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The pathophysiology of proteinuria in acquired kidney dis-
eases is mostly unknown. Recent findings in genetic renal dis-
eases suggest that glomerular epithelial cells (podocytes) and the
slit diaphragm connecting the podocyte foot processes play an
important role in the development of proteinuria. In this work we
systematically evaluated the podocyte slit pores by transmission
electron microscopy in two important nephrotic diseases, mini-
mal change nephrotic syndrome (MCNS) and membranous ne-
phropathy (MN). As controls, we used kidneys with tubulointer-
stitial nephritis (TIN). Effacement of podocyte foot processes
was evident in proteinuric kidneys. However, quite normal look-
ing foot processes and slit pores with varying width were also
observed. Careful analysis of slit pores revealed, that the pro-
portion of the pores spanned by the linear image of slit dia-
phragm, was reduced by 39% in kidneys from MCNS patients
(1265 pores analyzed) compared with TIN samples (902 pores

analyzed, p � 0.0003). To enhance the detection rate of the slit
diaphragms, the “empty” podocyte pores were further analyzed
with tilting series from �45 to �45. This revealed the linear
diaphragm image in 71% and 26% of the slits in TIN and MCNS
kidneys, respectively (p � 0.0003). In contrast to findings in
MCNS, no significant reduction of the slit diaphragms were seen
in MN kidneys compared with the controls. The results suggest
that MCNS is associated with disruption of glomerular slit
diaphragms. (Pediatr Res 52: 349–355, 2002)

Abbreviations
MCNS, minimal change nephrotic syndrome
MN, membranous nephropathy
TIN, tubulointerstitial nephritis
GBM, glomerular basement membrane
NPHS1, congenital nephrotic syndrome of the Finnish type

The primary urine in the kidney forms by ultrafiltration of
plasma components through the glomerular capillary wall into
the urinary space (1). This glomerular filtration barrier is
composed of a fenestrated endothelium, glomerular basement
membrane (GBM) and epithelial cell (podocyte) layer. The
podocyte layer consist intercalated foot processes, which are
connected by 35–45 nm wide extracellular structure, termed
the slit diaphragm. Normally, water and small plasma solutes
filtrate easily through this sieve but the passage of proteins with
the size of albumin and larger is almost completely restricted.
The GBM has been thought to be the most important compo-
nent in this size and charge selective sieving, and defects in the
GBM have been regarded responsible for proteinuria in many

glomerular diseases (2). Recent findings, however, have chal-
lenged the central role of the GBM in nephrotic diseases (3, 4).

Proteinuria is constantly associated with an effacement of
podocyte foot processes, which has generally been regarded as
a secondary phenomenon (5). Recent discoveries in the genetic
diseases, however, suggest that podocytes may play a primary
role in the development of proteinuria (6, 7). Mutations in
NPHS1 gene coding for a podocyte specific protein, nephrin,
are responsible for the congenital nephrotic syndrome of the
Finnish type (NPHS1) (8, 9). Similarly, mutations in NPHS2
gene coding for another podocyte protein, podocin, are asso-
ciated with a hereditary form of focal segmental glomerulo-
sclerosis (FSGS) (10). Nephrin and podocin both localize at the
slit diaphragm area (11–13) suggesting that the slit diaphragm
has a crucial role in restricting the passage of plasma proteins
into urine.

Recently we found that severe mutations (Fin-major and
Fin-minor) in the NPHS1 lead to a total absence of nephrin in
kidney glomerus of the Finnish NPHS1 patients (14). More
interestingly, the slit diaphragms were completely missing in
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these kidneys as studied by electron microscopy suggesting
that the “empty” filtration slits probably served as the route for
protein leakage in this disease. These findings prompted us to
perform a systematic electron microscopic evaluation of the
podocyte filtration slits in two important nephrotic diseases,
minimal change nephrotic syndrome (MCNS) and membra-
nous nephropathy (MN). Our results suggest that disruption of
the slit diaphragm is involved in the pathophysiology of pro-
teinuria in MCNS.

METHODS

Renal samples. Renal tissue blocks for morphologic elec-
tron microscopy were obtained by percutaneous needle biopsy.
Biopsies were taken on clinical indications from patients
treated during the years 1969–2000 at the Hospital for Chil-
dren and Adolescents, or at the Department of Internal Medi-
cine, University of Helsinki, Finland. The diagnoses were
based on typical clinical features, laboratory investigations,
and kidney pathology. The pathologic evaluation included light

and electron microscopy as well as routine immunofluores-
cence staining for immunoglobulins and complement
components.

