (3). The sieving occurs in the specialized functional units of the kidney,
the nephrons. The nephron is composed of a renal corpuscle (glomerulus) connected to a tubular system that
finally drains into a collecting duct. In man each kidney has an estimated 0.6-1 million nephrons (4).
A central capillary tube forms the body of the glomerulus (Fig. 1A). This capillary network is associated with
visceral epithelial cells (podocytes) and mesangium, which are surrounded by a urinary space (Bowman´s
space), and enclosed by parietal epithelial cells (Bowman´s capsule). Almost one quarter of the cardiac output
flows through the glomerular capillaries, and nearly 180 L of primary filtrate is formed daily to Bowman´s
space (5). This sieving product (primary urine) is normally free of plasma proteins, and it is mostly reabsorbed
by tubular networks with the result of 1 L to 1.5 L daily urine. This sieving is established by a highly specialized
glomerular capillary wall. The filter is composed of fenestrated endothelium, glomerular basement membrane
(GBM), and podocyte foot processes connected by slit diaphragms (SD) (Fig. 1B).

1. 1 Glomerular endothelium
The innermost part of the glomerular filtration barrier is composed of fenestrated endothelial cells, which
separate the GBM from the capillary lumen (Fig. 1B). The nuclei of these cells lie next to the mesangium (6),
whereas the remainder of the cell is attenuated around the capillaries (7). The glomerular endothelial cells
have an important role in the coagulation, inflammation, and immune processes within the capillary tuft (7).
They also restrict the blood cells from reaching the subendothelial space, although the pores of the glomerular
endothelium are nearly all devoid of diaphragms (8). The round to oval endothelial pores have a diameter of

A  Glomerulus

Urinary space

Podocyte

Capillary
lumen

Mesangium

Fenestrated
endothelium

Slit diaphragm

Podocyte foot
process

Glomerular
basement
membrane

B  Capillary Wall
Fig. 1. Structure of glomerulus (A) and its capillary wall (B). The glomerular capillary tuft with podocytes
and mesangium is surrounded by urinary space. Three-layered capillary wall serves as a filter between
blood and urinary spaces.
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50-100 nm in man, and therefore, most macromolecules (like albumin with an effective radius of a few
nanometers) pass freely through the fenestrae, and reach the GBM without significant resistance (9).

1. 2 Glomerular basement membrane (GBM)
The GBM serves as the backbone of the glomerular tuft. The inner aspect of the GBM lines either the glomerular
capillaries or the mesangium, and the glomerular visceral epithelial cells (podocytes) are attached to the outer
borders of the GBM (Fig. 1). In man, the GBM has a width of 300-350 nm (10). Based on electron micrographs,
it was earlier divided to a dense central layer (lamina densa), and two electro-lucent layers (lamina rara
interna and externa) (11). However, freeze techniques revealed that the GBM is composed of only one dense
layer (10, 12).
The basement membranes are generally composed of networks of type IV collagens and laminins (13). In the
GBM, the isoforms of these molecules are different from most other basement membranes (14,15). The type
IV collagen monomers in mature kidney are organized into independent α12α2 and α3α4α5 trimers (14).
Laminins assemble also in a similar fashion to heterotrimeric complexes (α5β2γ1), and organize to a GBM
spanning network. These two complexes are connected by entactin/nidogen (13), and on the other hand, this
scaffold of the GBM is stabilized by binding directly to the surrounding epithelium via cell surface receptors
(integrins and dystroglycans) (16-18). Besides collagens and laminins, heparan sulfate proteoglycans (HSPGs)
(including perlecan, agrin) are other major components of the GBM (19,20). HSPGs consist of a core protein
to which negatively charged glycosaminoglycan (GAG) side chains are attached. HSPGs form a meshwork
around the collagen and laminin constructs, and the GAGs are mainly responsible for the highly negative
charge of the GBM (20).

1. 3 Visceral epithelial cells
The visceral glomerular epithelial cells (podocytes) form the outermost layer of the glomerular filter (21-22).
The podocytes enclose the capillaries in a comb-like fashion, where the adjacent foot processes form an
interrupted sheet around the GBM (Fig. 1B). The foot processes are connected just above the GBM by an
extracellular structure, termed the slit diaphragm (SD) (see 1. 4). Each podocyte serves more than one capillary,
but the adjacent foot processes seem to originate from different podocytes (23).
The cell body and the major processes of the podocytes float freely in the Bowman´s space (Fig. 1A). The cell
body contains a prominent nucleus, a well-developed Golgi apparatus, mitochondria, and rough and smooth
endoplasmic reticulum (24). These reflect the active role of podocytes in the formation and degradation of the
GBM (24, 25). The major processes arise from the cell body, and they are almost devoid of cell organelles.
However, the processes consist an abundant cytoskeleton composed mainly of microtubules and intermediate
filaments (vimentin) as well as a number of associated proteins (24). This trunk is responsible for the
maintenance of the complex cytoarchitecture. The foot processes form the most peripheral part of the podocytes,
and they attach the podocytes to the GBM. In standard electron microscopy (EM), the foot processes are
observed as an interdigitating pattern in the outer aspects of the GBM (Fig. 1B). In contrast to the major
processes, the cytoskeleton of the foot processes is composed mainly of actin-microfilaments (Fig. 2). These
filaments run parallel to the longitudial axis of the foot processes (26,27), and interact with many associated
proteins, such as ezrin (28,29), synaptopodin (30), and α-actinin-4 (26,31).
As all epithelial cells, the podocytes are polarized with luminal and basolateral cell membrane domains. The
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luminal membrane (facing the
Bowman´s space) is covered by a thick
surface coat (glycocalyx) rich in
sialoglycoproteins, including
podocalyxin and podoendin (32,33).
The glycocalyx is observed as a fuzzy
layer covering the urinary surface of
podocytes in EM. This coat is
responsible for the highly negative
surface charge of podocytes, and it is
important for the preservation of the
normal podocyte arcihitecture (34).
Podocalyxin, the most abundant
component of the glycocalyx, is
connected to the actin-cytoskeleton via
ezrin, a member of the ezrin-radixin-
moesin (ERM) family of actin-binding
proteins (29).
The basal domain of the podocytes is anchored to the GBM (Fig. 2). This is achieved by specific α3β1-
integrin (35). The integrins are associated with the actin-cytoskeleton via talin, vinculin, and paxillin (21). In
the GBM, the complex binds laminin and type IV collagens (13). Dystroglycans were also recently localised
to the basal aspects of the foot processes (17,18). The dystroglycan complex include an intracellular adaptor
protein utrophin, a transmembrane β-dystroglycan, and an α-dystroglycan (extracellularly). While utrophin
links this complex to actin, α-dystroglycan binds laminin α5 (17). In this way, the comlex links most likely the
GBM matrix to the podocyte cytoskeleton (Fig. 2).

1. 4 Podocyte slit diaphragm (SD)
The podocyte SD serves as a final gate on restricting the passage of molecules to urine. This structure bridges
the filtration pores between the adjacent podocyte foot processes, and in EM, it is seen as a thin line connecting
the cell membranes (Fig. 1B, 2) (21). The podocyte pore has an approximated width of 20-50 nm (based on
alternative fixation methods) (36,37), and generally, the slit is considered to be a quite rigid structure. However,
a theory that the slit area could increase in response to a high glomerular filtration pressure, has been proposed
(38,39).
Based on transmission EM findings on tannic acid-stained material, Rodewald and Karnowsky presented a
controversial model for the structure of the SD in 1974 (40). In this model the SD was composed of rod-like
units extending from the podocyte foot processes to a linear central bar, which runs parallel to the cell membranes
(Fig. 3). The rectangular pores of the zipper were presented to have approximately the size of the albumin
molecule. Because quite hars methods were used, the zipper-like model was later suspected to be an artifact
due to the shrinkage of the material (24). Based on a freeze-fracture method, the validity of this model was
also questioned (36,37). The SD was suggested to have a diffuse - not porous - morphology. So far, no
conclusive evidence of the structure of the SD has emerged.

Nephrin
P-cadherin
FAT
NEPH1?

Ezrin
Podocalyxin

Integrin α3β1
Dystroglycans

F-actin

α-actinin-4

ZO-1
CD2AP
Podocin
Catenins

Vinculin
Paxillin
Tallin

Fig. 2. A model showing some components of the podocyte foot
processes and the SD.
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Understanding of the structure and the physiology of the SD has been hampered by the lack of knowledge of
the molecular composition of this unique junction. Until recently, the α-form of the zonula occludens-1 (ZO-
1) was the only known component of the SD (41). This cytosolic protein belongs to membrane-associated
guanylate kinase homologues, which have been found in tight junctions (42), and in some adherens-type
junctions (43). ZO-1 has a molecular mass of 220 kDa, and it is thought to serve as a cytosolic link between
transmembrane cell adhesion molecules and actin-filaments. In podocytes, Schnabel et al. (41) localised ZO-
1 specifically at the cytoplasmic face of the SD (Fig. 2). Based on this finding, the SD was suggested to
represent a variant of the tight junction, where ZO-1 connects the SD to the actin cytoskeleton of the foot
process.

