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Pavenstädt, Hermann, Wilhelm Kriz, and Matthias Kretzler. Cell Biology of the Glomerular Podocyte. Physiol

Rev 83: 253–307, 2003; 10.1152/physrev.00020.2002.—Glomerular podocytes are highly specialized cells with a
complex cytoarchitecture. Their most prominent features are interdigitated foot processes with filtration slits in
between. These are bridged by the slit diaphragm, which plays a major role in establishing the selective permeability
of the glomerular filtration barrier. Injury to podocytes leads to proteinuria, a hallmark of most glomerular diseases.
New technical approaches have led to a considerable increase in our understanding of podocyte biology including
protein inventory, composition and arrangement of the cytoskeleton, receptor equipment, and signaling pathways
involved in the control of ultrafiltration. Moreover, disturbances of podocyte architecture resulting in the retraction
of foot processes and proteinuria appear to be a common theme in the progression of acquired glomerular disease.
In hereditary nephrotic syndromes identified over the last 2 years, all mutated gene products were localized in
podocytes. This review integrates our recent physiological and molecular understanding of the role of podocytes
during the maintenance and failure of the glomerular filtration barrier.

I. INTRODUCTION

The podocyte is a most spectacular cell type. Its
location, its architecture, and its relevance are unique.
Almost ignored in renal research for decades, since the
mid 1990s, there has been an outset in podocyte research
worldwide. However, still today not a single function
defined in classic physiological terms can be solidly as-
signed to the podocyte. We suppose that it functions as a
specific pericyte counteracting the high transmural dis-
tending forces permitting the high-pressure perfusion of
glomerular capillaries, but we do not have any direct
evidence. We suppose that the podocyte is crucially in-
volved in establishing the specific permeability properties
of the glomerular filter, but we do not know the details.
We suppose that the podocyte is responsible for the con-
tinuous cleaning of the filter, but we know very little
about how this function is carried out.

On the other hand, the evidence accumulates that
failure of the podocyte decisively accounts for the initia-
tion of progressive renal diseases, as well as for the
maintenance of the progression to end-stage renal failure.
With the prolongation of our life expectancy, the inci-
dence of chronic renal failure rises dramatically along
with an enormous increase of the burden to healthcare
budgets worldwide to provide the expensive renal re-
placement therapies including dialysis and transplanta-
tion. Therefore, all research efforts are welcomed to
reach a better understanding of this cell type and to

develop rules on how to protect podocytes from injury.
We hope that this review will stimulate research in this
field.

II. DEVELOPMENTAL ASPECTS

A nephron of the permanent kidney develops from
the mesenchymal metanephric blastema by induction
through the ureteric bud. The tips of the branching ure-
teric (collecting) ducts induce the clustering of individual
mesenchymal cell aggregates that convert to an epithelial
phenotype. Such a cell aggregate represents a nephronan-
lage that undergoes many mitotic cycles and differentia-
tion stages, connects with the duct, and subsequently
generates a nephron. In the very beginning, this process
centers around the development of the glomerulus and is
generally divided into the following stages: vesicle,
comma and S-shaped, glomerular capillary loop, and ma-
turing glomerulus (54, 171, 396).

The vesicle is the first epithelial structure consisting
of polarized cells and is surrounded by a basement mem-
brane. On one side it joins with the ureteric bud, and a
continuous lumen is formed between the vesicle and the
duct. On the opposite side a cleft appears within the
growing nephronanlage, producing a comma-shaped or
S-shaped profile (depending on the section plane). Figure
1 shows a rat kidney S-shaped body. The lip beneath this
cleft is established by a prominent crescent-shaped layer
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of epithelial cells which ultimately differentiate into podo-
cytes.

The podocyte precursor cells are simple, polygonal
cells. They vividly multiply. During this early stage of
glomerular development, the presumptive podocytes are
connected by apical junctions. Structurally, these junc-

tions resemble tight junctions, which express ZO-1 (401)
but also desmosomal proteins (135). The expression of
podocalyxin and of the cell junction protein ZO-1 com-
mences at this stage (401).

As podocytes enter the subsequent capillary loop
stage, they begin to establish their characteristic complex
cell architecture, including the formation of foot pro-
cesses and of a slit membrane. At this stage, desmosomal
proteins disappear (135), ZO-1 protein migrates from its
apical to a basal location where the slit membrane devel-
ops (192, 402). In conjunction with the appearance of the
slit membrane-associated proteins, nephrin (192), podo-
cin (49) and CD2AP (256) are expressed. This phenotypic
conversion is associated with the loss of mitotic activity
(302) (see sect. IV) and accompanied by the expression of
several other specific proteins, including the actin-associ-
ated protein synaptopodin (293), the major surface pro-
tein podocalyxin (402), a podocyte-specific membrane
protein tyrosine phosphatase, glomerular epithelial pro-
tein 1 (Glepp 1) (484), and the final intermediate filament
protein vimentin (302).

A large number of transcription factor genes have
been identified that are involved in the induction of the
renal vesicle and subsequent nephrogenesis. (The follow-
ing summary excludes those genes that most likely play
their major role earlier in ureteric bud branching; for
more comprehensive information, see Reference 54.) The
Pax-2 gene, a mammalian homeobox gene, encodes for a
transcription factor that is essential for the conversion of
cells of the metanephric mesenchyme to the renal vesicle.
Gene knock-out experiments show that in the absence of
this factor no formation of the vesicle occurs (98, 376,
465). The further differentiation of these early epithelial
cells and their maturation to podocytes is then correlated
with the decrease of PAX-2 and the rise of WT-1 expres-
sion, suggesting that WT-1 may negatively regulate PAX-2
expression (381). Downregulation of PAX-2 appears as a
prerequisite to allow podocyte differentiation that is gov-
erned by WT-1. Podocyte precursor cells in the vesicle
and subsequent stages strongly express the WT-1 protein,
and this expression remains a specific marker of podo-
cytes during the entire ontogeny and in the adult (294,
296). Dominant mutations in WT-1 are associated with the
Denys-Drash and Frasier syndromes, manifested by glo-
merulopathy, mesangial sclerosis, and male pseudoher-
maphroditism (29, 273).

Lmx-1b, a Lim homeobox gene, is first expressed in
podocyte precursor cells of the S-shaped body and con-
tinues to show this expression throughout nephrogenesis
(59). Homozygous Lmx-1b mutant mice have podocyte
and glomerular basement membrane (GBM) abnormali-
ties at birth, demonstrating an essential role for glomer-
ular development (59). Mutations of the human Lmx-1b

gene are responsible for the nail-patella syndrome, which
is frequently associated with glomerulopathy (99).

FIG. 1. Rat kidney, S-shaped body is shown. In this stage of devel-
opment, the podocyte precursor cells are arranged in a crescent-shaped
layer of epithelial cells. The cells broadly attached to each other later-
ally. Mitotic figures are frequently encountered (B). The basal aspect of
the cells faces the vascular cleft (asterisk) that contains precursor cells
of the mesangium and endothelial cells. Apically the podocytes protrude
into the future Bowman’s space (BS). A: light microscopy, magnification
��5,000. B: transmission electron microscopy, ��13,000.
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Pod-1, a basic helix-loop-helix protein like WT-1, is
expressed in podocytes during glomerular development
and appears to be involved in differentiation of this cell
type (355).

The structural prominence of the podocyte in early
nephrogenesis is emphasized by findings pointing to a
central role of this cell type in regulating the development
of the entire renal corpuscle. The main players in this
process appear to be angiogenic factors. The develop-
ment of the glomerular capillaries and mesangium starts
from cells that are found within the cleft above the podo-
cyte layer in the comma-shaped body. These cells are
derived from surrounding mesenchymal cells including
sprouts from existing vessels (392, 396).

There is increasing evidence that several signaling
systems are involved in this recruitment and differentia-
tion process. First the vascular epidermal growth factor
(VEGF)-flk-1 axis becomes active. VEGF is expressed in
the podocyte precursor cells of the comma-shaped body,
and its receptor flk-1 (VEGFR2) is found on endothelial
cells in the cleft and adjacent mesenchyme (211, 469),
suggesting that VEGF initiates the penetration of endo-
thelial sprouts into the cleft. Indeed, studies using genetic
and immunological strategies to block VEGF in vivo (138,
211) have confirmed that VEGF is indispensable for glo-
merular capillary growth. Surprisingly, after completion
of nephrogenesis, podocytes continue to express VEGF;
here, the factor has been postulated to play a role in
maintenance of endothelial fenestrae (112). Very recently,
experiments blocking the VEGF expression after birth
have shown that within a few weeks glomerular capillar-
ies disappear and the tuft collapses (211).

Podocytes seem not to express VEGFR1 or VEGFR2
receptors, but they express neuropilin-I, a potential core-
ceptor for the VEGFR2 receptor. Thus podocytes may
bind VEGF, but the functional significance of the expres-
sion of neuropilin I on podocytes is not yet clear (158).

In concert with VEGF, angiopoietins (85) play a ma-
jor role in glomerular capillary development (497). Renal
endothelial cells, including those within the cleft of the
nephronanlage, express the TIE-1 receptor; its ligands are
ANG I and ANG II. Recent evidence suggests that ANG I
is derived from podocytes and ANG II from mesangial
cells. Both bind to the same receptor (Tie-1), but ANG II
fails to activate it; hence, ANG II is an inhibitor of ANG I
(497, 511, 512).

A further important regulatory system in early glo-
merular capillary development is represented by the Eph/
ephrin family of membrane receptors and counterrecep-
tors (493). Ephrin-B2 expression is first prominent in the
podocyte progenitor cells adjacent to the vascular cleft,
and a corresponding receptor, Eph-B4, is expressed on
endothelial cells (449), suggesting that cell-to-cell interac-

tions may play an important role in glomerular microvas-
cular assembly.

Subsequent to their recruitment, endothelial cells
start to produce platelet-derived growth factor (PDGF)-
BB, and the PDGF receptor � becomes expressed by
mesangial precursor cells. The function of this axis is
required for proliferation and assembly of glomerular cap-
illaries and mesangium (42, 253, 440). Transforming
growth factor (TGF)-�1 actions are also implicated in this
process of stabilizing glomerular vasculature (258).

After establishment of a glomerular vasculature, sig-
naling events in the opposite direction appear necessary
for the final maturation of podocyte function. Production
of GBM components by podocytes and its maturation are
marked by the replacement of laminin-1 with laminin-11
(consisting of �-5/�-2/�-1 chains) as well as by the re-
placement of �-1, �-2 chains of type IV collagen by colla-
gen �-3, �-4, and �-5 (IV) chains characteristic for the
mature GBM (282, 284). Recent work from grafting exper-
iments (447) suggests that factors emerging from endo-
thelial cells mediate the switch to laminin-11 [and possi-
bly also to collagen �-3, -4, -5 (IV)] production in
podocytes. As shown in several mutant mouse models
(73, 160, 282, 285, 314), failure of these changes are all
associated with severe structural (podocyte, GBM) and
functional (protein leakage) injuries.

III. STRUCTURE OF PODOCYTES

Podocytes are highly differentiated cells. They have a
voluminous cell body, which bulges into the urinary
space. The cells give rise to long primary processes that
extend toward the capillaries to which they affix by nu-
merous foot processes (including the most distal portions
of primary processes). The foot processes of neighboring
podocytes regularly interdigitate, leaving between them
meandering filtration slits that are bridged by an extracel-
lular structure, known as the slit diaphragm. The filtration
slits are the site of convective fluid flow through the
visceral epithelium. Figure 2 shows the urinary side of the
capillary wall, which is covered by the highly branched
podocytes.

Podocytes are polarized epithelial cells with a lumi-
nal or apical and a basal cell membrane domain. The
latter corresponds to the sole plates of the foot processes,
which are embedded into the GBM. The border between
the basal and luminal membranes is represented by the
slit diaphragm. The luminal membrane and the slit dia-
phragm are covered by a thick surface coat that is rich in
sialoglycoproteins, including podocalyxin, podoendin,
and others, which are responsible for the high negative
surface charge of the podocytes (173, 395) (for details, see
sect. XIIB). Frequently, the apical surface gives rise to a
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few fingerlike protrusions that float within Bowman’s
space; under inflammatory conditions, those processes
may be dramatically increased in number and length (see
below). The basal cell membrane, i.e., the membrane
covering the soles of the foot processes, mediates the
affixation to the GBM (see below); it regularly contains
coated pits (201). Both membranes, apical and basal, are
heterogeneous with respect to their lipid composition;
both contain densely distributed cholesterol-rich domains
(331, 386), corroborating the finding that specific mem-
brane proteins of podocytes are obviously arranged in
rafts (409, 432).

The cell body contains a prominent nucleus, a well-
developed Golgi system, abundant rough and smooth en-
doplasmic reticulum, prominent lysosomes, and many mi-
tochondria. In contrast to the cell body, the cell processes
contain only a few organelles. The density of organelles in
the cell body indicates a high level of anabolic as well as
catabolic activity. In addition to the work necessary to
sustain the structural integrity of these complexly shaped
cells in the adult, most, if not all, components of the GBM
are synthesized by podocytes.

A well-developed cytoskeleton accounts for the
unique shape of the cells and the maintenance of the
processes. Figure 3 shows the organization of the cy-
toskeleton of podocyte processes. In the cell body and the
primary processes, microtubules and intermediate fila-

ments, such as vimentin and desmin, dominate, whereas
microfilaments, in addition to a thin cortex of actin fila-
ments beneath the cell membrane (97), are densely accu-
mulated in the foot processes. Here they are part of a
complex contractile apparatus (97). As seen from recon-
struction studies (388), the microfilaments form loop-
shaped bundles, with their limbs running along the longi-
tudinal axis of the foot processes. The bends of these
loops are located centrally at the transition to the primary
processes and may readily be connected to the microtu-
bules by the microtubule-associated protein � (389) (Fig.
3). Peripherally, the actin bundles appear to be anchored
in the dense cytoplasm associated with the cell membrane
of the soles of foot processes (241) (for details, see
below).

The filtration slits have a constant width of �30–40
nm (133, 374) and are bridged by the slit diaphragm.
Based on transmission electron microscopy findings in
chemically fixed, tannic acid-stained material, Rodewald
and Karnovsky (374) have published a model of the sub-
structure of the slit membrane. It consists of rodlike units,
connected in the center to a linear bar, together forming
a zipperlike pattern. The rectangular pores have the ap-
proximate size of an albumin molecule. Thus, in an en
face view, the slit membrane has the width and appear-
ance similar to an adherent junction.

FIG. 2. Scanning electron micrograph of
normal rat glomerular capillaries. The urinary
side of the capillary wall is covered by the
highly branched podocytes. Rat kidney, mag-
nification ��6,000.
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IV. PODOCYTE CELL CYCLE CONTROL

A. Introduction

As a consequence of the high degree of differentia-
tion of podocytes, it was postulated that they, in analogy
to neurons, are unable to proliferate (229). An inability to
repopulate a damaged glomerulus with functional podo-
cytes was in good agreement with the progressive ultra-
structural lesions seen in podocytes during filtration bar-
rier failure.

Systematic analysis of the cell cycle regulatory mol-
ecules in podocytes revealed indeed a tight control of cell
cycle quiescence, in sharp contrast to the proliferative
capacity of the neighboring mesangial cells (419). An
escape of the podocyte from cell cycle blockade results in
a disruption of glomerular architecture followed by a
rapid decline of renal function, as demonstrated by the
deleterious course of collapsing and human immunodefi-
ciency virus (HIV) nephropathy (31, 299, 415).

In this section we discuss the origin of the prolifera-
tion block during glomerulogenesis and describe the cell
cycle regulation profile in the intact glomerulus and in
disease states with and without podocyte proliferation.