Renal tissue samples came from eleven patients with
MCNS, from five patients with MN, and from eight control
patients with tubulointerstitial nephritis (TIN) (Table 1). Age at
the time of biopsy ranged between 1 and 55 y (median 13).
While patients with MCNS were typically small children or
young adults, patients with TIN and MN were generally older.
The level of proteinuria at the time of biopsy was divided into
moderate (0.3–2.0 g/L), marked (2.0–4.0 g/L), and heavy
(�4.0 g/L). Protein concentration (g/L) in the urine specimens
taken at the time of renal biopsy was used for this grading,
since data on the total daily protein excretion was not available
in most patients. Marked to heavy proteinuria was found in
eight patients with MCNS, while three patients were in remis-
sion shortly after steroid-treatment (Table 1). All five patients
with MN were proteinuric at the time of biopsy. Three patients
with TIN had slight (tubular) proteinuria. This study was

Table 1. Diagnosis, patient age, level of proteinuria, electron microscopic (EM) findings, and therapy in patients included in this study

Patient Age Proteinuriaa

Standard EM Tilting-EM of “empty” slit pores

Therapy
Slits

studied
Slit diaphragms

(%)b
Slits

studied
Slit diaphragms

(%)b

TIN 1 27 – 100 53 24 54 –
2 26 – 100 52 23 78 –
3 36 – 100 56 21 67 –
4 13 � (0.5) 100 47 20 65 –
5 15 � (0.4) 118 51 20 60 –
6 12 – 143 54 22 77 –
7 1 – 100 56 20 75 –
8 1 � (0.2) 141 62 26 73 –

54 � 4 71 � 9
MCN 1 7 �� (3.4) 100 38 20 35 Steroids for 2 months prior to the

biopsy.
2 8 �� (3.5) 101 30 21 24 –
3 8 ��� (8.5) 111 32 20 15 –
4 17 ��� (4.3) 190 24 21 33 –
5 1 ��� (10.4) 143 36 20 20 –
6 8 � (0) 101 39 21 33 Steroids for 1 week prior to

biopsy, in remission.
7 1 � (0.2) 107 33 21 38 Remission achieved 4 days prior to

the biopsy.
8 5 � (0) 100 35 20 15 Steroids for 2 weeks, remission for

1 week prior to the biopsy.
9 5 ��� 112 28 20 15 Steroids for 1 week prior to the

biopsy.
10 5 ��� 100 32 20 25 –
11 4 ��� 100 41 24 38 –

33 � 5 (0.0003) 26 � 9 (0.0003)
MN 1 36 �� (3.5) 100 38 20 60 –

2 30 �� 138 40 22 55 –
3 55 ��� 139 56 23 78 –
4 37 �� (2.6) 105 38 20 80 Steroids for 1 month prior to the

biopsy.
5 13 ��� 103 52 20 65 –

45 � 9 (ns) 68 � 11 (ns)
a Proteinuria was divided into four categories: – � �0.3 g/L, � � 0.3–2 g/L, �� � 2–4 g/L, and ��� � �4 g/L. Amount of proteinuria showed as g/L

in cases where data available.
b The proportion of the podocyte pores where the image of the slit diaphragm filament is detectable.
Patients with MCNS and MN are compared against patients with TIN (Mann-Whitney U test).
Results for patient groups are given as mean � SD (p value, ns � not significant).
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approved by the ethical committee of the Hospital for Children
and Adolescents, University of Helsinki, Finland. This com-
mittee gave the permission to use the historical biopsy material
and clinical data for this study.

Electron microscopy. The preparation of the renal biopsies
for electron microscopy was performed according to normal
procedures. The tissue blocks were cut into 1-mm3 pieces,
immersed into 2.5% glutaraldehyde fixative (phosphate buff-
ered, pH 7.2) for 1–3 h, followed by Epon embedding. After
thin sectioning, the samples were poststained with uranyl
acetate and lead citrate. The samples were evaluated with a
Jeol 1200 EX electron microscope (Tokyo, Japan) at 60kV.