2. Glomerulogenesis

2. 1 Morphogenesis of the glomerulus
Formation of the nephron is initiated when the inductive signal from the metanephric blastema induces the
ureteric bud to grow out of the nephric duct and invade the blastema (Fig. 4A) (44-48). The ureteric bud
induces the metanephric cells to condensate, and to form the earliest stage of developing glomerulus, the
renal vesicle (Fig. 4B). The glomerulogenesis proceeds then through a sequence of developmental stages,
which are described as S-shaped, capillary loop, and maturing stage glomerulus. The earliest stages are located
next to the surface of the fetal kidney cortex, and the more mature stages closer to the medulla.
The renal vesicle is composed of the aggregate of columnar epithelial cells (Fig. 4B). At this stage epithelial
cells, which will form either glomerular or tubular epithelium, cannot be distinguished. Next, the cells of the
renal vesicle undergo regional caveolisation and folding, organising into a comma-shaped and S-shaped
bodies, respectively (Fig. 4C and 4D). The future podocytes can be identified at the S-shaped stage, when the
podocyte marker podocalyxin becomes detectable (49). In the S-shaped bodies, the developing epithelial cell
layer changes from stratified to an one cell columnar layer (50). The change is associated with the polarisation
of the cells, as the nuclei migrate toward the Bowman´s space. Meanwhile, the basement membrane between
the endothelium and the podocyte layers becomes evident (46). At this stage, the developing podocytes are
mainly responsible for the synthesis of the GBM. Capillary loop glomerulus is formed, when the first blood
vessels invade into the vascular cleft of the S-shaped body (Fig. 4E). The developing podocytes are then
laterally surrounded by intercellular spaces continuous with the Bowman´s space, which clearly separates

Pore 4 x 15 nm

Plasma membrane

Central filament (width - 10 nm)

Plasma membrane

40 nm

Fig. 3. Model for the structure of
podocyte SD as presented by
Rodewald and Karnovsky. Bars
extending from the adjacent foot
processes connect to the central linear
line, leaving filtration pores between
them.



13

also developing squamous parietal epithelium from the capillary tuft. In addition, basal interdigitation of the
epithelium begins leading to the formation of broad processes. Finally, the capillary stage progresses to the
maturing stage glomerulus (Fig. 4F), the distinction between these two being rather arbitrary. At this stage,
more capillary loops appear, and the interdigitation of the adjacent developing podocytes completes the
maturation of the foot processes.

2. 2 Formation of the SD
The SD is believed to originate from the subapical junctional complexes detectable first at the S-shaped stage
glomeruli (Fig. 5) (24,50). During glomerulogenesis, these junctions migrate along the lateral cell margins
towards the basal surface to form mature SDs. Thus, they are observed along the lateral borders of the developing
podocytes at different levels, moving from the apical to basal pole during the maturation process.
These morphological findings are supported by the expression of ZO-1 protein during glomerulogenesis (41).
This component of the cytoplasmic face of the mature SD first appears in the subapical junctions in the S-
shaped bodies, and it migrates down along with the junctional complexes to the level of the SD during
maturation. In addition, cell adhesion molecules, such as, R-cadherin, γ-catenin (plakoglobin) and vinculin,
are transiently detectable at junctions between the developing podocytes (51,52).
Besides the migrating junctional complexes, junctions with so-called ladder-like structures are occasionally
observed in capillary loop stage glomeruli (Fig. 5) (50). These junctions are present in the widened intercellular
spaces above the level of the junctional complex, and they consist of a series of dense ridges spanning the
intercellular space. These structures typically disappear before the appearance of the SDs in maturing stage
glomeruli. The ladder-like structures are also found in aminonucleoside nephrosis and immune complex

Fig. 4. Morphogenesis of the glomerulus.
Mesenchymal aggregate (A) gives rise to
vesicle stage glomerulus (B).
Diversification of the vesicle stage cells lead
to development of two crevices, and
formation of comma- (C) and S-shaped (D)
bodies. Distal crevice is invaded by
capillaries, forming the capillary stage
glomerulus (E). More capillary loops are
formed, and these fold to form the maturing
stage glomerulus (F) (original drawing by
Prof. L Saxen, reproduced by permission
of Cambridge University Press).
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mediated nephritis in animals (53,54). In the nephrotic model, the ladder-like structures were suggested to be
redundant SDs. Absence of ZO-1 in the ladder-like structures in rat nephrosis has also been reported (55),
suggesting that the ladder-like structures might not be related to the SD. In conclusion, the relationship between
the ladder-like structures and the mature SD is obscure.

3. Normal glomerular filtration

The ultrafiltration of plasma compounds in the glomerulus is believed to follow extracellular route (24). The
molecules first pass through the endothelial fenestrae, then across the GBM, and finally through the podocyte
slit pores. Normally, the three-layered glomerular capillary wall serves as a sieve with high precision. During
the last five decades, these fine-sieving properties of the glomerulus have been extensively studied (11, 56).
Already at the 50s it was shown that the glomerular filtration of macromolecules is inversely proportional to
the molecular weight of a given substance (11). Therefore, small molecules with radius equal to or less than
that of inulin (1.4 nm) encounter no measurable restriction to filtration (56). When the radius increases, the
filtration decreases progressively, and the molecules size of albumin  (~3.6 nm) and larger, are nearly completely
restricted. Charge-dependent filtration was characterized at the 70s by studing the sieving of homogenous
dextran fractions with identical molecular weight and radii but with anionic, neutral, or cationic charge  (57-
59). While the negatively charged molecules filtered less freely than the neutral molecules, the passage of
positively charged molecules was enhanced.
Tracer studies following the penetration of various macromolecules within the glomerular capillary wall were
initiated by Farquhar and coworkers in 1961 (60). They localised native ferritin to the inner parts (lamina rara
interna) of the GBM, and proposed that the GBM hinders the filtration of most macromolecules. However,
subsequent studies with peroxidatic tracers localized many of these markers just beneath the podocyte slit
pore suggesting the filtration slit would serve as a secondary barrier (61). To conclude the tracer studies,
ferritins with different charges were prepared, and their penetration was followed (62). The results showed
that the GBM restricted the passage of macromolecules according to charge, whereas the podocyte slit pores
seemed to serve as a size-selective filter. The importance of the podocyte filtration slit was further supported
by mathematical calculations showing that the pores provide 40-50% of the hydraulic resistance of the capillary
wall (63). However, the exact role of the podocyte slit pore in the filtration process remained controversial.

4. Glomerular filter failure leads to proteinuria

Proteinuria and NS are common findings in kidney diseases of both pediatric and adult patients. The leakage

S-shaped
body

Mature
glomerulus

Ladder-like structure

Fig 5. Maturation of the SD from
subapical junctional complexes. Ladder-
like structutres are seen between
developing podocytes at the capillary
stage.
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of proteins is not only a symptom but a major factor in promoting renal injury. Knowing this, surprisingly
little has been learned of the pathogenesis of proteinuria in kidney diseases.

4. 1 The role of GBM
The first implication of the role of the GBM in proteinuria emerged in 1961, when Farquhar and coworkers
(60) induced nephrotic-range proteinuria in rats with puromycin aminonucleoside, and followed the penetration
of native ferritin into the glomerular capillary wall. They found that the protein penetrated more deeply into
the GBM in the nephrotic rats than in controls, and suggested that the defective GBM was responsible for the
protein leakage.
Because the GBM is involved in the charge-selection (see above), it was of interest to investigate whether
compromised GBM charge could cause proteinuria. For this, the negative GBM charge was neutralized with
different cationic probes (64). This led to proteinuria, and the tracers penetrated more deeply into the GBM
also in this model. This finding provided the first direct evidence that the defective GBM was able to cause
proteinuria. Since HSPGs are mainly responsible for the anionic charge of the GBM, more studies were then
focused on these GBM components. The digestion of the HS side chains by heparitinase, and the binding of
antibodies to HSs also caused proteinuria in rats (65,66). In addition, a decrease in staining of the GBM for
HSs  in proteinuric rats and humans was reported (67,68). In the classical work of Vernier and coworkers
(69), the concentration of HS anionic sites was found to be reduced in congenital nephrosis. Later, it has been
speculated that proteinuria could be caused by the blocking of HSs with immune complexes (in lupus nephritis),
the depolymerisation of HSs with oxygen radicals (in rat models), or perhaps by the reduced synthesis of HSs
(in hyperglycemic states) (20).
”Knocking-out” genes coding for the GBM components has also given important insights into the GBM-
proteinuria association. Inactivation of laminin β2, a major component of the GBM, led to severe protein loss
across the glomerular capillary wall within days from the birth (70). Interestingly, absence of laminin β2 was
compensated by laminin α1, showing that specific laminin isoforms were crucial for the filtration unit. Instead,
absence of laminin α5 and its receptor α3-integrin caused defects already during nephrogenesis (71,72).
Type IV collagen genes has been ”knocked-out” as well (73,74). In these models for Alport syndrome,
glomerular function is normal at birth, and the abnormalities of this filter develop later.
Based on the present data it is evident that defects in the GBM can lead to proteinuria in different animal
models. Although similar alterations have been described in human nephrotic disorders, their importance in
man is still unclear. It is possible that at least some of the changes represent secondary alterations - rather a
result than the cause of proteinuria. In conclusion, the role of the GBM in the pathogenesis of proteinuric
disorders is not well understood.