The deleterious consequences of uncontrolled cell
proliferation or death for every multicellular organism
have resulted in an evolutionary conserved, tightly regu-
lated control mechanism for cell cycle proliferation and
apoptosis. Cell proliferation is divided into discrete steps
of the cell cycle, with the progression into the next step
occurring in a sequential and synchronized manner. Qui-
escent, nondividing cells in the G0 phase enter the cycle
with the G1 transition, progressing through the DNA du-
plicating step in the S phase. After the G2 phase, mitosis
occurs in the M phase. After completion of the cycle, cells
can enter into the next round of duplication or into the
resting G0 phase. The cell cycle progression is regulated
by cyclin and cyclin-dependent kinase (CDK) complexes.
CDK activity is controlled by cyclin-dependent kinase
inhibitors (CKIs). Each step in the cell cycle is initiated
and controlled by a specific set of cyclins, CDKs, and
CKIs. However, the p21Cip/Kip family of CKIs, including
p27 and p57, can inhibit various cyclin-CDK complexes
and are therefore responsible for induction and mainte-
nance of cell cycle quiescence (for an introduction to cell
cycle regulation from a nephrologists perspective, please
refer to Ref. 419). Entry into the cell cycle can have three
consequences for a cell: 1) cell proliferation, if cyclin
expression is followed by repression of the corresponding
CKIs; 2) cellular hypertrophy, if the cell cycle entry with
increased protein synthesis is not followed by DNA syn-
thesis and cell division is blocked as a consequence of an
increase in CKIs leading to a G1/S arrest; and 3) cellular
apoptosis as the abortive default pathway of cell cycle

FIG. 3. Cytoskeleton of podocyte processes, shown in several
schemes. A: cross section through a glomerular capillary loop. The foot
processes, which arise from primary processes (2 are depicted in cross
section) and cover the outer aspect of the glomerular basement mem-
brane, contain a complete, actin-based contractile apparatus (shown in
red). The primary processes contain longitudinally arranged bundles of
microtubules (shown in green). Details of the arrangement of cytoskel-
etal elements in podocyte processes are seen in B–D. B: view from
above. C: section of foot processes parallel to and, in D, perpendicular
to, the longitudinal axis of foot processes (C corresponds to the w-x line,
D to the y-z line). Two major processes (1 in white, 1 in yellow) with
their foot processes are shown. The actin filaments (red) of foot pro-
cesses form continuous loops that end in the foot process sole plates.
Centrally, at their bend, they are in close association with microtubules
(green) that run longitudinally in the major processes. The microtubule-
associated protein tau (shown in blue) has been localized along the
bends of the microfilament bundles and is suggested to mediate connec-
tions between the microtubules and the actin filament bundles. [Modi-
fied from Sanden (388).]
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progression. The balance of these three pathways deter-
mines the net effect on cell number and size in a given
tissue.

An overview of the control elements of the cell cycle
relevant for this review is given in Figure 4.

B. Loss of Mitotic Activity and Podocyte

Differentiation Coincide During the Capillary

Loop Stage in Nephrogenesis

In the S-shaped body state of glomerulogenesis, the
“presumptive” podocytes still express markers of a pro-
liferative tissue including proliferating cell nuclear anti-
gen (PCNA) and Ki-67 together with cyclin A and B1
(300). With transition to the capillary loop state, a funda-
mental phenotype switch occurs with induction of mes-
enchymal intermediate filaments (see sect. IX), induction
of a series of mature podocyte markers (see sect. II), and
the development of foot-process interdigitation. In paral-
lel to these changes, the disappearance of cell cycle pro-
moters and a reciprocal upregulation of the cell cycle
inhibitors CKI p27 and p57 occurs (32, 70, 297, 300),
coinciding with the proliferation arrest of podocytes seen
in mature glomerulus. These observations are consistent
with the notion of cell cycle quiescence induced by an
upregulation of CKI, like p27 and p57, in podocytes as a
prerequisite for terminal differentiation. The knock-out of
the CKI p57 mice was shown to induce a less differenti-
ated podocyte phenotype, providing the first experimental
evidence for involvement of CKIs in podocyte differenti-
ation (513).

C. Podocyte Cell Cycle Control

in the Mature Glomerulus

In the mature glomerulus, podocytes have a low level
of DNA synthesis and do not readily proliferate under
normal conditions nor in a wide variety of renal diseases
(232, 239, 335, 371). The inability of podocytes to undergo
proliferation in most adult diseases is most likely the
consequence of a robust expression or even upregulation
of the CKI inhibitors p21, p27, and p57 with disease
progression.

Shankland et al. (416) were able to show in a Heyman
nephritis model that podocytes do upregulate cyclin A
and CDK2 in response to immune-mediated damage.
However, a parallel induction of CKI p21 and p27 could
effectively blocked entry into the next steps of the cell
cycle. According to the above-stated paradigm, this
should result in cellular hypertrophy, which is indeed a
key finding in the response of podocytes to glomerular
damage (see sect. XIII for a detailed discussion). Studies
examining the response of rat podocytes to sublytic con-
centration of complement as an in vitro model of mem-
branous nephropathy showed an augmentation of growth
factor-induced DNA synthesis in response to C5b-9 (418).
C5b-9 resulted in an increase in the S phase cyclin A and
CDK2 and a decrease in CKI p27, but not p21. Further-
more, the M phase proteins cyclin B and cdc2 were re-
pressed. This cell cycle profile led to an increased cellular
DNA content without cell proliferation, confirming the
above-mentioned in vivo observations of an arrest in
podocytes at the G2/M phase (418). The critical role of the
CKI p21 and p27 for a quiescent podocyte phenotype
could be demonstrated in p21 and p27 knock-out mice. In
these mice, glomerular damage not only allowed podo-
cytes to enter the cell cycle and increase DNA content but
also to complete cell division, resulting in a increased cell
number in Bowman’s space (330). The cells in the Bow-
man’s space had lost differentiated podocyte marker
(WT-1 and GLEPP-1), and the animals showed an aggra-
vated disease course (208).

D. Podocytes Are Able to Proliferate in a Defined

Set of Glomerular Diseases

The alterations seen in podocyte damage in the p21
and p27 �/� mice resembled the human glomerular dis-
eases with podocyte proliferation, namely, HIV nephrop-
athy (31), collapsing glomerulopathy (298, 472), and the
cellular variant of focal-segmental glomerulosclerosis
(80). Intact human podocytes differ from murine podo-
cytes in that they do not express p21 but show a robust
signal for p27 and p57 (70, 300, 415).

In a systematic analysis of podocyte marker in HIV
and collapsing nephropathy, Barisoni et al. (31) showed a
severe dysregulation of the cellular phenotype in prolif-

FIG. 4. Schematic diagram of cell cycle regulation.
Progression from G0 to M phase is advanced by cyclins
and cyclin-dependent kinases (CDK). CDK inhibitors
can block further progression, leading to podocyte
hypertrophy. Only elements relevant for this review
are shown.
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erating podocytes with a loss of podocyte process struc-
ture accompanied by a loss of WT-1, Glepp-1, podoca-
lyxin, CALLA, C3b receptor, and synaptopodin. In
parallel, an induction of the proliferation marker Ki-67
could be observed (31). In nonproliferative minimal
change or membranous nephropathy, none of the above
markers was altered compared with healthy controls (32).
A comparable podocyte phenotype can be induced in
HIV-1 transgenic mice, directly implicating HIV in podo-
cyte dysregulation. Conditionally immortalized podocytes
from the HIV-1 transgenic mice showed increased prolif-
eration without contact inhibition. This model system
should allow a detailed functional dissection of the podo-
cyte dysregulation by HIV (405).

In comprehensive studies of CKIs in human disease,
p27 and p57 levels remained unchanged in minimal
change disease and membranous nephropathy (32, 415),
blocking podocyte proliferation despite DNA synthesis
(25). In collapsing glomerulopathy, cellular focal segmen-
tal glomerulosclerosis (FSGS), and HIV nephropathy, p27,
p57, and cyclin D1 were lost in areas of podocyte prolif-
eration. A marked increase of the proliferation marker
Ki-67 and, surprisingly, of the CKI p21 was seen in the
podocyte proliferative diseases. The role of p21 under
these conditions is not clear; however, it has recently
been recognized that low-level p21 induction can enhance
proliferation (341), and a transient p21 increase was seen
during human glomerulogenesis in podocyte progenitor
cells (300). That podocyte proliferation in collapsing ne-
phropathy is a rapidly deleterious and not a regeneratory
pathway has been emphasized in a recent clinicopatho-
logical follow-up study (247).

E. Growth Factors Influence Podocyte Cell Cycle

Regulation

Growth factors and cell matrix interactions have
been reported to influence podocyte behavior (see sects.
XI and XIII). Several studies implicate an activation of the
TGF-� pathway in podocyte damage in vivo and have
shown its antiproliferative effects in vitro (9, 123, 131, 417,
494). A peculiar finding highlighting the unique cell cycle
regulation of podocytes in the kidney is the generation of
binucleated podocytes after systemic application of basic
fibroblast growth factor (bFGF) in vivo. These polyploid
podocytes had to go through a full cell cycle including
mitosis but appear unable to undergo cytokinesis (125,
234). This cell cycle arrest could also explain contradic-
tory conclusions reached on the ability of podocytes to
proliferate in response to cytokines (125).

In analogy to neurons, one could speculate that the
complex cytoskeleton effectively inhibited the comple-
tion of cell division. For reentry into the cell cycle, a
deconstruction of the highly structured cytoskeletal orga-

nization in podocytes would be required. However, loss of
the actin filaments in the foot processes would abolish
glomerular permselectivity. Podocyte cell cycle quies-
cence appears therefore to be a prerequisite for a func-
tional glomerulus.

F. Podocyte Apoptosis

The third option during cell cycle progression is the
entry into the apoptotic pathway of cell removal. Loss of
podocytes correlates closely with the degree of progres-
sion in type II diabetic Pima Indians, with fewer podo-
cytes per glomerulus in the rapidly progressing group
compared with slow progressors (252, 279, 336, 445). In
puromycin-induced nephrosis in rats, a close correlation
between the degree of glomerular damage and the reduc-
tion of podocyte number per glomerulus was observed
(209). Because detachment of cells is able to induce cell
death, a process termed anoikis (129), disruption of podo-
cyte-GBM interaction could be a critical final event in
podocyte damage (see sects. VIII and IX). Hara and co-
workers (156, 157, 305) have indeed detected cells posi-
tive for podocyte marker in the urine of a variety of renal
diseases. Interestingly, a reduction in urinary podocyte
excretion was found with improved glycemic control in
early diabetic nephropathy (304).

In the first study of the molecular mechanism of
apoptosis induction in podocytes, Schiffer et al. (398)
could unequivocally demonstrate a wave of apoptosis in
the early stages of glomerulosclerosis in TGF-�1 trans-
genic mice. TGF-� and the downstream TGF-� signaling
molecule Smad7 were able to induce apoptosis in cul-
tured podocytes. TGF-� required p38 mitogen-activated
protein (MAP) kinase and caspase-3, whereas Smad7
blocked the nuclear translocation of NF-kappaB. Involve-
ment of CKI inhibitors in podocyte apoptosis can be
concluded from the increased incidence of podocyte apo-
ptosis in glomerulonephritis in p21 �/� mice (208). As
these mice exhibit significant podocyte proliferation, the
activated proapoptotic pathway may be quite different
from that seen in cell death in quiescent podocytes.

In summary, podocytes in the adult kidney are unable
to undergo regenerative proliferation to compensate for a
loss of podocytes or an increase in GBM surface area. As
a consequence of the strict block in cell division, podo-
cytes can progress to the cell cycle and can even undergo
nuclear division in a variety of glomerular diseases, but
not cell division. The CKIs p21, p27, and p57 appear to be
responsible for this G1/S transition block, inducing the
considerable podocyte hypertrophy seen in progressive
renal failure.

An escape of podocytes from the strict cell cycle
control is not a regenerative, but rather a disastrous
event, causing rapid glomerular destruction.
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V. CELL CULTURE OF PODOCYTES

A. Culturing of Glomeruli

In the past, due to the lack of available specific
morphological and immunological markers for cultured
podocytes, it was uncertain whether outgrowing glomer-
ular cells were of a visceral or parietal origin. One impor-
tant question was to address whether podocytes would be
seriously damaged or survive at all after the culturing of
glomeruli and which structural changes of podocytes
might occur in situ. By using transmission and scanning
electron microscopy, Norgaard (316) investigated the ef-
fect of culturing isolated glomeruli on podocyte morphol-
ogy. Just 8 h after glomerular culture, a broadening of
podocyte foot processes, slendering of the primary and
secondary foot processes, and the appearance of many
microvilli occurred. Thereafter, slit pores became nar-
rowed and were often occluded by a tight junction. Struc-
tures resembling slit diaphragms displaced from the base-
ment membrane occurred. After 2 days, retraction of foot
processes was completed and slit pores disappeared.
Thereafter, podocytes rounded up and were in contact
with each other and found in a single-layered epithelium.
In addition, podocytes showed a decreased iron staining,
indicating a reduction of their anionic proteins on their
cell surfaces. Thus it has been suggested that the pheno-
type of podocytes in culture resembles the phenotype of
the podocytes in the fetal glomerulus and that the mor-
phological changes are similar to those seen in injured
podocytes (316, 317). Subsequent studies have shown that
the first cells to grow out of the glomerulus were of
epithelial origin (224).

B. Characterization of Outgrowing Glomerular Cells

Two early outgrown glomerular cell types have been
identified in several studies: a small, polyhedral ciliated cell
which grows in colonies with the cells joined by junctional
complexes (41, 78, 224, 276) and a second very large, often
multinucleated cell (317, 506). According to the structural
resemblance with glomerular cells in situ, some authors
have suggested that the first cell type is derived from the
parietal epithelium of Bowman’s capsule, whereas the sec-
ond is derived from the visceral epithelium (56, 317, 506).

However, polyhedral-shaped cultured glomerular ep-
ithelial cells have been shown to react with megalin, 27 A,
and Fx1A fraction, antibodies which recognize antigens in
the glomerulus that are only expressed by podocytes (65,
78, 276). In addition, in a rat podocyte cell line and a
simian virus 40 (SV40)-transformed human podocyte cell
line, which show a cobblestone appearance, several podo-
cyte-specific antigens have been detected, indicating that
cells were of visceral origin (19). In contrast, a lack of

expression of podocyte markers has been found in early
cultured glomerular epithelial cells (169). By analyzing
the pattern of several podocyte-specific antigens on cul-
tured glomerular epithelial cells, two groups came to the
conclusion that most if not all glomerular-derived cells
with a polygonal appearance were of parietal origin (169,
505). Some of these contrasting findings in morphology
and antigen presentation of glomerular-derived cells
might be due to the different techniques and conditions
used for culturing glomeruli. Another explanation for the
different observations is the fact that podocytes change
their characteristics in cell culture. Reiser and co-workers
(294) observed that glomerular-derived proliferating cells
in the first cell culture passage exhibit a cobblestone
appearance and that they express WT-1 and O-acetylated
ganglisoide, specific markers of podocytes in vivo, but not
synaptopodin, a marker of podocyte foot processes in
vivo. Four days after reaching confluency, the cobble-
stone cells began to converge into large arborized cells,
which developed processes. These arborized cells exhib-
ited WT-1 and O-acetylated ganglisoide, and they also
showed a marked expression of synaptopodin, indicating
that these cells possess markers of podocyte foot pro-
cesses (294). Very recently, the morphology and expres-
sion of podocyte markers from cellular outgrowths from
descapsulated glomeruli, encapsulated glomeruli, and tu-
bular fragments have been reinvestigated. Cells outgrown
from decapsulated glomeruli tend to become elongated to
as much as 100–200 �m and possess long thin cytoplas-
matic processes, which often overgrow neighboring cells.
These cells stained strongly with antibodies against WT-1,
synaptopodin, and podocalyxin but not with an antibody
against nephrin. In contrast, cells outgrown from encap-
sulated glomeruli had a cobblestone appearance, and they
exhibited lamellipodia. WT-1 and synaptopodin were not
detected in cells from tubular fragments, but a weak
staining of WT-1 and synaptopodin was detected in pan
cadherin positive parietal cells. Thus it has been sug-
gested that parietal epithelial cells might transdifferenti-
ate into podocytes or that alterations of parietal epithelial
cells in culture may occur (503). Interestingly, 27-kDa
heat shock protein (hsp27), P-31 antigen, and vimentin,
proteins which are only expressed in podocytes in vivo,
are also expressed in cultured parietal epithelial cells and
even in cultured tubular epithelial cells. In outgrowing
cells from encapsulated glomeruli, large irregularly
shaped cells could be also observed after �6 days, but
their staining pattern was identical to cobblestone cells.
Therefore, the authors suggested that these cells might
have been converted from parietal epithelial cells (503).