One glomerulus was analyzed from each sample. The pro-
portion of the podocyte slits, where the linear image of the slit
diaphragm was detectable, was counted. The counting was
started from a randomly determined part of the glomerular
capillary wall. The pores, where the sectioning angle made the
evaluation of the slit diaphragm impossible, were ignored, and
a minimum of 100 slits was analyzed in each sample. To test
the reliability of the slit diaphragm analysis, the investigation
was performed twice. The variances between the two analyses
were 7, 11, and 16% in samples from patients with TIN,
MCNS, and MN, respectively.

Because the visibility of the linear image of slit diaphragm
was dependent on the angle of the cross-section, the samples
were further analyzed by tilting the thin section under the
electron microscope. A tilt series from �45° to �45° along the

x axis of the section was performed on the pores, where the
linear image of the slit diaphragm was first undetectable. A
minimum of 20 slit pores with missing linear slit diaphragms
were analyzed with this tilting series. This tilting analysis was
performed independently from the first evaluation. The elec-
tron microscopic findings were analyzed with Mann-Whitney
U test.

RESULTS

TIN. The ultrastructure of the glomerular capillary wall was
normal in renal samples with TIN (used as controls) (Fig. 1A).
Regular sized podocyte foot processes were present, and the
podocyte filtration pores appeared normal (Fig. 2A). The width
of the filtration slits varied approximately from 35 to 45 nm.
Since the angle of slit cross-section varied, the linear image of
the slit diaphragm was not detectable in every pore. In fact, it
was observed in only 54% (487/902, median 54%) of the
filtration slits studied in eight samples with TIN (Table 1).
After the first counting, a separate tilting analysis was per-
formed on podocyte pores where the slit diaphragm was miss-
ing. Of the 176 pores analyzed, the tilting revealed a linear slit
diaphragm in 125 (median 69%) of the podocyte pores (Fig.
3A,B).

MCNS. In kidneys with MNCS, the most prominent finding
in the glomerular capillary wall was the effacement of the
podocyte foot processes (Fig. 1B). The foot processes had an

Figure 1. Electron microscopic views of the glomerular capillary wall. (A) In TIN, the morphology of the capillary wall is normal. The regular sized podocyte
foot processes (FP) are connected by an intact slit diaphragm (arrows). CL � capillary lumen, US � urinary space. (B) In MCNS, the broad epithelial sheets
cover the GBM, and the frequency of the podocyte pores (arrows) is decreased. (C) The effacement of the podocyte foot processes is evident in the capillary
wall of a patient with MN, leading to a decrease in the frequency of slit pores. Subepithelial immune deposits (ID) are present in the GBM. Occasionally, filaments
of the podocyte cytoskeleton are concentrated near the immune deposits (arrowheads). Bar � 100 nm.
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irregular size but they showed no detachment from the GBM.
Variation in the width of the remaining podocyte pores was
present. Exceptionally wide slits, up to 70 nm, were occasion-
ally observed (Fig. 2B). On the other hand, the cell membranes
of the foot processes were often in close contact (Fig. 2C). The
percentage of the slit pores, where the slit diaphragm was
detected, varied from 24% to 41% (median 34%, 1265 slits
evaluated) in the eleven MCNS samples (Fig. 4A). The pro-
portion of pores with the slit diaphragm was reduced by 39%
in MCNS kidneys compared with the TIN kidneys (p �
0.0003, Mann-Whitney U test). Instead, some fuzzy material
was occasionally detectable in these slits missing the linear
image of the slit diaphragm (Fig. 3C). The tilting analysis of
the “empty” slit pores revealed the slit diaphragms in 26%
(59/228, median 25%) of the slits analyzed (Fig. 3C, D & 4B).
This was also significantly less than in TIN kidneys (p �
0.0003, Mann-Whitney U test). In addition, junctions with
ladder-like structures were observed in 4/11 MCNS glomeruli
(data not shown). These structures were detected in the inter-
cellular space of podocytes close to the GBM, as has been
described in immature glomeruli (14).