4. 2 Podocytes and proteinuria
The role of the podocytes in the pathogenesis of proteinuria has been a controversial issue. Although the
GBM is generally thought to be responsible for the protein leakage across the capillary wall in nephrotic
disorders, evidence that the podocyte injury could onset nephrosis has also emerged. A constant finding in NS
is the fusion (effacement) of the podocyte foot processes (75). This is observed in nephrotic animal models,
and in human nephrotic kidney diseases. The foot process fusion is associated with alterations in the distribution
of some podocyte proteins, such as α-actinin (76), suggesting that the cytoskeleton of the foot process might
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be involved in the fusion. However, this alteration has been regarded as a secondary phenomenon, which is
supported by the fact that the effacement is also present in proteinuric rats induced by neutralization of the
GBM charge (64). Interestingly, the loss of normal foot process architecture was recently shown to be associated
also with the disruption of the actin-podocalyxin interaction (77). The importance of this finding is not known.
Another significant alteration in the NS seems to be the detachment of the podocytes from the GBM. Studies
in animal models have shown protein leak across the capillary wall from the sites of this detachment (78). In
human nephrotic disorders, however, the podocyte detachment is not a constant finding, and its significance
remains to be seen.
Alterations in the podocyte slit pores are also observed during the development of proteinuria. In animal
models, the podocyte slits are often narrowed, and the tight junctions are connecting the adjacent foot processes
(54). Junctions with ladder-like structures have also been noticed between the podocytes in nephrotic rats
(53). The fusion of the foot processes has been suggested to be a compensatory mechanism which decreases
the slit area, and possibly, reduces the glomerular filtration (79). More direct evidence of the role of the SD in
the pathogenesis of proteinuria was gained in 1988. Then, Orikasa and coworkers (80) raised monoclonal
antibodies against a rat glomerular extract in mouse. When they injected these different antibodies to rats, one
of them caused NS within hours from the injection. This monoclonal antibody, named as mAb 5-1-6, reacted
against the SD, and the epitope was named as p51. The antigen p51 was endocytosed after mAb 5-1-6 injection,
and immunostaining showed decreased amount of this antigen during proteinuria (81,82). These findings
suggested that p51 and the SD were important for the maintenance of the glomerular filtration. The molecular
nature of this interesting antigen, however, could not be established at that time.

5. Congenital nephrotic syndrome of the Finnish type (NPHS1)

Proteinuria leading to NS within the first three months of life is called congenital nephrosis (CN) (83). Among
the CNs, congenital nephrotic syndrome of the Finnish type (CNF, NPHS1) is the most common single entity.
Hallman and coworkers described NPHS1 in 1956 (84), and it was the first disease of so-called Finnish
disease heritage. NPHS1 is highly enriched in the Finnish population (approximately 1:8200 live births) (85),
and about half of the described cases come from our country (86,87). The hallmark of NPHS1 is a massive
protein leakage across the glomerular capillary wall (88). All the features of this disease are considered to be
secondary to the heavy protein loss (87), and therefore, NPHS1 has served as a model disease for investigating
nephrosis and proteinuria.

5. 1 Clinical features
Typically proteinuria in NPHS1 begins already in utero (85,87). NPHS1 children are often born prematurely,
and the placenta is enlarged for an unknown reason (87). Proteinuria is detectable already in the first urine
analysis, and it is commonly associated with microscopic hematuria. The protein loss rapidly (usually within
days) leads to severe hypoproteinemia with decreased serum concentrations of albumin, immunoglobulins,
and many other proteins. The classical findings of NS, edema and weight gain, become evident (85). Before
the introduction of renal transplantation to the treatment of NPHS1, all the Finnish NPHS1 patients died at
infancy (89).
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5. 2 Prenatal diagnosis
The prenatal diagnosis of NPHS1 has based on elevated AFP levels in maternal serum and amniotic fluid (90-
93). AFP belongs to a group of oncofetal proteins, and it is present at large concentrations in fetal serum (94).
The leakage of fetal plasma proteins into amniotic fluid and further to maternal serum leads to raised AFP
levels in both compartments. Generally, this raise is first detected in a maternal serum screening between 14
and 16 weeks of gestation. Amniocentesis and amniotic fluid AFP measurements confirm the elevation. To
exclude other possible causes of high AFP levels, the ultrasonographic evaluation is performed. No gross
fetal abnormalities in NPHS1 is seen.

5. 3 Renal findings
In fetal NPHS1 kidneys, the most significant feature is the effacement of the podocyte foot processes (95),
similar to that seen in many proteinuric disorders (75). At light microscopic level, tubular microcysts (filled
with colloidal material) are detected (96-98).
After birth, the numerous dilated tubuli in the renal cortex are typical for NPHS1 (87,99). These alterations
are considered to be secondary to the severe protein leakage. The glomeruli often appear enlarged, with the
dilatation of Bowman´s space. Occasionally, slight matrix accumulation is observed. Later during the nephrotic
period, the ongoing massive proteinuria leads to progressive fibrosis, and proliferative changes become more
dominant (83). Immunofluorescence studies have not revealed IgG or complement component deposits in the
NPHS1 kidney glomeruli. At the ultrastructural level, the glomerular capillary wall shows the typical changes
seen in many nephrotic disorders. The podocyte foot processes are fused throughout the capillary wall, leading
to a decrease in the frequency of the slit pores. Mucovillous proliferation is also found, and some pseudocysts
may be present in the podocytes. In contrast, the GBM seems quite normal.

5. 4 Treatment of NS
The treatment of NPHS1 children aims at renal transplantation (89). During the first months of life, the main
problems resulting from severe hypoproteinemia include hyperlipidemia, hypothyroxinemia, and susceptibility
to thromboembolic complications and infections. The standard therapy for NS include daily albumin infusions
and a high-caloric diet. The medication also includes thyroxin, sodium warfarin, and prompt antibiotic therapy
for septic infections. After a patient reach a weight of 7 kg, bilateral nephrectomy is performed, and peritoneal
dialysis is commenced to optimize the nutritional status. The nutritional, protein and lipid status improve on
dialysis, and the renal transplantation is performed after three months of dialysis (89,100).
Despite effective therapy for NS, minor neurological problems are occasionally observed in NPHS1 children
during the nephrotic state (87). Many infants are hypotonic and their psychomotoric development is slow.
Later on, vascular changes and various degrees of brain atrophy is noticed. However, these symptoms and
signs usually disappear after renal transplantation (87), suggesting that the changes are secondary to NS.
Renal transplantation is usually performed on NPHS1 children between the age of one and two years (89).
The outcome of the transplantation is normally good. Qvist et al. (101) reported recently that the patient and
graft survivals of the Finnish NPHS1 patients five years from transplantation were 92 and 82%, respectively.
Adequate psychomotor development and growth were also gained in most NPHS1 children after transplantation
(87,101).
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5. 5 Recurrence of NS after transplantation
A special problem in the Finnish NPHS1 patients after transplantation has been the recurrence of severe
proteinuria in the kidney graft (87). In 1993, Laine et al. (102) described seven episodes of post-transplantation
nephrosis in six of the twenty-nine transplanted grafts. Totally, the recurrence has been described in ten
NPHS1 patients (102-106).
The NS episodes manifest as a rather rapid onset of heavy proteinuria without signs of renal failure (102).
Often, the episodes have been preceded by viral infections (usually cytomegalovirus or Epstein-Barr virus).
Patients with the recurrent NS have been treated with cyclophospamide in combination with steroids. Five of
the twelve reported episodes have responded to the rescue therapy (102-106). In non-responders the ongoing
massive glomerular proteinuria caused a graft failure usually in months, and the only treatment option was the
removal of the graft.
Shortly after the onset of severe proteinuria, renal pathology in light microscopy has been quite normal (102).
Immunofluorescence studies for the immunoglobulins and complement component deposits have remained
negative. At the EM level, the effacement of the podocyte foot processes was observed, resembling that found
in most NSs (75). Although an extensive analysis of renal and clinical findings was performed on these
children in 1993 (102), the pathogenesis of the recurrent NS remained unknown. However, since some of the
patients responded to immunosuppressive therapy, an immunological factor seemed to be involved in this
process.

6. Genetic breakthrough: NPHS1 gene and nephrin

Since Hallman and coworkers (84) described NPHS1 in 1956, numerous studies describing the clinical and
pathological aspects of this disease have been reported. The basic disorder was believed to be located in the
GBM. However, no defects in the GBM components were observed (107-110). Thus, the defect behind
NPHS1 remained a mystery for four decades.
To solve the problem, professor Tryggvason´s research group started to search for the defective gene of this
autosomal recessive disease in the late 80s. Samples from 29 Finnish NPHS1 families were collected and
used for genetic analysis. First, the candidate genes among the genes coding for GBM components were
evaluated. No linkaqe was demonstrable in any of the analyzed GBM genes, including collagen and laminin
genes (111). Next step was to start positional cloning, that is, genome wide screening for identifying a linkage
between a chromosome region and the disease. At the mid 90s, Kestilä and coworkers (112-113) succeeded in
localising the linkage to a gene-rich region in the long arm of chromosome 19. This 150 kb region was
sequenced, and five potential gene candidates were found. Mutation analysis was performed to all candidates,
and finally in 1998, mutations in a novel 29 exon gene were shown to be the cause of CNF (1). Kestilä and
coworkers termed this gene NPHS1 (nephrotic-syndrome-one-gene). With in situ hybridization, the gene
product was shown to be specifically expressed by glomerular podocytes. Because the protein encoded by
NPHS1 was restricted to nephrons, it was named nephrin.