C. Conditional Immortalized Podocytes

Differentiated podocytes in primary culture show lit-
tle proliferative activity, and thus it is difficult to propa-
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gate a cloned podocyte cell line or to perform experi-
ments that require a large number of cells. In addition,
some contamination by other glomerular cell types can-
not be excluded in early cell culture passages. Therefore,
a conditionally immortalized podocyte cell line has been
propagated from a transgenic mouse expressing a tem-
perature-sensitive SV40 large T antigen (295). Cells that
are grown under nonpermissive conditions, i.e., at 37°C,
stop growing and exhibit many morphological and immu-
nologic properties of differentiated podocytes, i.e., they
are arborized and express synaptopodin (295). Very re-
cently, a conditionally immortalized human podocyte cell
line has been established by transfection with a temper-
ature-sensitive SV40-T gene. At the permissive tempera-
ture of 33°C, these cells grew in a cobblestone morphol-
ogy. Differentiated human podocytes that were grown at
37°C expressed markers of differentiated podocytes in
vivo, including nephrin; podocin; CD2AP and synaptopo-
din; ZO-1; �-, �-, and �-catenin; and P-cadherin. Thus this
cell model seems to be a good in vitro tool for studying
human podocyte biology (387). Figure 5 shows undiffer-
entiated and differentiated, conditionally immortalized
human podocytes expressing the slit membrane proteins
P-cadherin, podocin, and nephrin.

In conclusion, at this point there is no doubt that
podocytes with an arborized phenotype can be propa-
gated in primary culture and that glomerular cells that
first show a cobblestone appearance can convert into
arborized cells which then express markers of podocytes
and even of the slit diaphragm in vivo. There is the pos-
sibility that parietal cells can convert into arborized cells.
However, compared with immortalized podocytes in cell
culture, these cells seem to express WT-1 and synaptopo-
din much weaker, and they do not express nephrin (503).
Further studies have to show whether these cells, com-
pared with podocytes in culture, may be able to express
other markers of podocytes to study the process of trans-
differentiation of these cells. It is easier, compared with
the investigation of the podocytes in situ, to investigate
biological functions of podocytes in vitro. However, it is
obvious that like other cell types, podocytes in monocul-
ture cannot mimic completely the complex in vivo char-
acteristics of podocytes. Many cellular functions change
during culturing of cells, and therefore, results obtained
from podocytes in culture have to be interpreted with
care.

VI. GENE EXPRESSION ANALYSIS

OF PODOCYTES

The interest in mRNA expression analysis in glomer-
uli has been fueled by the rapid developments in molec-
ular biology. These novel techniques could offer informa-
tion about nature and prognosis of disease processes

activated in podocytes. The real-time polymerase chain
reaction (PCR) allows highly accurate template quantifi-
cation from minimal tissue samples (67, 119). The cDNA
array technology displays gene expression patterns of
thousands of mRNAs in a single reaction, but requires
considerable amounts of starting material (11).

Reverse transcription (RT) PCR-based approaches
have been used for some time for gene expression anal-
ysis of microdissected specimen in human and experi-
mental renal disease (51, 351). Several technical problems
including limitation in mRNA quantity, available quantifi-
cation systems, and biopsy population could be recently
overcome allowing for high-throughput analysis of a se-
ries of cDNAs (68). Also, laser microdissection and RNA
expression analysis have been shown to be feasible on
glomerular cross section of frozen or Formalin-fixed ma-
terial, detecting, i.e., WT-1 and synaptopodin as podocyte-
specific cDNAs (67, 68). A summary of a current protocol
applicable for routine application in a multicenter setting
is described in Figure 6.

The above expression analysis of microdissected glo-
meruli still contains glomerular endothelial and mesangial
cells. The same holds true for a series of experimental
systems developed to study the cellular functions of podo-
cytes including whole animal experiments, transfilter or-
gan culture systems, kidney cortex slices in culture, and
isolated glomeruli (see above). The selective analysis of
glomerular epithelium-derived cells is only possible in cell
culture, but even with the latest technologies questions
concerning dedifferentiation phenomena remain (see
above). As a consequence of these technical limitations,
our understanding of the podocyte cell biology in vivo
remains incomplete. As an alternative approach, an in
vivo single-cell analysis has been established (404).

The amount of RNA in a single cell is estimated to be
0.1–1 pg and is difficult to handle experimentally. A mod-
ification of the PCR was used by Lambolez et al. (245a) for
single-cell RT-PCR analysis of cultured neurons. This
method can only be applied to tissue allowing access to
single cells. The unique glomerular anatomy with the
podocytes residing on the outside of the GBM makes this
cell type an ideal target for single-cell RT-PCR. Podocytes
can be aspirated selectively under visual control with a
micropipette preventing any contamination from nearby
tissue. With the application of a modified real time RT-
PCR, a quantitative approach to podocyte-specific gene
expression has been demonstrated (226, 404). A sche-
matic representation of the experimental protocol is
given in Figure 7. Combinations of this technique with
immunhistology and in situ hybridization should prove
advantageous to investigate patterns of gene expression
and elucidate the roles of specific genes in podocyte
function.
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VII. GLOMERULAR FILTRATION BARRIER AND

SLIT MEMBRANE

Podocytes form a tight network of interdigitating
cellular extensions, called foot processes, which are
bridged by so-called “slit diaphragms.” Figure 8A shows a
view of a podocyte in situ, and Figure 8B shows the
composition of the glomerular filter including the porous
endothelium, the GBM, and the podocyte foot processes

with the interposed slit diaphragm. The filtration barrier is
freely permeable by water and small solutes, but to a large
extent, the size selectivity of the filtration barrier for
proteins is represented by the slit diaphragms of podo-
cytes. There is a good body of evidence that the podocyte
slit diaphragm resembles an adherens-like intercellular
junction. On grazing sections the slit diaphragm has mor-
phological features reminiscent of adherens junctions,
including the presence of a wide intercellular gap and a

FIG. 5. Cell culture of podocytes. Conditionally im-
mortalized human podocytes in culture are shown. Left

panels: cells grown under permissive conditions (at 33°C).
Right panels: cells grown under nonpermissive conditions
(at 37°C). Only differentiated podocytes under permissive
conditions express the slit membrane proteins P-cadherin,
nephrin, and podocin (for details, see sects. V and VII).
(From Saleem M. A conditionally immortalized human
podocyte cell line demonstrating nephrin and podocin
expression. J Am Soc Nephrol 13: 630–638, 2002. Copy-
right 2002 Lippincott Williams & Wilkins.)
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central dense line (374). Moreover, the slit membrane
arises from a tight junction during glomerular develop-
ment, and the tight junction zonula adherens-associated
zonula occludens protein ZO-1 is concentrated along the
cytoplasmic surface of the slit diaphragm (401). Our un-
derstanding of the molecular structure of the slit dia-
phragm has been greatly improved in the last few years.
Several molecules, including ZO-1 (401), nephrin (379),
CD2AP (424), FAT (183), and P-cadherin (368), have all
been shown to be expressed within the slit diaphragm,
and some of those molecules play a major role for its
integrity. A schematic drawing of the molecular equip-
ment of the podocyte foot processes is shown in Figure 9.

A. ZO-1

ZO-1 is a 225-kDa protein that is localized at the
cytoplasmatic face of intercellular junctions. ZO-1 is a
member of the membrane-associated guanylate kinase
(MAGUK) protein family. ZO-1 may play a role in organiz-
ing signal transduction and transmembrane protein com-
plexes. ZO-1 contains three copies of the PDZ domain. It
is concentrated in slit diaphragms and has been demon-
strated to interact with the components of cell-cell junc-
tions (occludin, �-catenin, and ZO-2) and cytoskeletal
networks (spectrin, F-actin) (287).

ZO-1 is localized in the podocyte foot processes

FIG. 6. Gene expression analysis in
microdissected human glomeruli. From a
freshly taken renal biopsy specimen, a
cortical part is conserved in an RNase
inhibitor solution. Glomeruli are ob-
tained by manual or laser-assisted micro-
dissection; RNA is isolated, reverse tran-
scribed, and analyzed by real-time RT-
PCR or cDNA array hybridization after
linear amplification. Expression profiles
can be correlated with clinical parame-
ters and histological alterations. For de-
tailed descriptions, see Cohen and co-
workers (67, 68).

FIG. 7. Schematic of single podocyte
RT-PCR. Single podocytes are aspirated
by negative pressure applied to the inte-
rior of the micropipette; RNAs of a single
podocyte are reverse transcribed and
quantified using real-time RT-PCR tech-
nology. For detailed descriptions, see
Schroeppel et al. (404) and Kretzler et al.
(226).
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where it is expressed precisely and continuously at the
points of insertion of the slit diaphragms into the lateral
cell membrane. During development, ZO-1 appears early
at a time when the apical junction complexes between
podocytes are composed of a kind of atypical intercellular
junction. ZO-1 is connected with these junctions during
the time they migrate down the lateral cell surface. These
junctions disappear and are replaced by slit diaphragms.
It has been suggested that the slit diaphragm is a variant
of the tight junction (401). In mice, ZO-1 and nephrin are
closely colocalized in the mature glomerulus, but it has
been suggested that they may arrive at their final positions
from opposite directions (191). In humans, ZO-1 is first
expressed in the late S-shaped bodies simultaneously
with nephrin. ZO-1 has been detected at the basal margin
of the developing podocytes, but also on the lateral sur-
faces as strings and dots. Like nephrin, ZO-1 is located
especially in junctions with ladderlike structures, but in
contrast to nephrin, the expression of ZO-1 was more

abundant at the intercellular junctions during develop-
ment (380). In fetal NPHS1 kidneys with Fin-major/Fin-
major genotype, expression of ZO-1 did not change, indi-
cating that proteinuria must not ultimately result in an
altered expression of ZO-1 (380). However, injection of an
antibody against nephrin resulted in a progressive de-
crease of ZO-1 protein expression in podocytes as early as
1 h after antibody injection. After 5 days, ZO-1 could not
be detected in these proteinuric rats. This suggests that
this particular antibody against nephrin may induce addi-
tional alterations of the signaling pathways in podocytes,
leading to a downregulation of ZO-1 protein (193).

B. Nephrin

1. Expression of nephrin

NPHS1 has recently been identified as the gene
whose mutations cause congenital nephrotic syndrome of

FIG. 8. A: low-power view of a podocyte in
situ. The cell body is connected to the capillary
wall by processes that finally split into the inter-
digitating foot processes on the outer surface of
the glomerular basement membrane. In the bot-

tom left, grazing section hits the slit membrane
(star). Near the nucleus a characteristic mem-
brane-bound inclusion body (asterisk) is visible;
its relevance is unknown. B: the glomerular filter
consists of three components: porous endothe-
lium, glomerular basement membrane, and podo-
cyte foot processes with the interposed slit mem-
brane. The endothelial pores are not bridged by a
diaphragm. Figure is transmission electron mi-
croscopy from a rat. Magnification: A, ��11,000;
B, ��48,000.
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the Finnish type, an autosomal recessive disease affecting
�1:10,000 newborns in Finland (205). A total of 50 muta-
tions have been reported so far. The Fin-major (2-bp
deletion in exon 2 that results in a frameshift and intro-
duces a stop codon within the same exon) and the Fin-
minor (nonsense mutation in exon 26 resulting in a stop at
Arg-1109) mutations are the two most commonly found
mutations (�90% of all Finnish patients with congenital
nephrotic syndrome; NPHS1) (38). The respective gene
product of NPHS1, nephrin, a 180-kDa transmembrane
protein, is exclusively expressed by glomerular podocytes
within the kidney and predominantly localized to the
glomerular slit diaphragm (205, 379). N-linked glycosyla-
tion has been shown to be important for nephrin folding
and thereby plasma membrane localization (500). Muta-
tions of the NPHS1 gene are characterized by massive
proteinuria which starts already in utero. Patients with a
congenital nephrotic syndrome of the Finish type are
treated with early nephrectomy and renal transplantation,
but �20% show recurrence of nephrotic syndrome. The
reason for this phenomenon seems to be an increased
antibody titer against nephrin in these patients (485).

During development, beginning with early capillary
loop stage glomeruli, nephrin expression in mice has been
demonstrated on or near intercellular junctions between
forming foot processes of podocytes (364). Nephrin could
neither be detected in primitive nephric structures, such
as comma- and S-shaped bodies, nor in lateral junction
complexes between immature podocytes. Nephrin ex-
pression has been detected in the earliest slit diaphragm
regions between adjacent cells, suggesting that localiza-
tion of nephrin corresponds with the first appearance of
the definitive slit diaphragm during development (96, 132,
364). In humans, nephrin mRNA was first detected in late

S-shaped bodies of 13- to 23-wk human fetal kidneys.
Immunoelectron microscopy studies show that nephrin is
present in junctions with ladderlike structures between
the differentiating podocytes. In NPHS1 mutant glomer-
uli, filamentous ladderlike structures and slit diaphragms
are missing, whereas ZO-1 and P-cadherin, two other
components of the slit diaphragm, are expressed nor-
mally. Thus formation of the ladderlike structures, as well
as the slit diaphragms, seemed to be dependent on the
expression of nephrin, but early junctions between the
developing podocytes at the capillary loop stage were
normal. Therefore, nephrin is not needed for the early
development and migration of junction complexes at the
S-shaped and capillary loop stages (380). On the basis of
the structure of the glomerular podocyte slit diaphragm
and the electron microscopic localization of nephrin, it
was suggested that the NH2-terminal six immunoglobulin
repeats of nephrin form interdigitating zipperlike ho-
mophilic interactions. Whether nephrin participates in
homophilic interactions remains to be established (379).

In addition to its expression in podocytes, nephrin
was also detected in different regions of the brain and in
the pancreas (354). In the pancreas, nephrin has been
shown to be expressed in the �-cells of the islets of
Langerhans (338).

Electron microscopic examination of NPHS1 kidneys
reveals a thinner lamina densa of the GBM than in con-
trols, but no other structural abnormality of the GBM has
been detected so far (22). Inactivation of NPHS1 in mice
leads to an immediate massive proteinuria and edema
after birth, causing death within 1 day. The kidneys of
NPHS1-deficient mice showed effacement of podocyte
foot processes and the absence of the slit diaphragm
(354).

FIG. 9. Schematic drawing of the molec-
ular equipment of the podocyte foot pro-
cesses. Cas, p130Cas; Cat, catenins, CD,
CD2-associated protein, Ez, ezrin, FAK, focal
adhesion kinase, ILK, integrin-linked kinase;
M, myosin; N, NHERF2; NSCC, nonselective
cation channel; PC, podocalyxin; S, synap-
topodin; TPV, talin, paxillin, vinculin; U,
utrophin; z, ZO-1. See text for further expla-
nations. [Modified from Endlich et al. (106).]
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Nephrin knock-out mice showed a normal structure
of the glomerular basement membrane and a normal ex-
pression of the glomerular basement membrane proteins
type IV collagen and laminin. The expression of podocyte-
specific proteins, such as ZO-1, P-cadherin, and FAT, were
not changed in nephrin knock-out mice. In the latter study
it has been also demonstrated that �3-collagen IV knock-
out mice were normal until week 4, with the exception of
sporadic ultrastructural defects in the glomerular base-
ment membrane and a lack of �3-, �4-, and �5-chains of
type IV collagen and alterations in the laminin content of
the GBM. In contrast, up until week 4, these mice did not
show any change of the molecular structure of the slit
diaphragm. However, the inception of proteinuria starting
at week 5 in �3-collagen knock-out mice was associated
with slit diaphragm alterations, podocyte effacement, and
a significant reduction in the expression of nephrin. Thus
a decreased expression of nephrin correlates with a loss
of glomerular filter integrity (151, 354).