MN. In the five samples of MN, the similar effacement of
podocyte foot processes was seen as in MCNS (Fig. 1C).
Moreover, electron-dense deposits were present on the subep-
ithelial surface of the GBM. Also, filaments within the podo-
cyte cytoplasm near these immune deposits showed condensa-
tion (Fig. 1 C and 2D). The number of MN podocyte pores with
detectable linear images of slit diaphragms varied between 38
and 56% (median 38%, 585 slits evaluated) in the standard
(untilted) electron microscopic analysis (Table 1, Fig. 4A).
This was less than in TIN kidneys but the difference was not
statistically significant (p � 0.09, Mann-Whitney U test). After
tilting the linear image of the slit diaphragm became visible in
68% (71/105, median 65%) of the podocyte pores where it
originally was undetectable which was comparable to that in
TIN kidneys (71%). In addition, junctions with ladder-like
structures were found in 3/5 of the MN glomeruli (Fig. 2D).

DISCUSSION

Understanding of the glomerular filtration process and the
pathogenesis of proteinuria is essential for nephrology. In the
present study, we performed a systematic evaluation of the
ultrastructure of the glomerular filtration slit in two common
nephrotic disorders, MCNS and MN. The major finding was
that MCNS kidneys showed not only effacement of podocyte
foot processes but also a significant reduction of the linear
image of slit diaphragm in the remaining podocyte pores. This
suggests that slit diaphragms might be a target of the pathoge-
netic process in this common pediatric kidney disease.

Mechanisms leading to proteinuria in MCNS as well as in
other nephrotic diseases are not well known. Defects in the
GBM and especially reduction of its anionic charge have been
suggested to explain the leakage of negatively charged plasma
proteins into urine in some disorders (2). On the other hand,
detachment of the podocyte foot processes from the GBM has
correlated with the onset of proteinuria in animal models (15).
Areas of denuded GBM could then serve as the sites for the

protein leakage (5). Despite of extensive studies, neither of
these mechanisms, however, has been proven to play a key role
in primary nephrotic diseases in man. In electron microscopy,
proteinuric kidneys show effacement of podocyte foot pro-
cesses with disappearance of many of the podocyte pores (5).
This process has generally been regarded as a secondary
phenomenon – the consequence rather than the cause of protein
leakage – and little attention has been paid to the remaining
podocyte pores and slit diaphragms. To our knowledge, no
systematic evaluation of the slit diaphragms in acquired kidney
diseases has been performed. The recent findings in genetic
disorders and some animal models, however, indicate that the
podocyte pores may be critical in the pathogenesis of protein-
uria (4, 7).

The technical problem in the electron microscopic analysis
of the slit diaphragms is that the linear image of the diaphragm
is seen only when the angle of the thin section is favorable.
Even in kidneys with no glomerular lesions (TIN), the linear
slit diaphragm was observed in only half of the filtration pores.
Changing the viewing angle (tilting around the x axis) how-
ever, caused the slit diaphragm to become visible in over 70%
of the normal podocyte pores, where it was originally unde-
tectable, so that the overall proportion of slits with the detect-
able linear image of the slit diaphragm raised to 87%. In
MCNS glomeruli, the lack of detectable linear slit diaphragms
in pores was evident both in direct viewing and after tilting, so
that the total proportion of the slits with detectable image of the

Figure 2. High-power views of the podocyte filtration pores. (A) In TIN, the
podocyte foot processes (FP) are connected by a thin linear image of the slit
diaphragm (SD). (B) In proteinuric kidneys (MCNS), widened podocyte slits
are found, and the visible SDs are missing in most filtration pores. (C) Also,
the adjacent podocyte foot processes membranes are often in close contact. (D)
Podocyte junctions with ladder-like structures (arrowheads) are found in about
half of the nephrotic glomeruli. These ladders are observed as a series of dense
ridges spanning the intercellular space of podocytes. Note the filament con-
centrates in the podocyte cytoplasm next to the immune deposit in the GBM
(arrow). Bar � 50 nm.
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slit diaphragm was 50%. Hence, we feel that the finding really
reflects an alteration of the slit diaphragms in this disorder. The
fact, that these glomeruli also contained junctions with ladder-
like structures, supports this finding. Junctions with ladders are
believed to represent a primitive form of the slit diaphragm and
they are found both during normal glomerulogenesis and in
proteinuric disorders such as puromycin nephrosis in rats
(16–18).