6. 1 Nephrin
Based on the cDNA-deduced amino acid sequence, nephrin was predicted to be a transmembrane protein
with a structure resembling those of the cell adhesion molecules of the immunoglobulin superfamily (1). It is
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composed of eight extracellular immunoglobulin (Ig)
domains, one fibronectin domain, a transmembrane
domain, and intracellular domain with nine tyrosine
residues (Fig. 6). Together it has 1241 amino acid
residues, and a molecular size of approximately 185
kDa. The Ig-like modules are type C2 which are found
in many proteins involved in cell-cell or cell-
extracellular matrix interactions (114). No marked
similarity is observed in the cytosolic domain of nephrin with any known proteins. However, the tyrosine
residues may take part into signaling processes during ligand bindind, and thus, it has been speculated that
nephrin may have a role in podocyte cell adhesion and signal transduction.

6. 2 NPHS1 genetics
In the Finnish population, two common mutations, named Fin-major and Fin-minor, were found in over 90%
of NPHS1 patients (Table 1) (1). Sixty-five per cent were homozygous for a 2-bp deletion in exon 2 (Fin-
major), which causes a frameshift and the formation of stop codon at the end of exon 2 (Fig. 7). Thus, the
mutation leads to a development of only 68 amino acids, 50 of them being novel due to frameshift. Eight per
cent were homozygous for a nonsense mutation in exon 26 (Fin-minor). This mutation affects the opposite
end of the nephrin molecule, and leads to a truncated 1109-residue protein (out of 1241), with the whole
extracellular and transmembrane domains, and one third of the intracellular domain (Fig. 7). Sixteen per cent
of the patients were compound heterozygotes for these two mutations. In addition, four NPHS1 patients were
Fin-major heterozygotes with missense mutations (three cases) or an unknown mutation in the other allele,
and one patient had missense mutations in both alleles.

Fig. 6. Nephrin is composed of eight extracellular
Ig-like domains, one fibronectin domain, a
transmembrane region, and short intracellular
domain.

NPHS1

Fin-major
nt121(delCT)

Fin-minor
R1109X

Fig. 7. NPHS1 gene contains 29 exons. Fin-major
mutation results in a frameshift and a stop codon in
exon 2. Fin-minor mutation is a nonsense mutation
in exon 26, leading to a truncated 1109-residue
protein.

Table 1. Mutations in Finnish patients.
_______________________________
NPHS1 genotype Number of pts.
_______________________________
Fin-major/Fin-major 29
Fin-major/Fin-minor 8
Fin-minor/Fin-minor 4
Fin-major/W64S 1
Fin-major/C465T 1
Fin-major/R743C 1
Fin-major/Unknown 1
E117K/R418Q 1
______________________________
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In the non-Finnish NPHS1 children, the Fin-major and Fin-minor mutations are rare (115). In contrast, a great
variety of individual mutations have been described in these patients (115-120). The changes include insertions,
deletions, nonsense and missense mutations spread all along the NPHS1 gene. A few of these mutations are
also enriched in some isolated populations (120). Many mutations affect the Ig domains of the nephrin molecule,
suggesting these are important for the normal functional molecule. Some of these mutations seem to cause
milder forms of NPHS1, since some patients have responded to anti-proteinuric therapy with indomethacin
and ACE-inhibitor (121-123). In addition, several sequence variants of NPHS1 locus has also been described
in healthy subjects (115).

7. Nephrin and the SD - the key components of the glomerular filter ?

Since mutations in NPHS1 cause NS it was obvious that nephrin was essential for the normal glomerular
filtration. Therefore, it was of special interest to localise this novel protein in the glomerular capillary wall.
For this, Ruotsalainen et al. (2) raised polyclonal antibodies against the extracellular part of nephrin, and
these were used in immunohistochemical localization. In light microscopy, nephrin was detectable along the
GBM in human glomerulus, and with immuno-EM, nephrin was found specifically at the podocyte SD. This
localisation was also confirmed by other research groups (124,125).
The structure and physiology of the podocyte SD have been great mysteries in nephrology. In this respect, the
characterization and localisation of nephrin was a major breakthrough. The finding indicated a critical role
for SD in the glomerular sieving process. To make things more fascinating, a hypothetical model of nephrin
assembly to form the isoporous SD was presented (Fig. 8) (2, 126). This corresponded to that introduced by
Rodewald and Karnovsky in 1974 (Fig. 3) (40). In this new model the free cysteines of the adjacent nephrin
molecules would form disulfide bonds, and thus lock the nephrin molecules to other nephrins from the opposite
podocyte foot process stabilizing the slit pore.

GBM

Slit pore

Fig. 8. A hypothetical assembly of the nephrin molecules
to form the isoporous SD structure.
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AIMS OF THE STUDY

The work presented in the thesis was started in 1998 when NPHS1 gene and nephrin were identified, and the
first anti-nephrin antibodies became available. Since mutations in NPHS1 were responsible for the severe
form of congenital nephrosis, it was evident, that nephrin was a crucial component for the glomerular filtration
barrier. Therefore, it was of interest to evaluate the role of NPHS1 and nephrin in the formation of the glomerular
filter as well as in the pathogenesis of proteinuria. The specific aims of this study were:

To evaluate the expression of nephrin during glomerulogenesis of normal human kidneys, and of
kidneys with Fin-major/Fin-major genotype as well as to analyze the morphogenesis of the SD in these
kidneys.

To investigate the histopathology and the expression of nephrin in fetal kidneys heterozygous and
homozygous for NPHS1 mutations, and to analyze the validity of the AFP measurements from amniotic
fluid and maternal serum in these pregnancies.

To correlate NPHS1 genotype to phenotype in Finnish NPHS1 children, including clinical renal and
non-renal features and  kidney pathology.

To evaluate the role of nephrin in the development of recurrenct NS in the kidney grafts of NPHS1
children.

To study the role of nephrin in the pathogenesis of acquired nephrotic kidney diseases by
immunohistochemistry and in situ hybridization.
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MATERIALS AND METHODS

The studies will be referred by Roman numerals in the future text.

1. Tissue and serum samples

Fetal tissue samples for the study on glomerulogenesis (I-II) were collected at autopsy from human fetuses at
14-23 weeks of gestation (from the Departments of Obstetrics and Gynecology, Universities of Helsinki and
Kuopio). Twenty-one fetuses were aborted because of high AFP levels and NPHS1 suspicion. Fetuses without
kidney abnormalities were aborted due to anencephaly, gastroschisis, trisomy 18, and trisomy 21.
NPHS1 renal samples were from five fetuses at 17 and 19 weeks of gestation (I-II), from four nephrectomized
kidneys (III), and from one percutaneous needle biopsy (III) taken at the Hospital for Children and Adolescents,
or at the Department of Obstetrics and Gynecology, University of Helsinki. Five samples from the grafts of
NPHS1 patients (IV), and from 55 patients with acquired kidney disease (V), were gained from percutaneous
needle biopsies (taken at the Hospital for Children and Adolescents, or at the Department of Internal Medicine,
University of Helsinki). As adult controls, we used cadaver kidneys unsuitable for transplantation because of
vascular abnormalities (from the Division of Renal Transplant Surgery, Department of Surgery, University of
Helsinki). For the graft samples, controls were biopsy samples taken from NPHS1 patients with a well
functioning graft 1.5-5 years after transplantation (IV).
For the study on the recurrent NS (IV), 98 serum samples were taken from nine NPHS1 patients with the
recurrence, 67 samples from 29 NPHS1 patients without the recurrence, 52 samples from 31 non-NPHS1
patients with kidney transplantation, and 47 samples from 47 patients with liver or heart transplantation. The
serum samples from NPHS1 patients were collected between a few days and 12 years after kidney
transplantation. The samples in the other groups were collected 2-7 years after transplantation.

2. Clinical data

For the study on pregnancies terminated due to NPHS1 suspicion (II), AFP concentrations from 21 cases
were recorded (as multiples of median, MOM), and compared to NPHS1 genotype and renal pathology. In the
studies III and IV, the clinical features of the 46 Finnish NPHS1 children were correlated to NPHS1 mutations.
Neonatal findings, and the features during the nephrotic stage were retrospectively analyzed (III), and the
outcome after transplantation was followed (IV). In the patients with acquired kidney disease (V), the level of
proteinuria, and data on immunosupressive therapy prior the biopsy, were recorded.

3. Genetic analysis

The genomic DNA was isolated from peripheral blood leukocytes (children), or from frozen amniocytes and
paraffin embedded tissues (fetuses) using standard methods. All the exon regions of the NPHS1 gene were
PCR-amplified, and sequenced from the genomic DNA. PCR amplification reactions were carried out using
the GeneAmp 9600 thermocycler, and the amplified DNA was purified with a gel extraction kit, and the
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purified samples were sequenced with the Abi 377 sequencer (1,115).

4. Studies on nephrin expression

Expression of nephrin in kidney samples was evaluated using in situ hybridization, immunohistochemistry,
and Western blotting. Immunohistochemistry included immunoperoxidase and immunofluorescence stainings,
and immunoelectron microscopy. In addition, routine immunofluorescence studies for immunoglobulins and
complement components were performed on all biopsy samples.