Injection of the monoclonal antibody (MAb) 5–1-6,
which recognizes the extracellular domain of nephrin,
induces proteinuria (464). Interestingly, after injection of
MAb 5–1-6, focal areas of effacement occurred, suggest-
ing that alterations of nephrin are not accompanied by
structural changes of the podocytes. It may be speculated
that MAb 5–1-6 leads to activation of signaling pathways,
resulting in the disturbance of the cytoskeletal architec-
ture of the podocytes (464). After injection of the anti-
body, the glycosyl matrix of the podocytes remained in-
tact, but the number of anionic sides expressed by
heparan sulfate as well as carboxyl groups had decreased
(130).

2. Expression of nephrin in glomerular diseases

Because a decrease of nephrin expression has been
suggested to be associated with proteinuria, studies have
been conducted to explore whether nephrin expression is
altered in glomerular diseases. With the use of RT-PCR in
isolated glomeruli, it has been shown that mRNA expres-
sion of nephrin is decreased in glomeruli from patients
with minimal change nephropathy and membranous ne-
phropathy (132). Moreover, in membranous nephropathy,
minimal change nephropathy, and FSGS, but not in IgA
nephropathy, a reduced nephrin staining and a granular
redistribution of nephrin has been reported. In membra-
nous nephropathy, granular deposits of nephrin were co-
localized with the extracellular immune deposits (96). A
changed expression of nephrin has also been reported in
experimental animal models such as puromycin amino-
nucleoside nephrosis, mercuric chloride-treated rats, as
well as after injection of an antibody against nephrin, in
which the pattern of nephrin IF staining shifted from
epithelial/linear to granular (170, 262, 263, 464). During
Heymann nephritis, nephrin dissociates from actin, and

its expression is reduced in early stages of this experi-
mental membranous nephropathy (510).

In contrast, by using in situ hybridization and immu-
nohistochemistry, Patrakka et al. (345) found neither a
change of nephrin mRNA expression nor a decrease or
change of the distribution pattern of nephrin in glomeruli
from pediatric patients suffering from proteinuria caused
by minimal change nephrosis, FSGS, and membranous
nephropathy. The authors state that immunohistochemis-
try and in situ hybridization may not be optimal methods
for studying the role of nephrin in proteinuric renal dis-
eases, because both methods may fail to detect small
alterations in the amount or distribution of nephrin (345).

Controversial findings have been reported on the
expression of nephrin in diabetic nephropathy. In the
streptozotocin model of the rat and the nonobese diabetic
mouse, mRNA expression of nephrin increased up to
twofold during several weeks of follow-up. Glomeruli
from diabetic animals showed an additional nephrin lo-
calization, i.e., a weaker reactivity at the epithelial aspect
while a more intracellular localization was observed (1).
In contrast, others have found a decrease in both gene
and protein expression of nephrin in streptozotocin dia-
betic rats (48). The controversial finding might, at least in
part, be explained by the fact that nephrin expression was
investigated at different time points after induction of
diabetes in the studies (4, 8, and 16 wk vs. 32 wk; Refs. 1,
48). In vitro studies show that preformed immune com-
plexes, i.e., agIgG4 and other agents like membrane attack
complex (MAC), tumor necrosis factor (TNF), and puro-
mycin, which are known to change the cytoskeletal ar-
rangements in podocytes, induce a redistribution and loss
of nephrin from the cell surface of cultured human podo-
cytes. Cytochalasin B, which disorganizes microfilaments,
prevents nephrin redistribution on the surface of podo-
cytes (96).

At this point, little is known about the signaling path-
ways involved in the regulation of nephrin expression.
Phorbol 12-myristate 13-acetate has been reported to in-
crease the nephrin expression in A293 cells, indicating
that nephrin expression is controlled by protein kinase C
(486).

3. Nephrin is a signaling molecule

The function of nephrin in slit diaphragm mainte-
nance is poorly understood. Structural analysis suggests
that nephrin is a member of the immunoglobulin super-
family (IgCAM). It has an extracellular portion containing
eight Ig motifs and one type III-fibronectin domain. The
intracellular domain contains eight tyrosine residues, sug-
gesting that nephrin may act as a signaling adhesion mol-
ecule (205).

Genetic evidence indicates that CAMs of this immu-
noglobulin superfamily are important for activity-depen-
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dent synapse formation at the neuromuscular junction in
Drosophila. They have also been implicated in synaptic
remodeling during learning in Aplysia (264, 268). CAMs
are also signaling molecules which are involved in mod-
ulating cell-cell and cell-extracellular matrix (ECM) inter-
actions, and they induce signal transduction events,
which are crucial for cell adhesion, motility, cell growth,
and survival (430). Evidence for the hypothesis that neph-
rin acts as a signaling molecule was raised from mutation
analysis studies. A frequent point mutation, a C to T
substitution at nt3325 in the NPHS1 gene, results in a
nonsense mutation that leads to the deletion of the
COOH-terminal 132 of 155 residues of the intracellular
domain. The deletion of most of the cytoplasmic domain
results in foot process effacement and proteinuria, indi-
cating the importance of this domain (205).

It has recently been suggested that nephrin is asso-
ciated in an oligomerized form with lipid rafts. Nephrin-
containing rafts could be immunoisolated with a 27A
antibody which stains a podocyte-specific 9-O-acetylated
GD3 ganglioside. After injection of the antibody, foot
process effacement and proteinuria occurred, and this
was associated with nephrin dislocation to the apical
segments of the narrowed filtration slits. In parallel, ty-
rosine phosphorylation of nephrin was found (432). It has
been shown that nephrin and CD2AP are associated with
glomerular cell actin. Nephrin seems to traverse a rela-
tively cholesterol-poor region of the podocyte plasma
membrane. In addition, a small pool of actin-associated
nephrin and CD2AP resides in lipid rafts, possibly in the
cholesterol-rich apical region of the podocyte foot pro-
cesses (509).

Nephrin has been shown to trigger phosphorylation
of p38 and c-Jun, which was augmented by podocin.
Dominant-negative mutants of small G proteins (Cdc42,
Rac1, RhoA) and protein kinases that activate JNK
(MKK4) and p38 (MKK3, MKK6) inhibited the nephrin-
mediated AP-1 activation. A dominant-negative MEK1 had
no effect on the nephrin-mediated AP-1 activation. This
suggests that nephrin stimulates p38 and JNK but not
ERK1/ERK2. Therefore, nephrin acts as a signaling mole-
cule that can activate MAP kinase cascades (177). Cells
overexpressing podocin and nephrin showed an increase
in AP-1 activation. Podocin, but not CD2AP, increased
nephrin-mediated AP-1 activation to �40-fold without af-
fecting nephrin protein levels. Truncation of nephrin at
amino acid 1160 resulted in the binding of only marginal
amounts of podocin, indicating that a sufficient interac-
tion between podocin and nephrin requires the COOH-
terminal 81 amino acids of nephrin. This nephrin mutation
still promotes a high level of AP-1 activation, but in con-
trast to wild-type nephrin, podocin failed to augment the
AP-1 activation triggered by mutant nephrin. Thus inter-
action with podocin might stabilize nephrin or recruit

nephrin to lipid rafts and thereby increase nephrin signal-
ing in podocyte foot processes (177).

Transgenic manipulation of the podocyte might allow
the study of podocyte function in vivo. The nephrin pro-
moter has been considered a good candidate for directing
the expression of transgenes in a podocyte-specific man-
ner. A 1.25-kb DNA fragment from the human nephrin
promoter and 5�-flanking region has been recently identi-
fied. The fragment, which includes the predicted initiation
codon and immediate 5�-flanking region of nephrin, di-
rects podocyte-specific expression in vivo. Using this pro-
moter fragment could allow the study of podocyte func-
tions in vivo and help to identify transacting factors that
are required for podocyte-specific expression (496). In
addition, a 8.3-kb and a 5.4-kb fragment containing the
5�-flanking promoter sequence of nephrin were recently
identified and characterized, and mice transgenic for both
constructs were generated. NSPH1 transgene showed an
expression with a high penetrance in the podocytes and
brain (288). Very recently, a glomerular-specific Cre-re-
combinase transgenic murine line under the control of the
NPHS1 promoter was generated, and a successful Cre-
mediated excision of a “floxed” transgene specifically in
podocytes has been demonstrated in vivo. This murine
founder line represents a very good tool for the manipu-
lation of the expression of genes in podocytes in vivo
(111).

C. NEPH1

Very recently, a transmembrane protein containing
five extracellular immunoglobulin-like domains structur-
ally related to human nephrin was identified in the mouse.
The encoding protein is called NEPH1. NEPH1 is ex-
pressed widely and was found within the kidney in podo-
cyte foot processes. Mutation of the NEPH1 locus re-
sulted in effacement of podocyte foot processes and
proteinuria, but mice showed no edema. NEPH1 knock-
out mice showed a high perinatal lethality, and all mice
died between 3 and 8 wk of age. Beyond podocyte foot
process effacement, 3-wk-old Neph1 knock-out mice had
diffuse mesangial hypercellularity and increased mesan-
gial matrix. It has been suggested that NEPH1 plays a role
in cell-cell interactions. NEPH1 may interact with other
NEPH1 proteins or it may be the ligand for nephrin (95).

D. Podocin

Podocin belongs to the raft-associated stomatin fam-
ily 41, whose gene NPHS2 is mutated in a subgroup of
patients with autosomal-recessive steroid-resistant ne-
phrotic syndrome. These patients show disease onset in
early childhood and rapid progression to end-stage renal
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failure. The disease does not reoccur after renal trans-
plantation, and there are no extrarenal disorders.

Podocin is a �42-kDa protein. It is predicted to form
a membrane-associated hairpin-like structure with a cy-
tosolic NH2- and COOH-terminal domain that is typical for
stomatinlike proteins and caveolins (49). Very recently,
podocin has been shown to be localized on podocyte foot
process membrane at the insertion site of the slit dia-
phragm. It accumulates in an oligomeric form in lipid rafts
of the slit diaphragm, and in vivo studies demonstrate that
it interacts via its COOH-terminal domain with CD2AP
and with nephrin (408). In neurons of Caenorhabditis

elegans, mutations of a stomatin homolog MEC-2, a highly
homologous protein to stomatin, have been shown to link
mechanosensory channels and the microtubule cytoskel-
eton of the touch receptor neurons, suggesting that sto-
matin is a molecular link in a stretch-sensitive system
(172). Further studies should address whether mechani-
cally gated ion channels are connected to the cytoskele-
ton of the podocytes and whether podocin links these ion
channels to the cytoskeleton of podocytes.

E. CD2-Associated Protein

CD2-associated protein (CD2AP) was initially shown
as an SH3-containing protein that binds to the cytoplasmic
domain of CD2 and enhances CD2 clustering. It anchors
CD2, a T cell and natural killer cell membrane protein
which facilitates T-cell adhesion to antigen-presenting
cells. CD2AP has a molecular weight of 80 kDa. It con-
tains an actin-binding site located at the NH2 terminus, a
proline-rich region, and three SH3 domains, one of which
interacts with CD2 (103). In developing podocytes at the
capillary loop stage, CD2AP is detected slightly later than
nephrin (256). Within the glomerulus, CD2AP is only ex-
pressed in the podocyte, but it is also found in collecting
duct cells and some proximal tubular cells (256). CD2AP
knock-out mice develop proteinuria and kidney failure.
Glomeruli from 1-wk-old animals show loss of foot pro-
cess integrity in some glomeruli. At 2 wk of age, almost all
podocytes were affected, and in many glomeruli, mesan-
gial matrix deposits occur. This indicates that disease
progression in CD2AP knock-out mice begins with podo-
cyte injury leading to a consecutive damage of the mes-
angium. By 4 wk, glomeruli are sclerotic with increased
deposits and distended capillary loops and mice die at the
age of 6–7 wk. Coimmunoprecipitation of CD2AP by a
nephrin fusion protein indicates that both proteins are
associated (424). However, in contrast, in 293T kidney
cells used as an overexpression system, neither nephrin
nor podocin interacted with CD2AP, which could be due
to a lack of a podocyte-specific adapter in this system
(177).

Developing CD2AP knock-out mice at first exhibit

normal foot processes and slit diaphragms and show no
alteration in nephrin expression, suggesting that CD2AP
is neither necessary for the correct localization of nephrin
at the slit diaphragm nor for the development of intact
foot processes. On the other hand, in adult glomeruli of
CD2AP knock-out mice, nephrin was not detectable in
most glomeruli (256). In the laminin �2-chain knock-out
mouse model of nephrotic syndrome, extensive foot pro-
cess effacement was associated with aberrant clustering
of CD2AP in podocytes. This suggests that CD2AP indeed
plays a role in the maintenance of the slit diaphragm
(256). Mutations of the human Lmx-1b gene are respon-
sible for the nail-patella syndrome, which is frequently
associated with glomerulopathy (99). Podocytes from
Lmx-1b knock-out mouse retained a cuboidal shape and
did not form foot processes and slit diaphragms. These
podocytes showed a reduced expression of the �4-chain
of collagen IV and the slit diaphragm proteins CD2AP and
podocin. In addition, there are Lmx-1b binding sites in the
putative regulatory regions of both CD2AP and NPHS2.
Thus a reduced expression of proteins associated with
foot processes and the glomerular slit diaphragm may
contribute to the nephropathy associated with the nail-
patella syndrome (283, 375).

Cas ligand with multiple SH3 domains, the human
homolog of CD2AP, interacts with p130Cas, a docking
protein composed of multiple tyrosine residues, forming
SH2-binding motifs and one SH3 domain (210). The sub-
cellular localization of p130CAS and CD2AP has recently
been investigated. In differentiated mouse podocytes,
CD2AP and p130Cas target to different cytoskeletal struc-
tures. Whereas p130Cas is located at focal adhesions,
CD2AP overlaps with �-actinin-4 and F-actin spots that
colocalize with the actin assembly proteins ARP2/3 and
cortactin, suggesting that CD2AP might play a role in
dynamic actin assembly in podocytes (489).

F. FAT

FAT is a novel member of the cadherin superfamily
with 34 tandem cadherin-like extracellular repeats and a
molecular weight of 516 kDa (101). It has recently been
shown that FAT is expressed in colocalization with neph-
rin along capillary walls in podocytes. On the ultrastruc-
tural level, FAT could be detected at the base of slit
diaphragms and the cytoplasmic domain of FAT colocal-
ized with ZO-1 (183). Because FAT has a huge extracel-
lular domain, the authors speculate that slit diaphragms
contain longer intercellular adhesion molecules than ad-
herence junctions and desmosomes (183). The configura-
tion of the huge extracellular domain of FAT within the
slit diaphragm remains to be determined.
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G. P-cadherin

P-cadherin is a 120-kDa transmembrane protein that
consists of five cadherin domains on the extracellular part
and a �-catenin binding site on the cytoplasmatic side.
During development, P-cadherin was first detected during
the vesicle stage, indicated by staining the apical margins
of the developing epithelial cells (380, 454). In the late
S-shaped bodies, P-cadherin colocalized with nephrin and
ZO-1. During the capillary loop stage, staining for P-cad-
herin has been observed at the basal margins, and to some
extent, between the developing podocytes as well. In
contrast to nephrin, P-cadherin has not been detected on
the lateral surfaces of developing podocytes (380).

Recently, a model was introduced in which the slit
diaphragm represents a modified adherens-type junction
(368). In this model, P-cadherin, via its extracellular do-
main, represents the core protein of the slit diaphragm.
According to this model, the intracellular domain of P-
cadherin is linked to �-catenin and/or plakoglobin (�-
catenin). The linkage of this complex to the actin cy-
toskeleton via �-actinin is mediated by �-catenin, or by
interaction of �-catenin with ZO-1, which in turn can bind
to actin filaments. Homophilic interactions of P-cadherin
have been suggested to form the bridge between the
podocytes (368). P-cadherin is normally expressed in
NPHS1 kidneys, and P-cadherin knock-out mice do not
develop nephrosis. Therefore, P-cadherin expression
seems not to be essential for maintenance of the normal
slit diaphragm (362, 380).