What is the significance of this finding? The fact that slit
pores in MN patients with significant proteinuria looked nor-
mal favors the idea that the disappearance of slit diaphragm
image in MCNS kidneys is not secondary to proteinuria itself.
Importantly, the electron microscopic findings in MCNS were
similar to those in kidneys with congenital nephrotic syndrome
(NPHS1), which is characterized by massive proteinuria from
the birth. In NPHS1 children with severe mutations (Fin-major
and Fin-minor), the major slit diaphragm component, nephrin,
is missing, and all podocyte pores are “empty” (14). These slits
might serve as the site for protein leakage in both conditions,
which is not surprising since the filtration of water and small
plasma solutes normally occur through these pores. Proteins
might use the same route, if the slit diaphragms are disrupted.
It is also remarkable that in MCNS and NPHS1 the podocyte
foot processes seem to be firmly attached to the GBM without
areas of detachment (14).

Although it is tempting to speculate that slit diaphragm
would serve as a “gate” to plasma proteins, the association of

the electron microscopic findings and protein leakage seems
not to be so strict. Proteinuria may occur with apparently
normal looking slit diaphragm, as is the case in some NPHS1
patients with minor mutations (14). Also, when anti-nephrin
antibodies are injected into rats, proteinuria appears in a few
hours but the electron microscopic findings remain quite nor-
mal (19, 20). Moreover, three of the eight MCNS patients in
our study had reached remission 4–7 d before the renal biop-
sies and still showed slit pores without the linear image of slit
diaphragm. The slit diaphragm is a network of proteins and the
electron microscopic line obviously reflects this thin network
seen in side view and even then only very roughly. For
example, contrast staining of the slit diaphragm can vary
markedly. Also, whether an “empty” slit pore indicates general
disruption or loosening or a specific molecular change in this
network, is not known. At the moment, the electron micro-
scopic findings cannot be correlated to the functional state of
the glomeruli. However, we feel that the similarity of the
findings in MCNS and NPHS1 strongly suggests that the
decisive pathogenetic changes in MCNS occur in the slit
diaphragm area – not in the glomerular basement membrane.

Nephrin is believed to be a major component of the slit
diaphragm and its expression in MCNS has recently been
reported. Both normal and altered expression has been reported
using immunohistochemistry and in situ hybridization (21, 22).
The light microscopic findings, however, are not sensitive
enough to detect ultrastructural changes. Immunoelectron mi-

Figure 3. The electron microscopic views of the podocyte slit pores where the thin sections have been tilted under the microscope. (A, B) In TIN kidney, the
linear podocyte slit diaphragm is first (0°) not detectable in any of the seven pores analyzed. After tilting (�45°), the linear image of slit diaphragm becomes
evident in six of the seven pores analyzed. (C, D) In a MCNS glomerulus sample, the linear slit diaphragm remains undetectable even after the tilting analysis.
Only some fuzzy material is seen in the slit pore. Bar � 100nm.
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croscopic studies give a better resolution, but in our experience
the staining intensity even with strong anti-nephrin antibodies
is so low that the interpretation is difficult (Patrakka et al.
manuscript in preparation). Besides nephrin, proteins, such as
FAT, P-cadherin and podocin, have been localized to the
podocyte pore (12, 23, 24) and more data on their expression
and organization are needed.

Since the pathophysiology of MCNS is unknown, discussion
on the possible mechanism leading to decrease in the number
of the slit diaphragms is highly speculative. MCNS is sensitive

to steroids and other immunosuppressive medication suggest-
ing that the primary event is immunologic (25). It seems
possible that soluble immunologic mediators could affect the
slit diaphragms directly or indirectly through podocytes. The
slit diaphragm components, intracellular linker proteins (ZO-1,
CD2AP, alpha-actinin-4) and the actin cytoskeleton in the
podocyte foot processes are believed to be in a continuous
interplay, and toxic mediators interfering with this interplay
might lead to disruption of the slit diaphragm and proteinuria
(11, 13, 23, 24, 26–28). This is supported by the fact that
genetic defects in many of these components (nephrin,
CD2AP, podocin, alpha-actin-4) cause fulminant proteinuria
(8, 10, 27–29).

CONCLUSION

In conclusion, the present results suggest that proteinuria in
MCNS is caused by defective glomerular slit diaphragm –
rather than disorders in the GBM structure or its interaction
with the podocyte foot processes. Further studies on the mo-
lecular architecture of the slit diaphragm and possible media-
tors interfering with this important filtration barrier are needed.
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