Tissue preparation.  For light microscopy, paraformaldehyde-fixed snap-frozen and formalin-fixed paraffin-
embedded renal samples were used. For EM, the tissue blocks were cut into 1-mm3 pieces and immersed in
fixative. Morphological samples were fixed with 2.5% glutaraldehyde in phosphate buffered saline (PBS),
and immuno-EM samples with 3.5% praformaldehyde in PBS. After fixation, the samples were embedded in
resin or epon.

In situ hybridization.  In situ hybridization for nephrin mRNA was performed as described by Wilkinson
(127). Briefly, the tissue sections were acetylated and dehydrated, followed by incubation with 33P-labeled
antisense and sense riboprobes. After washes, RNA digestion, and dehydration, the sections were dipped in
NTB2 nuclear emulsion, and exposed in the dark for 1-2 weeks. After developing, the sections were
counterstained with hematoxylin and eosin. The probes for in situ studies were synthesised by subcloning a
287 bp cDNA fragment corresponding to exon 10 in human NPHS1 into pBluescript, and antisense and sense
RNAs were produced using T3 and T7 RNA polymerase, respectively (1).

Antibodies.  Three types of anti-nephrin antisera were used: 1) Polyclonal rabbit antibodies against the
extracellular part (PAb 1), 2) polyclonal rabbit antibodies against the intracellular part (PAb 2), 3) a pool of
three mouse monoclonal antibodies against the extracellular domains of nephrin (MAbs 1, 2 and 3) (only light
microscopy). The preparation of PAb1 has been described earlier (2). For the preparation of PAb 2, the
intracellular part of nephrin was used to raise polyclonal antibodies in NZW-rabbits (I, V). Three mouse
monoclonal anti-nephrin antibodies (MAb 1, 2 and 3) were derived from a mouse immunized with a recombinant
nephrin, containing the whole extracellular portion of the molecule (I). Two of the antibodies recognized the
Ig domains (second and eight), and the third antibody was directed against the fibronectin domain of nephrin
molecule (I, Ruotsalainen et al. unpublished data). Rabbit polyclonal antibody directed against ZO-1 was
purchased from Zymed Laboratories, and mouse monoclonal anti-P-cadherin antibodies from BP Transduction
Laboratories.

Western Blotting.  Western blotting for nephrin was performed on glomerular extracts from normal human
kidneys, and from four nephrectomized NPHS1 kidneys in a standard fashion (III, V). Glomeruli were first
sieved as previously described (128). Then, the extracts were separated on gradient gel, and transferred into
polyvinyl difluoride membrane. The membrane was blotted with the polyclonal (PAb2) and a pool of three
monoclonal anti-nephrin antibodies. The IgG was detected with alkaline phosphates conjugated anti-rabbit
and anti-mouse IgGs.
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Immunoperoxidase and immunofluorescence stainings.  For immunoperoxidase staining (I, II, IV, V), the
tissue sections were deparaffinised, endogenous peroxidase activity was quenched, and microwave treatment
in citric acid (10 mM, pH 8.0), was performed. After blocking with goat serum, the primary antibodies were
incubated for 1-18 hours. After washes, the sections were incubated with biotinylated secondary antibodies,
followed by a complex of avidin and biotinylated peroxidase. The binding was visualized using
diaminobenzidine substrate, and the sections were counterstained with hematoxylin. For immunofluorescence
staining (I, III, IV), the cryosections were blocked with glycine and bovine serum albumin. The primary
antibodies were incubated for 2 hours, followed by cyanine conjugated secondary antibodies. For double
labeling (I), the primary antibodies were incubated sequentially for 2-18 hours, followed by cyanine and
rhodamine conjugated secondary antibodies. Controls for immunohistochemical studies included replacement
of the primary antibodies with PBS or nonimmune rabbit or mouse IgGs.

Immuno-EM.  Immuno-EM was performed on resin sections as described earlier (2). Briefly, thin sections
were incubated in the primary anti-nephrin, anti-ZO-1 or anti-P-cadherin antibodies for 2-18 hours, followed
by 5- or 10 nm gold conjugated secondary antibodies. The sections were poststained in uranyl acetate. Double
labeling for nephrin and ZO-1 was sequentially performed on the different sides of resin sections, as described
by Bendayan (129). Controls included incubation of the grids with PBS or nonimmune rabbit IgGs instead of
the primary antibodies.

5. Morphological evaluation

The fetal (II) and nephrectomized (III) NPHS1 kidneys were examined in light microscopy. The presence of
microcysts (dilated tubuli) filled with colloidal material was regarded as the sign of proteinuria in fetal kidneys
(96,97). Abnormalities of glomeruli, tubuli, and blood vessels, as well as, interstitial fibrosis and inflammation
were recorded in the nephrectomized NPHS1 kidneys. These were graded from nil to 3+, and the histology
score was obtained by adding these together.
Ultrastructural evaluation of the glomerular capillary wall was performed with transmission EM (I-IV). Foot
process fusion was quantified in the fetal kidneys by correlating the number of podocyte slit pores to the
length of the GBM (II). The podocyte slit pores were analyzed by calculating the proportion of the pores with
detectable SD filaments (II, IV). In addition, the number of podocyte slit pores, where the cell membranes of
the adjacent foot process were in close contact, was registered (II).

6. Search for circulating antibodies (IV)

The presence of anti-glomerular antibodies in the patients´ sera was evaluated by indirect immunofluorescence
using normal fetal kidney section as antigen (IV). For this, the fetal cryosections were incubated for 2-3 hours
in diluted (1/5) patient serum sample followed by cyanine conjugated secondary antibodies. The
immunofluorescence was evaluated independently by two observers, and the presence of anti-glomerular
antibodies was indicated when the glomerular reactivity was detected by both observers.
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Specific anti-nephrin antibodies were measured using ELISA-method (IV). The microtiter plates were coated
with the extracellular part of nephrin (NphExHis), and the plates were incubated in blocking solution, followed
by serum samples, and then by peroxidase conjugated anti-human IgG. Peroxidase substrate 2,2’-azino-bis
(3-ethylbenzthiazoline-6-sulfonic acid) was finally added, and the plates were developed in dark. Absorbance
at 410 nm was recorded. One positive serum sample (patient 1) was used in the quantification of antibody
titers (this was set to contain 500 units/ml (U/ml)), and threshold for anti-nephrin antibody positivity was set
to 114 U/ml (95th percentile of the controls). On competitive assay, serum samples were preincubated with
NphExHis before applying to the coated wells.

7. Statistics

The clinical findings of the NPHS1 patients with different genotype were analyzed with Student´s t-test,
Fisher´s exact test, Mann-Whitney-U test, ANOVA, Kruskal-Wallis, Kapplan-Meyer, and unpaired t-test (III,
IV). The number of grains for nephrin mRNA (with in situ hybridization) (IV-V), and the proportion of the
slit pores with detectable diaphragms (II, IV), as well as, the number of pores / GBM length (II) were analyzed
with Mann-Whitney U-test.

8. Ethical considerations

This study was approved by The Ethical Committees´ of the Departments of Obstetrics and Gynecology,
Universities of Helsinki and Kuopio, as well as, by The Ethical committee of the Hospital for Children and
Adolescents, University of Helsinki, Finland.
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Table 2. The development of normal and NPHS1 kidney glomerulus: The expression of SD
components, and the appearance of structures between developing podocytes.
_________________________________________________________________________

Normal developing glomeruli (stage) NPHS1 glomeruli
_____________________________________ (Fin-major and Fin-
Vesicle S-shaped Capillary Maturing minor mutations)

_________________________________________________________________________
Nephrin - + +++ ++ -
ZO-1 - + +++ ++ na
P-cadherin +++ ++ ++ + na
Junctional complex + + na
Ladders + -
Slit diaphragm + -
_________________________________________________________________________
na=no alterations seen as compared to normal fetal kidneys.