VIII. PODOCYE-CYTOSKELETON-GLOMERULAR

BASEMENT MEMBRANE INTERACTIONS

For an intact glomerular filter podocyte-podocyte in-
teraction generated by the unique cell contact structure of
the slit diaphragm (see sect. VII), podocyte-matrix interac-
tion of cell membrane receptors with GBM matrix pro-
teins are essential. The two macromolecular complexes
are structurally linked by the dense actin network of the
podocyte foot process.

A. GBM-Cytoskeletal Interaction

Tightly controlled cell matrix contacts are an essen-
tial prerequisite to maintain the highly ordered foot pro-
cess architecture (434). Constituents of this connection
are the matrix molecules of the GBM, which serve as
ligands for transmembrane adhesion receptors of the
podocyte foot process. On the intracellular part of the
cell-matrix, interface molecules responsible for cell-ma-
trix signaling and transmission of mechanical forces on
the cytoskeleton aggregate in a multimolecular adhesion
complex.

B. GBM

During glomerulogenesis, the GBM is generated as
two separate layers produced by glomerular endothelial
and epithelial cells. The two sheets are fused together to
form the mature GBM (4–6, 280, 391, 446). In the adult
glomerulus, the podocyte continues to add and assemble
matrix molecules to the GBM, maintaining a hydrated
meshwork consisting of collagen IV, laminin, entactin,
agrin, and perlecan (281).

The flexibility and dynamic of mature GBM requires
a constant turnover. To achieve this, podocytes not only
produce GBM components, but also secrete matrix-mod-
ifying enzymes. MMP-9 production by podocytes has been
found in vitro and in the proteinuric phase of Heymann
nephritis (267, 272). Podocytes should therefore be able
to enzymatically modify the GBM they adhere to in pro-
teinuric disease. The relevance of the GBM composition
for podocyte architecture is exemplified by foot process
fusion and proteinuria in the laminin �2-chain-deficient
mouse (314). �5-/�2-/�1-Laminins are assembled to form
the GBM-specific heterotrimeric laminin 11 (223). The
lack of a single laminin monomer is sufficient to cause
severe disruption in the filtration barrier, leading to ne-
phrotic phenotype. Interestingly, a knock-out for �5-lami-
nin is not able to form a functional laminin, causing an
early arrest in nephrogenesis (282). Genetic modification
of the collagen IV component via knock-out of collagen IV
�3 results in an Alport-like syndrome with a compensa-
tory upregualtion of collagen IV �1 and �2. In the collagen
IV �3 knock-out mice, the laminin composition of the
GBM is also shifted to �2- and �1-laminins (73), inducing
podocyte foot process effacement. The podocyte damage
in collagen IV �3 knock-out mice can be ameliorated by a
double knock-out of collagen IV �3 and integrin-�1. In the
double knock-outs, a reduction of the �2- and �1-laminin
induction could be responsible for an improved GBM-
podocyte interaction (73) Integrin �1�1 and TGF-�1 play
distinct roles in Alport glomerular pathogenesis and serve
as dual targets for metabolic therapy (73). The elucidation
of the interdependence in the matrix composition prom-
ises to yield exciting results in the future.

C. Transmembrane Matrix Receptors

Specific matrix receptors anchor the podocyte foot
processes by binding to their ligands in the GBM. Since
they have considerable clinical relevance, podocyte-GBM
receptors have been studied in great detail (7, 223).

Initial studies concentrated on a specific integrin het-
erodimer, consisting of �3�1-integrins, found at the “sole”
of podocyte foot processes facing the GBM (8, 218). In-
tegrins are heterodimeric transmembrane molecules and
are the paradigmatic matrix receptors. Each cell type
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expresses a characteristic combination of �- and �-sub-
units. �3�1-Integrins have been described to bind to col-
lagen IV �3-, �4-, and �5-chains, fibronectin, laminin, and
entactin/nidogen, all present in the GBM (86). Ligand
binding induces clustering of integrins to form focal ad-
hesions and recruitment of intracellular cytoskeletal pro-
teins. For intracellular signaling, associated kinase mole-
cules are required.

A series of experimental and genetic studies indicate
an involvement of integrin-mediated podocyte matrix in-
teraction in failure of the filtration barrier. An antiserum
raised against glomeruli with binding activity against �1-
integrins, a specific anti-�1-integrin antibody or integrin-
blocking RGD peptides, induced foot process fusion, pro-
teinuria, and detachment of podocytes from the GBM (7,
8, 328a). Genetic evidence for the requirement of �3-
integrins for an intact filtration barrier was generated with
the �3-integrin knock-out mouse (222). �3-Integrin null
mice exhibit an immature GBM and foot process efface-
ment at birth. These findings led to the hypothesis that
changes in podocyte integrins could correlate with pro-
teinuria by interfering with the dynamic of foot process
anchoring in the GBM. However, several studies examin-
ing integrin expression in a variety of glomerular diseases
and in vitro systems produced conflicting results concern-
ing �3�1-integrin distribution or levels (26, 28, 60, 184, 196,
203, 216, 228, 365, 366, 426). These data could be recon-
ciled by a modification of integrin function without
changes in the overall integrin levels in the framework of
integrin inside-out signaling (see below). Alternatively,
integrin function could be modified by interaction with
other adhesion molecules.

A second matrix receptor in podocytes, the dystro-
glycan complex, is known to provide links between ma-
trix molecules and the actin cytoskeleton in a variety of
cell types (161). Starting with data on dystroglycan ex-
pression in the glomerulus (102, 260), ultrastructural anal-
ysis revealed a restricted expression of dystroglycan com-
plexes in the basal cell membrane of podocyte foot
processes (360, 365). The respective matrix ligands (lami-
nin, agrin, and perlecan) are found in the GBM, and the
intracellular binding partner utrophin is also expressed in
podocytes (360, 365). Most interestingly, the expression
of the dystroglycan complex is negatively correlated with
disease activity in proteinuria in animal models (360) and
with minimal-change disease in humans (365). However,
the link between dystroglycans and the actin cytoskeleton
of the podocyte and the interaction with the integrin
complexes in focal adhesion needs further evaluation.

Both integrins and dystroglycans are coupled via
adapter molecules to the podocyte cytoskeleton, allowing
the transmission of mechanical force from the GBM to the
meshwork of interdigitated foot processes and via pri-
mary processes to the cell body. Alteration of the GBM
that causes foot process effacement and the loss of an

intact slit membrane requires the link of the cytoskeleton
as a force-transmitting unit between these two compo-
nents of the foot processes. A series of studies have
shown an association of altered GBM, loss of slit mem-
branes, and proteinuria with rearranged cytoskeletal pro-
teins. Systematic ultrastructural and immunohistochemi-
cal analyses have shown a rearrangement of cytoskeletal
proteins (F-actin and �-actinin) in response to foot pro-
cess effacement in anti-GBM antibody-induced Masugi
nephritis (429) and in puromycin nephrosis (PAN) in rats
(492). Quantification of the involved cytoskeletal mole-
cules by immunogold transmission electron microscopy
showed an increase of actin and �-actinin in the Masugi
model, whereas after PAN, a cytoskeletal disaggregation
of the actin cytoskeleton was described. Further func-
tional studies are required to determine whether a com-
pensatory hypertrophic response of the actin network in
the more chronic Masugi nephritis model or a toxic effect
on the cytoskeleton in the PAN model are responsible for
the observed difference. A detailed description of the
cytoskeletal scaffolds of the podocyte will follow below.

D. Integrin Signaling in Podocyte Damage

Integrins are more than just passive attachments of
cells to their matrix (71). Ligation of integrins by the
matrix induces specific cellular responses, a process re-
ferred to as outside-in signaling (400). In the framework
of inside-out signaling, integrins can be downstream ef-
fectors in cell responses (117). Inside-out signaling regu-
lates integrin-binding affinity and avidity via cytoplasmic
signals, giving integrins the function of fine-tuned cellular
anchors (334a). In addition, integrins appear essential for
assembly of extracellular matrix molecules in a three-
dimensional network (498). Integrin signaling is closely
regulated by a large intracellular macromolecular com-
plex associated with the integrin cytoplasmic domains. In
the focal adhesion, integrins are connected to the actin
cytoskeleton via a rapidly growing number of adapter
molecules including paxillin, vinculin, and �-actinin.

1. Candidate integrin signaling molecules

Focal adhesion kinase (Fak), the prototypic integrin-
associated nonreceptor tyrosine kinase, binds to the cy-
toplasmic domain of �-integrins. In principle, Fak is acti-
vated by integrin ligation in outside-in signaling, inducing
autophosphorylation and activation of the Ras pathway.
Fak activation in inside-out signaling increases adhesion
to the matrix. In the context of filtration barrier failure,
the role of Fak has been investigated in a variety of
glomerular diseases. An increase in protein levels and
hyperphosphorylation of Fak in glomeruli was found at
the onset of lupus nephritis in lpr/lpr mice (289), in an
anti-GBM disease (221), and in streptozotocin-induced
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diabetic nephropathy (367). Histochemical data (289) and
in vitro experiments (152) indicate that Fak induction
takes place in the mesangium. Studies specifically ad-
dressing podocytes have been technically very difficult.
Kurihara et al. (242) detected tyrosine hyperphosphoryla-
tion in lysates from rat glomeruli during development and
after induction of proteinuria with puromycin. ZO-1 could
be identified as a substrate for tyrosine phosphorylation
in podocytes. The kinase responsible for the hyperphos-
phorylation, however, remained unclear. In examining
human biopsies, no changes of Fak, talin, vinculin, paxil-
lin, �3�1-integrin, ZO-1, or ZO-2 protein levels could be
detected using semiquantitative immunofluorescence in
membranous nephropathy and minimal-change disease
(26). In agreement with Kurihara’s study, a modest in-
crease in phosphorylated tyrosine residues was reported.

Topham induced reversible injury to cultured undif-
ferentiated rat podocytes by disrupting the actin cytoskel-
eton with C5b-9, causing podocyte damage in vivo (463).
No alterations in Fak, �3�1-integrin, talin, vinculin, or
paxillin protein levels could be found (463). Evaluating
potential mechanisms of advanced glycation end prod-
ucts on podocytes, Krishnamurti et al. (227) showed a
modest decrease in Fak tyrosine phosphorylation and
MAP kinase activity in cultured human undifferentiated
podocytes in response to glycated matrix molecules.
However, Fak activity was not determined. Cybulsky (76)
elucidated in a long-standing effort the signaling events
responsible for proliferation of cultured undifferentiated
podocytes. Podocyte proliferation was shown to be de-
pendent on the activation of a receptor tyrosine kinase
pathway converging into the MAP kinase pathway. A
�1-integrin-mediated induction of the inositol pathway
suppressed podocyte proliferation. The cross-talk be-
tween integrin ligation and the inositol pathway in podo-
cytes is still under investigation. Reiser et al. (369) found
an increased total phosphotyrosine content in cultured
differentiated mouse podocytes in response to puromycin
or protamin, as observed in the in vivo model of PAN
nephrosis (242). Interestingly, a phosphatase inhibitor,
but not a kinase activator, produced the identical pheno-
type of process retraction in vitro, consistent with ty-
rosine dephosphorylation as a relevant regulatory mech-
anism in podocyte damage. In conclusion, podocyte
damage appears to result in heterogeneous alterations of
phosphorylation in podocyte foot process proteins. How-
ever, despite considerable efforts, no candidate signaling
molecule responsible for regulating podocyte matrix in-
teraction could be identified so far.

2. Integrin-linked kinase in podocyte damage

An expression screen conducted on glomeruli from
children with the congenital nephrotic syndrome of the
Finnish type (CNF) to identify relevant players in protein-

uria produced an interesting novel signaling molecule. In
CNF glomeruli, a mRNA induction of the integrin-linked
kinase (ILK) could be identified (226). ILK, a serine thre-
onine kinase, has become a good candidate for regulating
podocyte matrix interaction in proteinuria. Since its iden-
tification in a yeast two-hybrid screen with the cytoplas-
mic tail of the �1-integrin as bait (154), ILK has been
shown to be involved in a wide variety of regulatory
processes. It plays a key role in integrin-mediated cell
adhesion and signaling. In outside-in signaling, ILK is
inhibited by ligation of the corresponding integrins (154).
Inside-out signaling could be demonstrated by reduced
matrix adhesion in ILK-overexpressing cell lines. In addi-
tion, ILK overexpression led via Akt and GSK activation to
anchorage-independent growth (361), implicating ILK not
only as a mediator of integrin inside-out signaling, but
also of adhesion-dependent regulation of cell cycle pro-
gression (see above). For cell phenotype regulation, ILK
inhibits E-cadherin expression (498) and activates the
�-catenin/LEF transcriptional complex with consecutive
increase in MMP-9 levels and activity (318, 466). ILK
appears downstream of phosphatidylinositol 3,4,5-
trisphosphate-dependent growth factor signaling (89).

ILK induction could be demonstrated in glomeruli of
three different renal diseases, all with severe alterations
of the filtration barrier (226) and in diabetic nephropathy
(149). In CNF, a mutation of a single molecule in the slit
diaphragm nephrin causes a severe disturbance of the
glomerular filtration unit (see sect. VII). In the murine
model of nephrotoxic serum nephritis, the acute inflam-
matory insult of the anti-GBM antibodies induces the
rapid onset of a severe nephrotic syndrome (397). In the
chronic progressive glomerulosclerosis of mice trans-
genic for growth hormone (GH), glomerular hypertrophy
induces slowly progressive podocyte failure (495). In all
three diseases an increase in glomerular ILK mRNA is
accompanied by the typical podocyte lesions of foot pro-
cess effacement and denudation of the GBM (180, 429,
495). With the use of single podocyte RT-PCR (404) in
combination with real-time RT-PCR, a significant increase
of ILK mRNA was found in podocytes from proteinuric
GH-transgenic mice compared with wild-type littermates,
confirming podocyte-specific ILK induction.

To evaluate ILK in outside-in signaling, podocyte ILK
activity was examined in vitro in response to different
extracellular matrixes and was found to be induced by
collagen I compared with collagen IV or fibronectin, ma-
trix molecules found in the normal glomerulus. In inside-
out signaling, a dose-dependent increase in ILK kinase
activity in cultured podocytes in response to puromycin
could be demonstrated, indicating ILK to be a down-
stream effector of podocyte damage. Stable overexpres-
sion of wild-type ILK in cultured podocytes led to reduced
matrix adhesion, confirming the functional role of ILK in
inside-out signaling. Further evidence on the involvement
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of serine threonine kinases in outside-in signaling was
provided by the induction of process formation with un-
specific serine threonine kinase inhibitors in cultured
podocytes (212).

ILK represses E-cadherin in epithelial cells via acti-
vation of the Wnt pathway with nuclear translocation of
�-catenin and induction of LEF-1 (498). Because members
of this pathway are expressed in podocytes (368), ILK
could be involved in the cross-talk between GBM and the
specialized cell-cell contact of the slit diaphragm. ILK
overexpression in podocytes altered, in addition to inter-
fering with podocyte matrix interaction, the podocyte
phenotype from the differentiated arborized cell morphol-
ogy to a cobblestone pattern. These changes were paral-
leled by a reorganization of the actin cytoskeleton, nu-
clear translocation of �-catenin and LEF-1, and a
significant repression of the P-cadherin (456), indicating a
complex downstream cascade of integrin signaling in
podocytes.

IX. PODOCYTE CYTOSKELETON

The structural integrity of the foot process is crucial
for establishing stability between the cell-cell and the
cell-matrix contact of podocytes. This unique challenge
has resulted in the development of a specialized cytoskel-
etal organization of podocytes in foot processes (see sect.
III). The primary function of the foot process cytoskeleton
is the coupling of the slit membrane complex with the
podocyte-GBM contacts in their close proximity. Because
the glomerular capillary wall undergoes cyclic distensions
with each heart beat, a combination of mechanical
strength and flexibility is also required. The cytoskeleton
of the major processes has to maintain contact with the
metabolic machinery of the podocyte cell body to allow
vesicular transport along the process. An additional func-
tion of the podocyte cytoskeleton could be a counter-
action of the distensible forces of the capillary wall (see
Fig. 2).

A. Podocyte Processes Contain Defined Sets

of Microfibers

The cytoskeleton, a cytoplasmic system of fibers, has
to serve static and dynamic functions. It consists of three
discreet sets of ultrastructural elements: microfilaments
(7–9 nm in diameter), intermediate filaments (10 nm), and
microtubules (24 nm). All are built in a tightly controlled
process from small protein subunits.

In the podocyte, the cytoskeleton responds to the
unique challenges of the filtration barrier with several
levels of structural organization, represented by different
molecular constituents. Podocyte foot processes contain
a dense network of actin filaments connected with an

array of linker proteins to the slit membrane complex and
the GBM anchor proteins. Microtubules and intermediate
filaments are the scaffold of podocyte major processes
and the central cell body (17, 72, 97, 115, 213, 477).

The expression of the podocyte-specific microfibrils
appears to be a prerequisite for foot process formation
during glomerulogenesis. During the capillary loop stage,
the cytoskeleton undergoes a switch from an epithelial to
a mesenchymal phenotype. The expression of the inter-
mediate microfilament vimentin is induced, followed by
the development of actin-rich branched cellular pro-
cesses, giving rise to the foot process interdigitation of
the mature filtration barrier (168, 302). Interestingly, a
similar sequence of cytoskeletal rearrangements can be
observed in conditionally immortalized podocytes during
in vitro differentiation (295).

B. Foot Processes Contain a Dense Network

of F-actin Microfilaments

Microfilaments are the predominant cytoskeletal
constituent of the foot process. F-actin is a highly dy-
namic structure with a polar orientation, allowing for
rapid growth, branching, and disassembly. Actin filaments
are bundled in closely packed parallel arrays or are asso-
ciated loosely in networks. Bivalent actin cross-linking
molecules from the calponin homology-domain superfam-
ily (i.e., �-actinin and dystrophin) define the level of actin
packing. Associated motor proteins like myosin allow for
isometric or isotonic contraction of the bundles in muscle
and nonmuscle cells (141).

The F-actin network in podocytes is modified for the
specific requirement of the foot processes by a unique
assembly of linker and adapter molecules. In the seminal
study of Drenckhahn and Franke (97), a three-dimen-
sional model of the foot process cytoskeletal architecture
was constructed to contain loops of microfilament bun-
dles of myosin, F-actin, and �-actinin (see also Fig. 3). The
base of a microfilament loop is connected to the sole of
the foot processes via matrix receptors to the GBM. The
filaments form a high-arched loop between neighboring
foot processes of the same podocytes.

At the bend of the loop, the actin filaments connect to
the intermediate and microtubular filaments of major pro-
cesses. Foot processes therefore have all elements re-
quired to generate a tensile strength to oppose the disten-
sible forces of the capillary wall (97, 231, 241). To address
the questions of whether and how podocytes react to
mechanical load, Endlich et al. (107) established a biaxial
cyclic stress culture system. Podocytes respond, com-
pared with mesangial and endothelial cells, with a unique
rearrangement of their cytoskeleton to mechanical stress
in vitro, resulting in a reduction in cell body size and a
thinning of their major processes. Microtubules and inter-
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mediate filaments remain grossly unchanged, whereas a
reversible reorganization of F-actin to radial stress fibers
with an actin-rich center developed in a Ca2�- and Rho
kinase-dependent manner. Further studies of stress-acti-
vated signaling pathways should define the similarities
and differences of this tissue culture system to the in vivo
situation. Several actin-associated molecules have been
described to be expressed in a podocyte-specific pattern.
Because their functional characterization heavily relied
on studies in podocyte damage, we discuss them in detail
below.

C. The Slit Membrane Complex Is Coupled

to the Cytoskeleton

On the lateral sides of the foot processes, the cy-
toskeleton is linked to the slit membrane complex. ZO-1
(243), catenins (368), and CD2AP (424) serve as adapter
molecules between the transmembrane slit membrane
molecules nephrin and P-cadherin and the actin filaments.
CD2AP in the respective knock-out mouse caused a ne-
phrotic syndrome most likely via its interaction with
nephrin (see above). Since the first function attributed to
CD2AP was an adapter molecule to the cytoskeleton in
the immunological synapse (103), it was speculated early
on that CD2AP serves a similar function in podocytes
(424). Experimental confirmation of this hypothesis was
obtained in cultured podocytes with colocalization of
CD2AP and F-actin. In the same complex, the actin-asso-
ciated molecules Arp2/3 and cortactin were detected
(489).

D. Actin Cytoskeleton Is Connected to Integral

Membrane Molecules

In addition to the actin cytoskeleton at the sole of the
foot processes, a subplasmalemmal actin system is found
in podocytes. This actin network is connected to trans-
membrane molecules generating the negative charge sur-
face area of podocytes. The transmembrane molecule
podocalyxin contributes significantly to this negative sur-
face charge (204). It has been postulated that the negative
charge of podocalyxin not only repulses proteins, but also
serves as a spacer molecule between interdigitating foot
processes (451). For this function, a tethering of podoca-
lyxin to the subplasmalemmal actin network is required.
In an elegant series of studies, Farquar and co-workers
(332) revealed the molecular constituents of this adapter
complex. First, they identified an interaction of ezrin, a
member of the ezrin/radixin/moesin family of adapter
molecules, with the cytoplasmic domain of podocalyxin
at the apical area of podocyte foot processes (332). Ezrin
was already known as a marker for activated or damaged
podocytes (179). Na�/H� exchanger-regulatory factor 2

(NHERF2) was found to be a second member of the
podocalyxin-actin complex (452). NHERF2 binds via the
NH2-terminal ERM binding region to Tyr-567 phosphory-
lated ezrin. Treatment of rats with puromycin or sialic
acid is associated with dephosphorylation of ezrin and
uncoupling of ezrin from the actin cytoskeleton. Interest-
ingly, neutralization of the negative podocalyxin surface
charge with protamin sulfate resulted in a disruption of
the intact NHERF2/ezrin complex from the cytoplasmic
domain of podocalyxin (452), leaving the complex at-
tached to actin filaments. Further studies will have to
identify the signaling molecules responsible for the differ-
ential regulation of this complex in podocyte damage.

A second transmembrane molecule with plasma
membrane tether function could be podocin (see sect. VII

for detailed description).
Finally, the transmembrane endocytocic receptor

glycoprotein 330/megalin, involved in protein uptake in
epithelial cells, interacts with a molecule of the MAGUK
protein family, Magi-1 (346). MAGUKs are involved in the
clustering of molecules to defined membrane domains,
and Magi-1 serves here as a multi-docking protein in the
podocyte cell membrane to the actin cytoskeleton via
�-actinin 4 and synaptopodin (347). The Magi-1 splice
isoforms found in podocytes appear to confer an associ-
ation with the actin cytoskeleton (346). Further studies
will have to determine the molecular partners of the
proposed multiprotein complex and its function in podo-
cyte failure.

E. Major Podocyte Processes Contain Microtubles

and Intermediate Filaments

Mature podocytes express with vimentin and desmin
a mesenchymal intermediate filament pattern in their cell
body and major processes (24, 97, 168, 329, 444, 477, 501).
Desmin expression in mammals could only be found in rat
podocytes. In contrast to vimentin, desmin is significantly
induced in puromycin nephropathy in rats (123, 185, 244,
501, 502). Podocytes express plectin as an intermediate
filament-associated protein (504). A further intermediate
filament-associated molecule, a podocyte specific
250-kDa protein, was identified using a monoclonal anti-
body raised against rat podocytes lysates (244). Like
desmin, it is induced in puromycin damage and could be
involved in intermediate filament cross-linking, but mo-
lecular identification will be required before any definite
functional role can be determined (244).

Microtubules are heterodimeric polymers of globular
�- and �-tubulin subunits and form a stiff 24-nm-thick
tubular structure. They are essential for an intact struc-
ture of major podocyte processes, since they connect the
cell body with the GBM-anchored actin network in foot
processes (for an in-depth review, see Ref. 213). Disrup-
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tion of microtubule elongation with vinblastin resulted in
severe damage to major processes in vivo (15, 17, 470)
and blocked process formation in vitro (214).

Microtubules are built in a polar orientation starting
from the microtubule-organizing center (MTOC), and nu-
cleation of microtubules is initiated by �-tubulin found in
podocyte centrosomes (213). Microtubule elongation is
separated into fast-growing (plus) and slow-growing (mi-
nus) poles.

In most cells, minus-end microtubules are located at
the MTOC, with the fast-growing end toward the cell
periphery, resulting in a “plus-end-distal” orientation (23).
Process-bearing cells like neurons, glial cells, and podo-
cytes show a mixed microtubular polarity with plus-end-
distal and minus-end-distal orientation (23, 207, 213). The
minus-end-distal orientation of microtubules in these
cells appears to rely on the directed transport mechanism
by the kinesin superfamily motor proteins (412, 413). A
member of this superfamily, CHO1/MKLP1 (310, 311), has
been found to be essential in formation of podocyte pro-
cesses and dendrites (213, 346, 423, 508). CHO1/MKLP1 is
responsible for elongation of minus-end-distal micro-
tubles in podocyte processes (213) via antiparallel trans-
port along plus-end-distal microtubules. Blocking of this
transport mechanism, therefore causing the generation of
a nonuniform microtubule polarity, effectively prevented
process formation in podocytes in vitro and confirmed the
critical relevance of the nonuniform microtubule polarity
for podocyte function (213).

From the microtubular-associated molecules (MAPs)
required for tubular elongation, MAP3 (174) and MAP4
(344) could be detected in podocytes in vivo and in vitro
(214). MAP3/4 (which appear to be identical on the mo-
lecular level, Ref. 214) phosphorylation decreases the
assembly of microtubules. Whether or not MAP4 is the
critical molecule for process formation in podocytes is
still debatable, since MAP4 phosphorylation remained un-
changed after okadaic acid, which should have resulted in
hyperphosphorylation of active MAPs and subsequent dis-
assembly of the tubule (214). Furthermore, MAP4 is found
in cells without processes (220). Injection of an anti-
MAP4 antibody does not result in the disassembly of
microtubules (488), and MAP4 overexpression is not suf-
ficient for process formation (33). Additional members of
this superfamily could cooperate with MAP4 during pro-
cess induction in podocytes.

Assembly of microtubules is further regulated by
protein Ser/Thr dephosphorylation of MAPs by PP2A pro-
tein phosphatase (165, 353). In podocytes in vivo, PP2A is
only found in process-forming cells during glomerulogen-
esis (113, 448). Cultured podocytes express PP2A during
process formation, and okadaic acid can suppress pro-
cess formation in concentrations reported to be specific
for protein phosphatase 2A (214). Unspecific inhibition of

serine/threonine kinases has been shown to induce pro-
cess formation in podocytes in vitro (214), further indi-
cating a tight regulation of the microtubular machinery in
podocytes.

A major role of microtubules is the trafficking of
proteins from the Golgi apparatus into the cell periphery.
Using vesicular stomatitis virus (VSV)-G infected podo-
cytes, Simons et al. (431) demonstrated an active trans-
port mechanism of VSV-G along processes of cultured
podocytes. VSV-G particles were found to colocalize in
the periphery of podocyte processes with the small GTP-
ase rab8, which is relevant for membrane-directed trans-
port in neuronal dendrites and Madin-Darby canine kid-
ney cells (175, 350) and the membrane-docking molecule
rsec6/8 (146, 195). Directed vesicular transport in podo-
cytes was dependent on an intact Golgi apparatus. This
directed membrane transport machinery should be of
critical relevance for process formation and maintenance
in vivo as well, securing an adequate supply of podocyte
foot processes with cargo synthesized in the perinuclear
Golgi complex.

Kobayashi and Mundel (213) presented in their in-
depth review of microtubular function in neuronal and
nonneuronal cells a compelling hypothesis on parallel
processes formation between podocytes and neuronal
dendrites based on similar expression and functional
characteristics of the microtubular proteins.

F. Cytoskeletal Alterations in Podocyte Damage

Foot process effacement, also referred to as process
simplification, retraction, or fusion, affects three aspects
in the podocyte. Foot process effacement has to be initi-
ated at the cytoskeleton of the podocyte and results in the
alteration of the cell-cell contacts at the slit diaphragm
and in a mobilization of the cell matrix contacts (13, 115,
197, 383, 411, 429). Foot process effacement is accompa-
nied by an increase in microfilament density that builds a
mat of intercrossing stress fibers at the sole of the foot
process (128, 197, 225, 301, 328). Dense bodies, serving as
cross-linkers for microfilaments in smooth muscle cells
(251), have been discovered in the basal actin network of
effaced foot processes (429). However, a disruption of
actin filaments and a transient dispersion of the microfila-
ment structure in podocyte foot processes was reported
in puromycin nephrosis (492) and in complement-medi-
ated injury (463). Whether these differences are a conse-
quence of the visualization techniques employed or are a
disease stage specific phenomena remains unanswered.
Also whether the structural alterations could be consid-
ered to represent a compensatory response of the podo-
cyte to counteract an increase in capillary distending
forces or as a reparative mechanism of podocyte damage
is still a matter of debate (see below).
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In podocyte damage models, polycations such as pro-
tamine sulfate or the cytotoxic antibiotic puromycin are
widely used. Both agents cause foot process effacement
and proteinuria in rats in vivo (115, 189, 411) and allow
the study of cytoskeletal responses in podocyte damage in
vitro (369). Kerjaschki (197) addressed the role of the
different cytoskeletal elements in an ex vivo system of
isolated perfused rat kidneys. Blockade of actin dynamics
via calcium depletion, low temperature, or cytochalasin B
resulted in a 50% reduction of the protamine sulfate ef-
fect. In contrast, interference with microtubular function
with colchicine or vinblastine did not alter foot process
dynamics (197, 470).

G. Actin-Associated Molecules in Podocyte Damage

In podocytes, a characteristic pattern of actin-asso-
ciated proteins has been identified, and their regulation in
podocyte damage has highlighted the relevance of cy-
toskeletal dynamics for maintaining an intact filtration
barrier.

Synaptopodin was the first podocyte-specific actin-
associated molecule to emerge (293). The only other ex-
pression sites of synaptopodin are the spine-bearing neu-
rons in the olfactory bulb, striatum, cerebral cortex, and
hippocampus spine apparatus of telencephalic neurons
(90). The exact molecular role of synaptopodin is still
largely unknown. It does not appear to be essential for
podocyte development, but homozygous deletion of syn-
aptopodin in mice results in an increased sensitivity of the
filtration barrier to damage (52).

�-Actinin-4 has been shown to be widely expressed
in podocyte foot processes, colocalizing with actin stress
fibers (245). Induction of proteinuria with puromycin in
rats resulted in foot process retraction and progressive
podocyte damage and was preceded by an increased �-ac-
tinin expression (429, 435). Strong genetic evidence for a
critical role of �-actinin was generated by studying hered-
itary filtration barrier failure in humans. Mutations of
ACTN4, encoding �-actinin-4, were found to cause a late-
onset autosomal-dominant focal segmental glomerulo-
sclerosis (190). In the glomerulus, �-actinin-4 is specifi-
cally expressed in podocytes, and initial functional
experiments are consistent with an increased F-actin bun-
dling by mutant �-actinin-4. In acquired proteinuric dis-
eases, a repression of �-actinin-4 protein and an associ-
ated adapter molecule, CLP-36, have been found in
immunohistochemical studies (44, 69).

Because the low-molecular-weight hsp27 binds to
actin filaments in a phosphorylation-dependent manner
(40, 286), Smoyer et al. (433) evaluated hsp27 regulation
in podocyte failure. After puromycin-induced nephrosis,
an increase both of total hsp27 and phosphorylated hsp27
was found. Because hsp27 activation is a common theme

in defense against metabolic or oxidative cell damage
(275, 499), the hsp27 induction could be part of a defense
mechanism to protect cytoskeletal integrity of foot pro-
cesses. The latter hyothesis has been supported in a re-
cent study which demonstrates that hsp27 regulates the
morphological and actin cytoskeletal response of cul-
tured podocytes to puromycin-induced injury. In addition,
hsp27 levels in podocytes correlated with resistance to
puromycin-induced cell death (436).