RESULTS

1. Nephrin in normal glomerulogenesis (I)

The expression of nephrin in samples from normal fetal kidneys was studied using in situ hybridization and
immunohistochemical methods.
In situ hybridization. Nephrin mRNA was first detected in the late S-shaped bodies, in the area next to
vascular cleft (Fig. 2 in I, Table 2). All glomeruli of capillary loop and maturing stages were strongly positive,
and the signal for nephrin mRNA was most intense at early capillary loop stage.
Immunohistochemistry. Immunoreactivity for nephrin was evident in columnar epithelial cells adjacent to
vascular cleft in late S-shaped bodies (Fig. 3 in I). In capillary loop glomeruli, reactivity was present along the
basal margins and as discrete lines between the developing podocytes. Moreover, nephrin reactivity was
detected as dots at the lateral cell surfaces. Immuno-EM revealed nephrin in junctions with ladder-like structures
between the differentiating podocytes (Fig. 4 in I). In maturing stage glomeruli, nephrin immunoreactivity
was found as a strong continuous line along the GBM, and in immuno-EM, immunoreactivity for nephrin was
concentrated at the SD area.
Comparison of nephrin, ZO-1 and P-cadherin. The immunoreactivity for the cytoplasmic SD component,
ZO-1, was very similar to that of nephrin during glomerulogenesis (Fig. 8 in I, Table 2). Reactivity for ZO-1
was first detected in the late S-shaped bodies, and it colocalised with nephrin between the epithelial cells as
spots, and at the junctions with ladder-like structures. In contrast, P-cadherin was detected already at the
vesicle stage (Table 2), and it was not found between developing podocytes at the capillary stage. Later,
reactivity for P-cadherin reduced, and gave a linear pattern along the GBM.
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2. Glomerulogenesis in NPHS1 kidneys (I-II)

Immunohistochemistry. No nephrin immunoreactivity was detected in the fetal kidneys with Fin-major/Fin-
major and Fin-major/Fin-minor genotypes (Fig. 5 in I, Fig. 1 in II, Table 2). In contrast, immunoreactivities
for ZO-1 and P-cadherin were detected quite normally in these fetal kidneys in light microscopy (Fig. 5 in I)
and EM (Fig. 6 in I, Patrakka et al. unpublished data).
Morphogenesis. Fetal NPHS1 kidneys, lacking nephrin, showed tubular microcysts filled with colloidal material
secondary to proteinuria in the renal cortex (Fig. 3 in II). Instead, glomerular structure appeared quite normal
in light microscopy. In EM, the junctions between the developing podocytes of the late capillary loop stage
glomeruli appeared normal (Fig. 6 in I, Table 2). However, junctions with the ladder-like structures were
missing. In maturing stage glomeruli, the foot process effacement was obvious. The major finding, however,
was that the SD filament was completely missing in the podocyte slit pores in NPHS1 kidneys lacking nephrin
(Fig. 7 in I, Table 2).

3. Renal findings and proteinuria in fetuses heterozygous for NPHS1 mutation (II)

From the 21 pregnancies terminated due to high AFP values and NPHS1 suspicion,  ten cases turned out to be
heterozygous for either Fin-major or Fin-minor mutation.
Renal findings. Immunohistochemistry revealed quite normal reactivity for nephrin in the kidneys of the
carrier fetuses (Fig. 1 in II). The intensity of immunoreaction, however, was reduced in two cases. Surprisingly,
the renal histopathology in carriers resembled that of the affected fetuses. In EM, the fusion of the podocyte
foot processes was present, and the frequency of the slit pores along the GBM was reduced in a similar
fashion as in homozygous cases (Fig. 2 in II). However, the filamentous image of the SD was detectable in
about one third of the remaining pores, which was different from that observed in the affected cases. In light
microscopy, tubular dilatations (microcysts) were detectable in six out of seven kidneys available for the
analysis (Fig. 3 in II).
AFP levels. Proteinuria during fetal period leads to elevated amniotic fluid levels of AFP, which is a major
serum protein in the fetus. In pregnancies with carrier fetuses, the AFP levels in the amniotic fluid were
markedly elevated (median 15.5 MOM, range 6.0-50.1 MOM), supporting the renal findings of fetal proteinuria
(Fig. 4 in II). Moreover, the AFP concentrations in the carrier cases overlapped with those of the affected
(homozygous) pregnancies, where the mean AFP value was 34.3 MOM (range 11.4-55.4 MOM). However,
the AFP concentrations in the heterozygous cases tended to be lower. The similar phenomenon was found
also in maternal serum, where elevated values above 2.5 MOM were observed in 14 out of the 15 pregnancies
with affected and carrier fetuses (Fig. 4 in II). A total overlap between the values of the two groups was
evident.

4. NPHS1 children: Correlation of the genotype to phenotype (III)

The clinical features of the 46 Finnish NPHS1 children were correlated to NPHS1 genotypes. The patients
included 29 cases with Fin-major/Fin-major, four with Fin-minor/Fin-minor, and eight with Fin-major/Fin-
minor genotype (Table 1). Four patients had Fin-major in the one and a missense mutation or an unknown
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mutation in the other allele. One patient had two missense mutations.
Patients with Fin-major and Fin-minor mutations. NPHS1 children were usually (82%) born prematurely
(<38th week) (III, Table 3). Only two newborns were small for gestation age. Placental weight was over 25%
of the birth weight in all except one newborn with Fin-major/Fin-major mutations. NS was diagnosed within
the first week after birth in 82% of the infants. Five patients with Fin-major and Fin-minor mutations received
ACE-inhibitor therapy without reduction of proteinuria. During the nephrotic stage, minor functional disorders
in central nervous system and heart were quite common. Cardiac findings included mild pulmonary stenosis,
cardiac hypertrophy, and atrial septal defect. No statistical difference was found between the patients with
different genotypes in any of the findings present at birth or at nephrotic stage (Table 3).
In histopathological examination, glomeruli showed mesangial hypercellularity, hyperlobulated capillary tufts
and some scarring. Also, microcystic dilatation of tubuli, interstitial fibrosis, and inflammation was observed.
These findings were similar in all patient groups (Table 3). The EM of the glomeruli showed effaced podocyte
foot processes. The SDs in the podocyte pores were completely missing in NPHS1 glomeruli with Fin-major
and Fin-minor mutations (Fig. 5 in III).
The signal for nephrin mRNA (with in situ hybridization) was quite normal in the nephrectomized NPHS1
kidneys with Fin-major or Fin-minor mutations. However, no immunoreactivity for nephrin was detected in
Western blotting or immunohistochemistry with the two nephrin antisera (Fig. 3 & 4 in III). In contrast, ZO-
1 and P-cadherin were found quite normally in NPHS1 kidneys.
Patients with missense mutations. Four out of five patients with missense mutations were clinically
indistinguishable from children with Fin-major and Fin-minor mutations. However, a child with Fin-major/
R743C genotype was an exception (Fig. 6 in III). Her NS was diagnosed immediately after birth, and her
proteinuria varied between 3-75 g/L. ACE-inhibitor and indomethacin therapy was started at the age of three
months, and proteinuria decreased to a level of 1-3 g/L. The child is now 4.5 years old with only mild
proteinuria. The explanation for the milder clinical picture became evident in the renal examination. Her
kidney glomeruli expressed nephrin, and the SDs were intact in EM (Fig. 6 in III).

5. Recurrence of NS after renal transplantation in NPHS1 children (IV)

Clinical findings. So far, 51 renal grafts have been transplanted to the 45 Finnish NPHS1 children (with a
known genotype). Fifteen episodes of the recurrent NS have occurred in 13 grafts (25%) of nine NPHS1
patients (20%). All the nine recipients had the Fin-major/Fin-major genotype. Recurrent NS was diagnosed
from 5 days to 48 months after the transplantation (Table 4). The mean urinary protein concentration on
admission was 24 g/L. Oral cyclophosphamide and increased doses of oral methylprednisolone were given in
13 of the 15 episodes. No response was achieved in eight episodes, and six of these grafts were lost. Response
was observed in seven episodes.
Graft findings. At the onset of recurrent NS, glomerular morphology in light microscopy was quite normal.
The immunofluorescence studies did not reveal deposits of immunoglobulin or complement component. EM
studies showed effaced podocyte foot processes (Fig. 3 in IV). The filamentous image of the SD was found in
only 32% of studied podocyte pores, which was significantly less than in control grafts (Table 5 in IV).
The expression level of nephrin mRNA (with in situ hybridization) was evaluated by correlating the number
of grains to the cross-section area in separate glomeruli. With this semi-quantitative method, a significant
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Table 3. Features of Finnish NPHS1 children with different mutations (results given as
means, unless shown otherwise). No statistical difference seen between groups, except in
findings after transplantation in pts. with Fin-major/Fin-major genotype (*).
_______________________________________________________________________
Findings Major/Major Major/Minor Minor/Minor OthersA

n=29 n=8 n=4 n=5
_______________________________________________________________________
Neonatal

Gestational age (weeks) 36.3 36.4 35.1 37.9
Birth weight (grams) 2615 2540 2010 2657
Birth height (cm) 47 48 45 48
ISP (%) 38.6 38.0 47.5 40.5

Renal findings
NS diagnosed at 1st week 19/26B 8/8B 4/4B 3/4B

Proteinuria >10g/L 12/15 3/5 4/4 1/1
Hematuria >100/field 15/16 5/5 4/4 1/1
Albumin substitution 4.1 3.7 3.4 3.7
Histologic scoreC 5.0 6.9 5.8 5.5

Extrarenal findings at nephrotic stage
Muscular hypotonia 26/28      5/7      4/4 4/5
EEG-abnormalities 10/26           2/7           1/4 0/4
CT/MRI-abnormalities 12/26           4/7           1/4 1/4
Cardiac findings 6/26 2/7           1/4 3/5

Post-transplantation
Grafts (n) 35 8 4 4
Nephrotic syndrome (%) 37* 0 0 0
Acute rejection episodes 1.2 1.0 0.7 0.7
GFR after 3 years 70.4 80.5 71.7 85.6
Patient survival (5 years, %) 94* 100 100     100
Graft survival (5 years, %) 72* 100 100     100

______________________________________________________________________
ASee Table 1. BNumber of pts. with the finding/total number of pts. with the adequate
data. CSee Materials and Methods.
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Table 4. The episodes of recurrent NS, and the serology of the patients (ab-g = antibodies

against the glomerular structures, ab-n = antibodies against nephrin).