H. Signaling Mechanism Targeting the

Cytoskeleton in Podocyte Damage

Since the complex cytoskeletal organization is tightly
regulated, initial studies addressing the involved signaling
pathways in podocyte damage are becoming available.
The cell-matrix signaling in podocytes has been described
in detail in section VII.

Small GTPases regulate cytoskeletal organization. In
cultured podocytes, Rho kinase blockade inhibited the
stretch-induced reorganization of the actin cytoskeleton.
Further evidence of the involvement of small GTPases
like Rho and Rak for the regulation of podocyte cytoskel-
etal organization was provided by the GDP dissociation
inhibitor-� (Rho GDI�) knock-out mouse (461). Rho
GDI-� is a negative regulator of Rho small GTPase and
retains them in their inactive, GDP-bound cytosolic form
(450). Mice with homozygous deletion of the Rho GDI-�
gene were born with the typical podocyte lesions of pro-
gressive glomerular failure (461). Because Rho is known
to be a positive regulator of actin filament bundling, an
uncontrolled Rho-induced bundling of actin filaments
could be responsible for the actin-rich microfilament belt
seen in process effacement (429).

Puromycin- or protamine-induced podocyte cytoskel-
etal reorganization in vitro was followed by an increase in
overall tyrosine phosphorylation (369). These alterations
could be mimicked by unspecific blockade of tyrosine
dephosphorylation with vanadate. A panel of phosphatase
mRNAs (SHP-2, PTP-PEST, PTP1B, and PTP-36) was de-
tected by RT-PCR in cultured podocytes. Further studies
will have to identify the specific phosphatases responsible
for cytoskeletal reorganization. A further candidate for
cytoskeletal regulation via dephosphorylation is the podo-
cyte-specific receptor phosphatase GLEPP-1 (460).
GLEPP-1 knock-out mice show increased sensitivity to
podocyte stress with consecutive foot process alterations
(490). However, defined cytoskeletal proteins have not
yet been described as substrates for GLEPP-1.

Because intracellular calcium is a critical determi-
nant for actin and tubulin polymerization, the growing
number of vasoactive substances using calcium signaling
in podocytes have full potential to significantly affect
cytoskeletal function (421). Several growth factors are
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activated in podocyte injury (153, 166, 221, 270, 476).
Hepatocyte growth factor (HGF), which is secreted in the
glomerulus by mesangial and endothelial cells, can pro-
tect cultured podocytes from cyclosporin-induced apo-
ptosis (127). Initial data are consistent with the role of
HGF in podocyte process formation in vitro (215).

Over the last 50 years, a considerable body of knowl-
edge on the podocyte cytoskeleton has been accumu-
lated. From the description of podocyte cytoskeletal al-
terations in glomerular damage, delineation of cell-type
specific constituent of the cytoskeletal apparatus in podo-
cytes with similarities to neuronal dendrites has been
raised. Finally, the first insights into signaling mechanism
allow an increasingly complex understanding of the
highly specialized architecture of the mature podocyte.

Most strikingly, all molecules recently identified as
critically relevant for an intact filtration barrier are cy-
toskeletal proteins or are closely interconnected with the
cytoskeleton. This genetic evidence strongly supports the
hypothesis of the cytoskeleton as the common link in
podocyte failure.

X. HORMONE RECEPTORS AND SIGNALING

IN PODOCYTES

A. cGMP Signaling

Guanylyl cyclases (GCs) are a family of enzymes that
catalyze the conversion of GTP to cGMP. Two GC forms
exist: a particulate isoform and a heme-containing soluble
isoform. The particulate GC receptor family activated by
natriuretic peptide has been subdivided into three types:
natriuretic peptide receptor-A [NPR-A, activated by phys-
iological concentrations of atrial natriuretic peptide
(ANP) and brain natriuretic peptide (BNP)], natriuretic
peptide receptor-B [NPR-B, activated by C-type natri-
uretic peptide (CNP), but not ANP or BNP], and natri-
uretic peptide clearance receptor (NPR-C, binds ANP,
BNP, and CNP) (261). In podocytes, ANP binding sites
have been mainly localized on the foot process of the
podocyte (219). In addition, immunohistochemically stud-
ies detected ANP receptors in podocytes (427). Ardaillou
et al. (19) showed that ANP induces a concentration-
dependent increase of cGMP formation in human podo-
cytes, which was polarized since �90% of extracellular
cGMP was released in the apical medium after stimulation
of ANP (19). ANP-induced cGMP formation was regulated
by protein kinase A (PKA), since H-89, a PKA inhibitor,
decreased ANP-stimulated cGMP formation in podocytes
(248). ANP, BNP, and CNP stimulated concentration-de-
pendent cGMP formation, and in RT-PCR studies, mRNA
for NPR-A, -B, and -C receptors was detected in human
podocytes (514). The functional consequences of cGMP
increase on podocytes are poorly understood. Infusion of

ANP in adult or neonatal rats increased the cGMP forma-
tion in podocytes, with a higher threshold for activation in
immature animals, suggesting that the regulation of cGMP
may play a role in podocyte development (61). In undif-
ferentiated rat podocytes, 1 �M ANP and 1 mM SNP
produced a decrease of intensity of F-actin fluorescence
and a rearrangement of actin in sparse parallel bundles,
suggesting that ANP might produce podocyte relaxation
(421).

The soluble guanylyl cyclase (sGC) is a heme-con-
taining heterodimer consisting of one �-subunit (73–88
kDa) and one �-subunit (70 kDa) (261). sGC expression
has been suggested in podocytes in vivo (292), and so-
dium nitroprusside (SNP) has been shown to increase
cGMP in undifferentiated rat podocytes (421). Exposure
of isolated glomeruli to nitric oxide (NO) donors or a
stable analog of cGMP resulted in an increase of albumin
permeability of isolated glomeruli. NO donors induced
tyrosine phosphorylation, and the effect of NO donors on
albumin permeability could be inhibited by a tyrosine
kinase inhibitor. Most of the phosphotyrosine-positive
cells in glomeruli treated with NO donors corresponded
to podocytes. Thus podocytes might be involved in NO-
induced tyrosine phosphorylation, but a participation of
endothelial and mesangial cells could not be excluded
(255). With the use of a specific antibody to the �1-subunit
of sGC, sGC immunoreactivity within the glomerulus was
not recognized in podocytes but instead in mesangial
cells. In addition, NO donors like S-nitroso-N-acetylpeni-
cillamine (SNAP) increased cGMP formation in mesangial
cells but not in differentiated mouse podocytes, indicating
that NO does not play a role in cGMP formation in podo-
cytes (459).

B. cAMP Signaling

Adenylyl cyclases (ACs) are a family of at least nine
isoforms that catalyze the formation of the second mes-
senger cAMP (155, 264). With the use of RT-PCR mRNA,
all adenylyl cyclase isoforms besides the AC VIII isoform
have been found in rat glomeruli. Immunohistochemical
techniques showed a very low glomerular expression of
AC II, III, IV, and IX. However, within the glomerulus, type
IX AC protein was only expressed in podocytes (37). The
activity of AC IX can be inhibited by FK-506 and cyclo-
sporin A (155). Cyclosporin A is a treatment choice for
patients with idiopathic nephrotic syndrome, and thus
there might be a link between the effects of cyclosporin A
on proteinuria and a putative cyclosporin A-induced inhi-
bition of AC IX in podocytes. An increase of cAMP con-
centrations in cultured differentiated mouse podocytes
has been demonstrated with different agonists such as
prostaglandin E2 (35), dopamine (34), and isoproterenol
(176) via so-called EP4, D1-like, and �-adrenoceptors,
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respectively. It has further been shown that cAMP-induc-
ing hormones mediate an opening of a Cl� conductance,
leading to depolarization of the podocyte (35).

A cAMP increase induced by parathyroid hormone
(PTH) has been demonstrated in rat podocytes in vivo
(34). The existence of a PTH/PTH-related peptide recep-
tor mRNA in podocytes in vivo was confirmed by in situ
hybridization, and a PTH/PTHrP receptor transcript was
detected in cultured human undifferentiated podocytes
(250). PTH-related protein is also expressed in podocytes
(438). Differentiated mouse podocytes possess mRNA of
the PTH-related peptide (PTHrP) and PTH/PTHrP recep-
tors (108). The results of these studies suggest that PTH
might act on podocytes in an autocrine fashion and/or
regulate podocyte function. Alternatively, PTH released
by podocytes can regulate phosphate reabsorption of the
proximal tubule. PTHrP increased cAMP and inhibited
bradykinin-induced increase of intracellular free Ca2�

concentration ([Ca2�]i) in differentiated mouse podo-
cytes, suggesting that it might alter the contractile status
of podocytes (108). Activation of PKA by cAMP may, as in
other cell types, reduce contractility and modulate the
assembly of actin filaments by phosphorylation of myosin
light-chain kinase (155). However, whether relaxation is
induced by cAMP-increasing hormones in podocytes has
not yet been confirmed. In contrast to the hypothesis that
cAMP increase in podocytes may lead to relaxation, it has
been proposed that increasing cAMP levels in podocytes
induce a narrowing of the filtration slits, leading to a
decrease in the ultrafiltration coefficient (Kf) (421).

C. Ca2� Signaling

Vasoactive hormones like ANG II regulate the glo-
merular filtration rate by changing the tone of the glomer-
ular arterioles and decreasing the ultrafiltration coeffi-
cient Kf. ANG II also increases the urinary protein
excretion rate and induces a loss of glomerular size-
selective functions. ANG II acts as a growth hormone. It
stimulates proliferation of glomerular endothelial and
mesangial cells and the synthesis of extracellular matrix
proteins like collagen IV (181). The effects of ANG II are
critical for the development of glomerulosclerosis. It has
been shown that a reduction of ANG II levels by angio-
tensin-converting enzyme (ACE) inhibitors or AT1 recep-
tor blockers are renoprotective independently of their
blood pressure-lowering effect in human glomerular dis-
eases, especially in diabetic nephropathy (269, 343).

Within the glomerulus, ANG II was thought to influ-
ence preferentially mesangial cell function (21). However,
it has been shown that ACE inhibitors ameliorate glomer-
ular function and, in contrast to other antihypertensive
agents, reduce podocyte hypertrophy in rat kidneys after
subtotal nephrectomy, suggesting that podocyte morphol-

ogy may be directly influenced by ANG II (12). Especially
in the rat, there is a considerable body of evidence that
ANG II directly modulates podocyte function. By using a
technique which allows the examination of electrophysi-
ological properties of podocytes in the intact glomerulus,
we have demonstrated that ANG II depolarized podocytes
in the isolated rat glomerulus. ANG II increased the in-
ward current of podocytes, and the depolarizing effect of
ANG II was augmented by the presence of a reduced
extracellular Cl� concentration, suggesting that ANG II
activates a Cl� conductance in podocytes (139). A 1 nM
threshold concentration of ANG II was required to induce
a depolarization of podocytes in the glomerulus. A half-
maximal response was observed at 10 nM ANG II (139).
The estimated ANG II concentration in the glomerular
filtrate is �0.2 nM, but it is increased under various
circumstances such as a low-NaCl diet. In addition, a
considerable higher concentration of ANG II has been
detected in the proximal tubule fluid, in the range of 10
nM (308). Therefore, it is likely that ANG II modulates
podocyte functions under physiological conditions as
well. Recently, we introduced a new method allowing for
the measurement of [Ca2�]i in single podocytes in the
intact glomeruli. Fluorescence measurements with a video-
imaging approach or a laser-scanning microscope indi-
cate that podocytes in the glomerulus responded to ANG
II with a reversible increase of [Ca2�]i. Similar to the
patch-clamp experiments, the threshold concentration for
eliciting a [Ca2�]I response was 1 nM ANG II. A second
ANG II-mediated [Ca2�]i response could only be elicited
after �10 min, indicating a desensitization of the receptor
involved. In contrast to patch-clamp experiments, where
every podocyte responded to ANG II, ANG II did not
always elicit a [Ca2�]i increase in all cells identified by
morphological criteria as podocytes. This lack of ANG II
response might have technical reasons or, alternatively, a
small increase in [Ca2�]i may not be detectable, especially
since all cells cannot be focused in the same plane (312).
In �50% of the experiments, the Ca2� transients induced
by ANG II showed a small plateau phase after the [Ca2�]i

peak. The ANG II-mediated [Ca2�]i plateau, but not the
peak, was inhibited in the presence of a low extracellular
Ca2� concentration, indicating that the ANG II-induced
increase of [Ca2�]i was due to both a Ca2� release from
the intracellular space and a Ca2� influx from the extra-
cellular space.

[Ca2�]i in unstimulated glomeruli did not increase by
a high extracellular K� concentration. The L-type Ca2�

channel antagonist nicardipine did not inhibit the ANG
II-mediated [Ca2�]i peak and plateau response. Both re-
sults suggest that L-type Ca2� channels are not activated
by ANG II (312). Similar results have been found in dif-
ferentiated rat podocytes in culture, but the Ca2� influx in
cultured cells dominates the signal, whereas Ca2� store
release is dominant in podocytes in the intact glomerulus
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(162). In differentiated podocytes in culture flufenamate,
an inhibitor of nonselective ion channels, inhibited ANG
II-mediated increase of [Ca2�]i with an IC50 of �20 �M,
whereas the L-type Ca2� channel blocker nicardipine,
even in high concentrations of �1 �M, only had a small
inhibitory effect (162). The AT1 receptor antagonist losar-
tan reversibly and completely inhibited the ANG II-stim-
ulated depolarization and the increase of [Ca2�]i in podo-
cytes in the glomerulus and in culture, suggesting that the
effect of ANG II was mediated by an AT1 receptor.

However, a lack of expression of ANG II receptors in
undifferentiated human and mouse podocytes has been
reported in several studies (278, 475). In the latter study,
no mRNA for AT1 or AT2 receptors, besides mRNA ex-
pression for ANG II degrading hydrolase aminopeptidase
A and angiotensinogen, was detected in cultured undiffer-
entiated mouse podocytes (278).

In some studies in addition of the expression of AT1

receptors, a AT2 receptor signaling pathway has been
suggested. In undifferentiated rat podocytes, ANG II in-
creased cAMP and inositol trisphosphate. After 1 h of
incubation, ANG II induced a maximal increase of [Ca2�]i

with a threshold concentration of 100 nM ANG II. ANG
II-mediated cAMP and [Ca2�]i increase could only be
partially inhibited by losartan, an AT1 receptor antagonist,
or PD-123,319, an AT2 receptor antagonist. Only the si-
multaneous addition of both antagonists completely in-
hibited the effect of ANG II on cAMP and [Ca2�]i increase
in undifferentiated rat podocytes, suggesting that it was
mediated by both ANG II receptors (408, 420). In the latter

studies, podocytes with a cobblestone appearance in
long-term culture were used. The controversial findings
might be explained by loss or changes of AT1 and AT2

receptor expression and function of the highly differenti-
ated podocytes in culture.

Several other agonists have been reported to modulate
[Ca2�]i in podocytes (19, 35, 121, 159, 176, 313, 348, 349, 363,
422, 441–443). Table 1 summarizes the respective hormones
and their receptors, which have been detected in podo-
cytes in vitro and in vivo. In addition, it has been reported
that the damage of podocytes mediated by complement
C5b-9 complex is associated with [Ca2�]i increase and an
activation of phospholipase C. The activation of [Ca2�]i

and phospholipase resulted in an inhibition of comple-
ment C5b-9 complex-mediated podocyte injury (77).