__________________________________________________________________________________________________

Pt Time after tx Urinary protein Outcome Serology

(months) (g/L) _________________

(on admission) ab-g    ab-n

__________________________________________________________________________________________________

1 a 18 3 No response, tx-ectomy  + +

b 23 days 17 No response, tx-ectomy

2 a 5 21 No response, tx-ectomy  + +

b 5 days 4 Response

3 a 7 17 No response, tx-ectomy  + +

b 1 33 Response

c     48 24 No response, tx-ectomy

4 a 4 33 No response, exitus  + +

5 a     28 43 No response, tx-ectomy  + -

b     14 6 Response

6 a 5 46 Response  + -

b 9 21 Response

7 a 2 59 Anuria day 4, exitus - -

8 a     33 25 Response.  + -

9 a 5 11 Response.  + -

__________________________________________________________________________________________________

decrease in the expression level of nephrin mRNA was found in two out of five proteinuric grafts (Table 5 in
IV). Immunoreactivity for nephrin changed from a linear pattern along the GBM to a discontinuous coarse
granular pattern in three proteinuric grafts but the reactivity appeared normal in two cases (Fig. 5 in IV).
Immuno-EM (two grafts) revealed nephrin mostly at the slit pores. The distribution of ZO-1 in the podocytes
was comparable to that of nephrin in control and proteinuric grafts.
Serology. Circulating antibodies reacting against fetal kidney glomerulus were found in 8 of the 9 nephrotic
patients (89%) as studied by indirect immunofluorescence (Table 4 in IV). These were detected in a total of
44 of the 98 (45%) samples from the patients with recurrent NS. This was a significantly higher frequency
than observed in control groups.
High levels of anti-nephrin antibodies were detected by ELISA-method in four (Fig. 1 and Table 4 in IV) of
the nine patients with the recurrent NS. The specificity of these antibodies was verified by inhibiting the
binding by soluble nephrin. Anti-nephrin antibody levels above the 95th percentile of control samples (114
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U/ml) were detected also in two NPHS1 patients without recurrent NS and two non-NPHS1 patients with a
renal graft. This binding, however, could be inhibited with soluble nephrin in only one of these patients.

6. Nephrin in acquired kidney diseases (V)

The expression of nephrin in acquired kidney diseases was studied in 55 renal biopsies using in situ hybridization
for nephrin mRNA and the immunoperoxidase technique.
In situ hybridization. The expression of nephrin mRNA was analyzed by evaluating the signal intensity visually
and by counting the grains in separate glomeruli. No major difference was seen in nephrin mRNA in the
samples from minimal change nephrotic syndrome (MCN, 6 cases), focal segmental glomerulosclerosis (FSGS,
2 cases), and membranous nephropathy (MN, 4 cases), as compared to controls (Fig. 1 and Table 2 in V).
Immunohistochemistry. A linear immunoreactivity along the GBM was obvious in control kidneys but also a
faint reaction inside the podocytes was found. The immunoreactivity for nephrin was quite normal in glomeruli
from patients with MCN (Fig. 3 in V). In FSGS, sclerotic areas were negative for nephrin, while glomeruli
without these lesions showed no changes in the expression of nephrin. In MN glomeruli, mild to moderate
mesangial expansion was occasionally observed, and the immunoreactivity for nephrin was concentrated to
the peripheral capillary loops. However, normal looking glomeruli in MN samples showed no changes in the
immunoreactivity. In the proliferative forms of glomerulonephritides, glomerular crescents and sclerotic areas
were negative for nephrin. Mesangial proliferation of various amounts led to scattered and sparse
immunoreactivities. The reactivity for ZO-1 in capillary tufts was comparable to that of nephrin in normal
kidney, MCN, FSGS, MN, and other diseases.
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DISCUSSION

Discovery of nephrin as the first and perhaps one of the most crucial components of the glomerular SD has
opened new possibilities to investigate the structure and function of the glomerular filtration barrier. In this
thesis the role of nephrin in the human glomerulogenesis as well as in the pathogenesis of congenital and
acquired nephrotic diseases was studied. The results suggest that 1) nephrin is essential for the development
of the SD, 2) absence of nephrin leads to a therapy-resistant form of NPHS1, 3) heterozygous (carrier) fetuses
for nephrin gene mutations can have transient proteinuria during the kidney development in utero, and 4)
immunological reaction against nephrin can cause NS in man.

1. Formation and structure of the SD

The SD is believed to originate from the subapical junctional complexes of immature visceral epithelial cells
(24,50). During glomerulogenesis these junctions migrate along the lateral cell margins toward the basal
surface to form mature SDs. The tight junction protein, ZO-1, first appears in apically located junctions and
then migrates down to the level of SD (41). In rats, nephrin and ZO-1 were seen to reach the SD from opposite
directions (130,131). Also, nephrin was not found above the level of tight junctions between the developing
podocytes in mouse (132). The present study, however, shows that during human glomerulogenesis nephrin is
detectable between the developing podocytes above the level of tight junctions, colocalising with ZO-1. This
finding supports the idea that the SD, indeed, develops from these subapical junctions.
The junctions with the ladder-like structures and the SDs were completely missing in the NPHS1 kidneys
lacking the nephrin immunoreactivity. The early junctions between the developing podocytes at the capillary
loop stage, however, seemed normal. Thus, nephrin was not needed for the early development and migration
of junctional complexes at the S-shaped and capillary loop stages. On the other hand, the formation of the
ladder-like structures and the SDs seemed to be dependent on the presence of nephrin. The ladder-like structures
might represent a fragmented form of tight junction which in normal kidney differentiate into mature SD.
Interestingly, Li et al. (133) showed that CD2AP, which is an adapter molecule binding to the cytoplasmic
domain of nephrin (134), is not needed for the maturation of the podocyte slit. Since little is known about the
cytosolic interactions of the SD, the explanation to this is unclear. It is likely, that other molecules also
associate with the intracellular domain of nephrin.
The molecular components and structural organisation of the SD are not known. The zipper model presented
by Rodewald and Karnovsky (40) has been doubted (36,37). During the past two years major steps have been
achieved in this respect. After the identification of nephrin,  Ruotsalainen et al. (2) presented a model where
nephrin forms the porous substructure of the SD by homophilic interaction with the other nephrin molecules
of adjacent foot processes. This new hypothesis was in line with the model of Rodewald and Karnovsky. The
podocyte-specific expression pattern of nephrin in the kidney could explain the unique functional properties
of the SD. This restricted expression  has been confirmed by the characterization of glomerular-specific
promoter of the nephrin gene (135,136). The present study shows that the absence of nephrin leads to missing
SDs, and supports strongly  the idea that nephrin forms the basic scaffold of the SD. The results in the electron
tomography also suggest that nephrin is the main compound of the SD (Wartiovaara et al., unpublished data).



33

On the other hand, Kawachi et al. showed that in nephrotic rats, the relocation of nephrin from the slit pore to
the cytosol of the foot processes does not affect the structure of the SD as seen in EM (125).
Recently, two other molecules have been localised at the podocyte slit pore. Reiser et al. (137) found P-
cadherin at the SD area and proposed a model, in which P-cadherin serves as the core protein of the SD, so
that a homophilic interaction forms the bridge between the foot processes. Based on the findings in podocyte
cell cultures, they further proposed that α-, β- and γ-catenins were cytosolic components of the SD. The
catenins would serve as a link between the SD and the actin cytoskeleton of the foot process. Another
transmembrane molecule of the cadherin superfamily, FAT, was also localised at the SD (138). This large
molecule (>500 kDa) resembles closely the protocadherins, which are known to form homophilic bindings
(139). How these two newly found components contribute to the formation of the SD is not known. In nephrotic
NPHS1 kidneys missing the SDs, P-cadherin is detected normally at the podocyte slit pores (I, Patrakka et al.
unpublished data). This finding suggests that P-cadherin does not form the backbone of the SD. This is further
supported by the fact that knock-out mice lacking P-cadherin do not develop nephrosis (140), whereas newborn
mice not expressing nephrin die of nephrosis in the first day (141).

2. Proteinuria in fetuses heterozygous for NPHS1 mutation

Although NPHS1 is clearly an autosomal recessive disorder, the present study showed that heterozygous
fetuses developed transient proteinuria in utero. When only one NPHS1 allele is functioning properly, the
synthesis of nephrin is most probably reduced in a kidney glomerulus, and this shortage causes a temporary
dysfunction of the SD and protein leakage during glomerulogenesis. After the process is finished, the reduced
synthesis of nephrin is not critical anymore.
The characterization of fetal proteinuria in the unaffected carriers has important clinical implications. First,
the histopathological diagnosis of fetal NPHS1 should not be based on the presence of the “proteinuric
signs”, namely foot process effacement and tubular microcysts. Recently, Wapner et al. (142) described the
use of in utero kidney biopsy for the prenatal diagnosis of CN. The validity of this method can be questioned
in the light of present data. Second, the present findings suggest that the measurements of amniotic fluid AFP
levels are unreliable for the prenatal detection of NPHS1. Amniotic fluid AFP values over 5 MOM have been
considered diagnostic for CN (93). In our study, the median values in carriers and affected cases were 15.5
and 34 MOM, respectively, indicating a tendency for higher levels in affected pregnancies. However, levels
up to 50 MOM were detected in carrier pregnancies. Therefore, a reliable cut-off level is impossible to
determine.
The results show that the use of AFP measurements could lead to unjustified abortions, and emphasize the use
of genetic analysis of NPHS1 when CN is suspected. In the Finnish population, the two most common NPHS1
mutations (Fin-major Fin-minor) can be detected by a direct mutation analysis (143). This genetic test has
been introduced to clinical use in Finland. However, since the non-Finnish NPHS1 patients have mostly
individual mutations scattered across the NPHS1 gene, the genetic diagnosis in these patients requires the
complete sequencing of the NPHS1 gene.

3. Features of Finnish NPHS1 patients
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The clinical and histopathological data of the Finnish NPHS1 children indicate that both Fin-major and Fin-
minor mutations (which affect the opposite ends of the nephrin molecule) lead to similar features and severe
NS soon after birth. This could be explained by the finding that both mutations lead to missing nephrin and
SD. The results on the expression of nephrin in NPHS1 kidneys differ partly from those of Holthöfer et al.
(124), who found nephrin on the urinary surface of the podocyte foot processes in NPHS1 kidneys.
A child with Fin-major mutation in one allele and a missense mutation (a change of arginine-743 to cysteine
in extracellular Ig-5 domain) in the other one was an interesting exception in the Finnish patient material. Her
nephrosis was detected immediately after birth and heavy proteinuria was measured during the first months.
However, she responded to enalapril and indomethacin therapy, and avoided renal transplantation. Her kidneys
expressed nephrin and the podocyte SDs were present. Thus, although her NPHS1 mutation caused a
“functional” disorder in the glomerular filter, the anti-proteinuric therapy reduced the protein leakage
dramatically.
In the non-Finnish NPHS1 patients, a wide variety of mutations along the NPHS1 gene has been described
(115-120). Although the systematic evaluation of these is lacking, most of the mutations seem to lead to the
severe form of CN. Even missense mutations in NPHS1 gene may lead to a situation where nephrin is not
expressed on podocyte surface (Liu L unpublished data). Based on the present data, a renal biopsy on CN
infant with other than Fin-major or Fin-minor mutations is indicated. If the kidneys express nephrin and the
SDs are present, a response to an ACE-inhibitor and indomethacin might be expected. On the other hand, if
immunoreactivity for nephrin is negative, the chances for a response are small, and renal transplantation
seems as the only option.

4. Severe proteinuria in kidney grafts of NPHS1 patients (IV)

The recurrent NS after transplantation is a major problem in the Finnish NPHS1 patients (87). The
pathophysiology of this ”renephrosis” has been a mystery. In this study high levels of anti-nephrin antibodies
were found in 4/9 children with the recurrent NS. Three of these children had two episodes in which the latter
episode occurred soon (5-31 days) after retransplantation. Although immunoglobulin or complement deposits
were not detectable in the glomeruli, it seems likely that these autoantibodies had a pathogenic role in this
process. In five patients anti-nephrin antibodies were not detected. Two explanations seem possible in these
cases. Either the ELISA-method using a recombinant nephrin did not catch the anti-nephrin antibodies or
cell-mediated immune reaction is involved in these patients. We have already started to investigate the role of
T-cell reactivity in the recurrent NS.
The recurrence has developed only in patients with the Fin-major/Fin-major genotype, which  leads to a
formation of only end terminal residues. Fetuses with this genotype obviously do not encounter nephrin
during normal maturation of their immunological system, and do not develop tolerance to nephrin. When
nephrin is exposed in the kidney graft after transplantation, immunization against this ”novel” antigen may
occur. The phenomenon is similar to that seen in Alport syndrome, in which immunization occurs against the
collagen components of the GBM in renal grafts (144).
The frequency of the slit pores missing SD was clearly increased, and junctions with the ladder-like structures
were occasionally found between the podocytes in the nephrotic grafts. This suggests that disruption of the
SDs takes place in the recurrent NS, and possibly leads to the fusion of foot process. The immunoreactivity
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for nephrin was altered to a granular pattern, and the expression of nephrin mRNA was significantly decreased
in half of the grafts, whereas other nephrotic grafts showed no alterations. The explanation to these findings
is unclear. Similar findings have been reported in puromycin aminonucleoside nephropathy (PAN) and in
nephrotic rats induced by the injection of mAb directed against the extracellular domain of nephrin (125).
So far, the recurrence of NS has appeared in 11 out of 51 grafts in the Finnish NPHS1 patients. Remission has
been achieved with immunosuppression in half of the episodes but six grafts have been lost. Thus, the optimal
management for the disorder remains to be solved. Children with Fin-major/Fin-major genotype, and especially
those with anti-nephrin antibodies or a history of recurrent NS, have clearly a high risk of graft loss. Based on
the present study, a follow-up of anti-nephrin autoantibodies in the NPHS1 patients with kidney grafts have
been started.

5. Nephrin in acquired nephrotic diseases

MCN, MN, and FSGS are the three most important nephrotic disorders in man. The basic mechanisms leading
to proteinuria in these diseases are unknown (145-147). The disorders often respond to immunosuppressive
therapy suggesting an immunological basis. In the present study, the glomerular expression of nephrin or
nephrin mRNA were quite normal in MCN and MN. In FSGS, sclerotic lesions in the glomeruli were negative
for nephrin. Sclerotic lesions and glomerular crescents were negative for nephrin also in proliferative
glomerulonephritides. In general, epithelial crescents and sclerosis are not associated with proteinuria, and it
is likely that the lack of nephrin in these lesions is secondary, representing the distortion of normal structures.
In MCN, the present results are different from those reported by Furness and coworkers (148), who showed
a decreased expression of nephrin mRNA in three glomeruli from patients with MCN using PCR-amplification
method. Also, Doublier et al. (149) reported recently a reduced expression of nephrin in acquired nephrotic
diseases (MCN, MN, and FSGS) using immunofluorescence staining. They proposed that the dislocation of
nephrin from the SD is a potential mechanism of proteinuria in the nephrotic states. The explanation to the
controversy remains to be seen. The applied methods may fail to acknowledge modest alterations in the
amount or distribution of nephrin in capillary tufts. It is also clear that pathological processes interfering with
the function of nephrin or other SD components may cause proteinuria even if the proteins seem to be present
normally in the podocyte slits. In NPHS1, single amino acid changes in the nephrin molecule can cause
massive proteinuria suggesting that minor defects in the nephrin molecule may have major functional
consequences. However, based on this study it seems likely that a grave reduction of nephrin in the glomeruli
is not the underlying mechanism of proteinuria in MCN, MN, or FSGS.
So far, studies on nephrin in the animal models are few. The mAb 5-1-6 directed against the extracellular
domain of nephrin was shown to cause NS in rats (125). This was associated with reduction in the expression
of nephrin mRNA, and with the alteration in the distribution of nephrin protein along the glomerular capillary
wall. The changes preceded NS, suggesting that the alteration have impact on the onset of NS. Also, a reduced
expression of nephrin has been reported in puromycin induced NS in rats (125,150) as well as in passive
Heymann nephritis (rat model for MN) (151). In the latter model, ACE-inhibitors seem to reverse this reduction
and decrease proteinuria. The presence of nephrin splicing variants has also been reported but their importance
is unknown (124,150).
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6. Pathogenesis of proteinuria: Podocyte and the SD on the edge

After the identification of nephrin, genetic discoveries have provided new important data supporting the role
of podocytes in proteinuria. CD2AP is an adapter protein first detected in T cells, in which it stabilizes
contacts with T-cells and antigen presenting cells (152). When Shih et al. inactivated the CD2AP gene, the
mice developed NS within weeks from birth. NS was associated with the effacement of podocyte foot processes.
Further studies revealed that CD2AP associated with nephrin at the base of the podocyte SD (134). CD2AP
probably connects the SD to the actin-cytoskeleton of the foot process, and defects in this link cause NS. A
novel cell adhesion protein, Neph1, was also recently characterized in podocytes and elsewhere (153). Neph1
-/- mice are proteinuric at birth, and the glomeruli show effaced podocyte foot processes, indicating that
Neph1 is also essential for the glomerular filtration barrier. The location of Neph1 in the podocytes is unknown.
Genetic discoveries  in the familiar forms of FSGS (FFSGS) have also demonstrated the importance of
podocytes. Boute et al. (154) characterized the gene behind the autosomal recessive FFSGS. This disease
manifests as proteinuria  at early childhood, and it leads quite rapidly to end-stage renal disease. The identified
novel gene (NPHS2) encodes for an integral membrane protein, podocin, which is produced by glomerular
podocytes. The ultrastructural location of podocin in the podocytes is yet unknown but it may be another
component of the SD. Mutations in ACTN-4, encoding for α-actinin-4, were shown to be associated with the
autosomal dominant form of FFSGS (31). α-actinin-4 binds to the actin-cytoskeleton  (Fig. 2), and it is likely
that abnormal α-actinin-4 leads to defects in the podocyte foot process cytoskeleton or in the interaction of
the SD and the cytoskeleton.
To conclude, the recent breakthroughs in the genetic nephrotic disorders have given intriguing new insights
into the pathogenesis of proteinuria (155). Today, it is clear that the podocyte and the SD play key roles in the
development of proteinuria. This study has provided only the very first few steps in the process of solving this
“new” association. Further studies are clearly needed for the more precise evaluation of the role of nephrin
and podocyte in the pathophysiology of nephrotic disorders.
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