Whereas many of the receptors shown in Table 1 are
also expressed within various cell types within the glo-
merulus, the muscarinic M5 receptor has recently been
found to be expressed only in podocytes. Immunofluores-
cence studies indicate that M5 receptors are expressed in
glomerular podocytes, and two-photon laser-scanning mi-
croscopy showed that single podocytes in glomeruli in-
creased [Ca2�]i in response to ACh. Figure 10 shows the
ACh-induced [Ca2�]i increase in podocytes. Interestingly,
in contrast to ANG II-mediated strong desensitization of
the AT1 receptor, a repetitive addition of high concentra-
tions of ACh did not inhibit the [Ca2�]i increase induced
by ACh, indicating a lack of receptor desensitization. This
suggests that AT1 and M5 receptors are activated in dif-
ferent ways by their respective ligands (313). The role of

TABLE 1. Ca2�-stimulating hormones in undifferentiated and differentiated podocytes

Hormone/Type of Receptor Species In Situ/In Vitro Cellular Event Reference Nos.

Angiotensin II Rat In situ Cl� channel1 139, 312
AT1/AT2 In vitrou�d cAMP1, [Ca2�]i1 162, 420, 422
Acetylcholine Rat In situ [Ca2�]i1 313
M5 Cl� channel1
Prostaglandin Mouse In vitrod [Ca2�]i1 35
E2 Cl� channel1
EP1
PGF2 Mouse In vitrod [Ca2�]i1 35
FP Cl� channel1
Thromboxane Mouse In vitrod [Ca2�]i1 35
TP
AVP, oxytocin Human In vitrou cAMP1, [Ca2�]i1 442
V1a, unknown
Bradykinin Human In vitrou�d [Ca2�]i1, IP31 19, 348
BK2 Mouse cAMP2 108
ATP Human In vitrou�d [Ca2�]i1, IP31 121
P2Y1, P2Y2, P2Y6, P2X7 Mouse 349
Endothelin Human In vitrou [Ca2�]i1, IP31 363, 441
ETA

Histamine Human In vitroo [Ca2�]i1, IP31 443
H1

Norepinephrine �1 Mouse In vitrod [Ca2�]i1 176
Thrombin unknown Human In vitrou [Ca2�]i1, IP31 159

[Ca2�]i, cytosolic Ca2� concentration; IP3, inositol 1,4,5-trisphosphate; AVP, arginine vasopressin. uUndifferentiated podocytes; ddifferentiated
podocytes.
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the M5 receptor for podocytes as well as for other cell
types is poorly understood. The M5 receptor has been
reported to possess unique properties, as the second in-
tracellular loop has been demonstrated as an ordered
cluster of residues where diverse substitutions cause con-
stitutive activation (55).

What may be the consequences of a stimulation of
podocytes with Ca2�-mobilizing hormones?

1) Hormone-induced cellular signaling might modify
the contractile structures of podocyte foot processes, re-
sulting in an alteration of the ultrafiltration coefficient Kf.

It has been proposed that an increase in [Ca2�]i

induces a narrowing of the filtration slits, leading to a
decrease in Kf, but direct evidence for this hypothesis is
missing (97, 233, 421).

2) It has recently been demonstrated that thrombin
stimulates TGF-� gene expression in undifferentiated rat
podocytes in culture, resulting in an increased stimulation
of the production of type IV collagen and fibronectin. In
addition, TGF-� inhibited podocyte proliferation. There-

fore, thrombin and perhaps other vasoactive hormones
may play a role in the progression of glomerulosclerosis
through the upregulation of TGF-� production in podo-
cytes (468). However, nothing is known about possible
effects of ANG II on MAP kinases, phospholipase D, and
phospholipase A2; induction of protooncogene expres-
sion; cross-talk with tyrosine kinase receptors; stimula-
tion of nuclear signaling cascades; and production of
other growth factors, which might modulate long-term
functions of podocytes.

3) Reactive oxygen species (ROS) are important me-
diators in pathophysiological events occurring in Heyman
nephritis, a model for human membranous nephropathy
characterized by subepithelial immune complex deposi-
tion and proteinuria. Although not particularly shown for
ANG II, extracellular ATP, which increases [Ca2�]i in
podocytes (349), stimulates the production of superoxide
in human cultured podocytes, suggesting that vasoactive
hormones might influence the properties of the glomeru-
lar filtration barrier via the release of ROS (144).

FIG. 10. Acetylcholine (ACh) in-
creases the cytosolic calcium concentra-
tion ([Ca2�]i) in podocytes. Confocal
two-photon fluo 3 fluorescence imaging
is shown. ACh increased fluo 3 fluores-
cence intensity as a measure of [Ca2�]i

(arrows). Bottom panel: original trace of
fluorescence intensity as a measure of
[Ca2�]i recorded from the cells marked in
the confocal images. [From Nitschke et
al. (313). Copyright 2001 Lippincott Wil-
liams & Wilkins.]
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4) In several experimental models of chronic renal
failure, podocyte injury initiates and maintains the pro-
gression of glomerulosclerosis. The activation of podo-
cyte signaling systems by ANG II and other vasoactive
hormones probably contributes to podocyte injury in
chronic renal failure (12). Inhibition or antagonism of
angiotensin inhibits proteinuria by preserving the size-
selective function of the glomerular capillary (370). Re-
sults from recent studies suggest that ACE inhibitors or
AT1 receptor antagonists affect the expression of proteins
of the slit membrane. In proteinuric Wistar rats, alter-
ations in glomerular basement membrane permeability to
water and macromolecules in vitro did not occur, but the
pattern of ZO-1 distribution changed, i.e., compared with
controls, the labeling distribution of ZO-1 appeared more
heterogeneous and discontinuous. ZO-1 redistribution
was not accompanied by ultrastructural change of the
foot processes and the epithelial slit diaphragms. Treat-
ment of Wistar rats with an ACE inhibitor prevented
proteinuria and prevented the glomerular redistribution
of ZO-1 without changing the amount of glomerular ZO-1
protein expression, suggesting that preservation of glo-
merular distribution of ZO-1 may be important for the
maintenance of normal properties of the glomerular cap-
illary wall (265). In an animal model of progressive renal
injury, downregulation of nephrin mRNA and nephrin
protein has been demonstrated. Downregulation of neph-
rin expression was prevented by an ACE inhibitor and
ANG II receptor blocker, indicating that inhibition of the
function of ANG II may result in a change of nephrin
expression (39). Podocytes have been shown to be the
primary cellular target in early diabetic nephropathy and
ACE inhibition or blockade of the AT1 receptor reduce
proteinuria and delay the progression of renal injury in
diabetic nephropathy (269, 343). AT1 receptor blockade
normalizes a reduced nephrin expression in diabetic rats,
suggesting that inhibition of the AT1 receptor may directly
or indirectly influence the expression of nephrin in
vivo (48).

The links between inhibition of the AT1 receptor and
nephrin expression are unclear. ANG II is known to in-
duce tyrosine phosphorylation of proteins such as paxillin
(249). Increased tyrosine phosphorylation of proteins at
cell-cell junctions including ZO-1 protein may be respon-
sible for the reorganization of the junctional complex and
increase in paracellular permeability, but until now, this
has not been demonstrated to be induced by vasoactive
hormones in podocytes (242).

Major extrusion pathways for Ca2� are the plasma
membrane Ca2�-ATPase and the Na�/Ca2� exchanger.
Recently, it has been shown that podocytes express the
Na�/Ca2� exchanger. The activity of the the Na�/Ca2�

exchanger in podocytes was inhibited by stimulation of
protein kinase C and by a toxic injury induced by puro-
mycin. Thus it has been proposed that inhibition of Na�/

Ca2� exchanger in podocytes may contribute to podocyte
injury (120).

XI. DAMAGING MECHANISMS OF PODOCYTES

Several toxins, antibodies, complement factors, and
forms of mechanical stress are able to induce damage of
the podocytes.

A. ROS

The reactive oxygen product hydrogen peroxide
(H2O2) is known to be a mediator of cellular injury. It acts
either directly or serves as a source of hypochloride,
which is formed in the presence of chloride and myelo-
peroxidase, an enzyme secreted by polymorphonuclear
leukocytes (186). The glomerular toxicity of H2O2 has
been directly demonstrated in studies where intra-arterial
infusion of H2O2 caused derangements in glomerular
permselectivity without change of glomerular filtration
rate (GFR), renal plasma flow (RPF), or structural
changes of the glomerular filtration barrier. H2O2-induced
proteinuria was inhibited by pretreatment with catalase
or deferroxamine, suggesting that iron-dependent metab-
olites of hydrogen peroxide mediate the effects of H2O2

(507). Overproduction of ROS has been detected in sev-
eral glomerular diseases, including puromycin nephrosis,
a model of minimal change disease (373), Heyman nephri-
tis, a model of membranous nephropathy (309, 414), and
the Mpv 17 (�/�) mouse, a model for steroid-resistant
focal segmental sclerosis (43). In these glomerular dis-
eases, pretreatment of animals with ROS scavengers pre-
vented foot process effacement and proteinuria (43, 148,
373, 414). In puromycin nephrosis, phosphatidylcholine-
bound superoxide dismutase, which has a higher affinity
to the cell membrane than recombinant human superox-
ide dismutase, decreased proteinuria to the control level
and improved podocyte density. Puromycin induced a
decrease of �3-integrin expression and a change of polar-
ity of its site of expression, which was preserved by
phosphatidylcholine-bound superoxide dismutase (216).
In biopsies of patients with membranous nephropathy,
Grone et al. (148) demonstrated oxidatively modified pro-
teins in podocytes, mesangial cells, and basal membranes
(148). In addition, an increase in glomerular XO activity
due to a conversion of xanthine dehydrogenase to the
oxidase form has been shown to be responsible for ROS
production in this model of glomerular damage (150).
Podocytes seem to be not only the target but also the
source of ROS in membranous nephropathy. In Heymann
nephritis, proteinuria is dependent on antibody-induced
formation of the complement C5b-9 membrane attack
complex. It has been demonstrated that sublytic C5b-9
attack on podocytes causes upregulation of expression of
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the NADPH oxidoreductase enzyme complex by podo-
cytes, which is translocated to their cell surfaces. Subse-
quently, ROS are produced locally and reach the GBM
matrix. ROS initiate lipid peroxidation and subsequent
degradation of GBM collagen IV, leading to proteinuria
(202, 309). Despite the evidence of the roles of ROS in
podocyte injury, the clinical benefit derived from these
insights has yet to come. One reason for the lacking
efficiency of ROS scavengers in reversing established glo-
merular injury may be that ROS itself changes several
signaling cascades of podocytes, which then maintain
podocyte injury by mechanisms distinct from ROS. In this
regard, we recently demonstrated that exogenous ROS
causes a marked increase in the induction of granulocyte-
macrophage colony-stimulating factor (GM-CSF) mRNA
as well as GM-CSF protein release in cultured differenti-
ated mouse podocytes (143). The time course of GM-CSF
mRNA increase in response to even short-term stimula-
tion with ROS was prolonged, suggesting that a short-
lived exposure of podocytes to ROS induces a relatively
long-lived sequel. GM-CSF release by podocytes was also
stimulated by lipopolysaccharide, interleukin-1, and phor-
bol ester and was inhibited by ROS scavengers. Interest-
ingly, activation of the transcription factor NF-�B, but not
AP-1, was involved in the upregulation of ROS-induced
GM-CSF production (143). ROS-induced release of GM-
CSF in podocytes may therefore play a prolonged role in
the inflammatory events by functionally activating mature
leukocytes on the inflammatory side, by inhibiting their
migration away from the focus, and also by enhancing the
proliferation and differentiation of progenitor cells. In
addition, GM-CSF release by podocytes may not only alter
functions of macrophages, but might also modulate cel-
lular properties of glomerular endothelial cells in a para-
crine fashion. We are about to study the role of GM-CSF
and other genes that are upregulated by ROS for podocyte
function.

B. Puromycin Aminonucleoside-Induced Nephrosis

Puromycin aminonucleoside-induced nephrosis
(PAN) is one of the best described animal models of
proteinuria. It was thought to mimic human idiopathic
nephrotic syndrome because after the injection of PAN,
there was a flattening of podocyte foot processes, which
is associated with the development of palmlike domains,
and a reduction in anionic charge, and proteinuria oc-
curred (182, 383, 479). Glomerular injury induced by PAN
has also been demonstrated to progress to focal glomer-
ulosclerosis (93). However, damage of proximal tubules,
including the loss of brush border, dilated lumina, abnor-
mally thin walls, and accumulation of periodic acid-Schiff
positive electron-dense luminal casts and cytoplasmic
protein absorption droplets (14) has also been found in

PAN rats, and some authors believe that albuminuria
occurring in PAN is not of glomerular, but of tubular
origin (333).

Podocyte depletion is a crucial hallmark of glomeru-
losclerosis and has been considered a central problem in
the progression of renal diseases (240). Therefore, it is of
major interest to investigate the mechanisms that lead to
podocyte depletion. In PAN, apoptosis in podocytes can
be partially inhibited by ROS scavengers and by actino-
mycin D. In addition, necrosis of podocytes was found
when high concentrations of puromycin aminonucleoside
(PA) were used (118, 390). During PAN-induced FSGS,
apoptosis of podocytes was accompanied by an increase
of Bcl-2 expression. In contrast, no expression of p53, Fas
antigen, or Fas ligand could be detected in podocytes
(425). Very recently, it was shown that sequential admin-
istration of PA can reduce glomerular podocytes. The part
of the glomerulus lacking podocytes developed glomeru-
losclerosis, and this part progressively increased as podo-
cytes progressively depleted (209). But conflicting data
exist. In a recent study using the PAN model of FSGS,
apoptosis could not be found in glomerular cells. Com-
petitive RT-PCR performed in this study showed that Bax,
Bcl-2, Fas, and Fas ligand mRNA were not changed in
glomeruli in PAN. In situ hybridization studies indicated
that Bax and Bcl-2 mRNA are expressed in podocytes and
parietal epithelial cells. An increased expression of Bcl-2
occurred only segmentally in glomeruli in some PAN an-
imals (487). The different findings of the rate of apoptosis
of podocytes in PAN may be due to different time points
of apoptosis determination or to different frequencies of
PAN injections and PAN concentrations used. Several
studies suggest that antioxidants provide protection
against PAN-induced podocyte injury. Antioxidants re-
duce proteinuria in PAN and inhibit reduced foot process
effacement but do not change the damage that occurs in
podocyte cell bodies and major processes (92, 373, 458,
487). Furthermore, antioxidants did not prevent intersti-
tial inflammation or fibrosis occurring in PAN (100). An
increase of bleomycin-detectable iron, which is capable of
catalyzing free radical reactions, has been observed in
glomeruli of PAN, whereas bleomycin-detectable iron was
not changed in tubules. The iron chelator deferroxamine
prevented the increase in the bleomycin-detectable iron
in glomeruli and completely inhibited proteinuria in PAN
(471). During PAN, cytochrome P-450 could not be found
in glomeruli. Inhibitors of cytochrome P-450 prevented an
increase in the catalytic iron in the glomeruli and de-
creased proteinuria, suggesting that cytochrome P-450
may serve as a source of catalytic iron in PAN (259).

Expression levels of several proteins, which are as-
sumed to be involved in the foot process effacement of
podocytes, changed in PAN. During PAN, the glomerular
expression of �-actinin is increased in podocytes. In-
creased �-actinin expression preceded podocyte foot pro-
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cess effacement and proteinuria, suggesting that it might
have a pathogenic role in foot process effacement. The
authors also observed an induction of glomerular �3-
integrin in PAN, but this was not limited to podocytes. No
changes in glomerular vinculin, talin, �1-integrin, or total
actin expression have been detected in PAN (435). An
increased expression of heparanase, which may mediate
loss of glomerular charge selectivity, has been reported in
PAN (254). In PAN, an upregulation of heparin-binding
EGF-like growth factor has been demonstrated (337). In-
jection of a monoclonal antibody against heparin-binding
EGF-like growth factor did not induce proteinuria, but it
augmented proteinuria observed in PAN. Adhesion of the
human podocytes to laminin and fibronectin was de-
creased by the antibody, suggesting that heparin-binding
EGF-like growth factor may influence adhesion of the
podocyte (206). Proteinuria in PAN is accompanied by
downregulation of nephrin mRNA and protein expression
(262). Likewise, the expression of podoplanin, a 43-kDa
glycoprotein, is also markedly reduced in PAN (50). It has
recently been shown that podocalyxin, the major sialo-
protein of podocytes, is linked to ezrin and the actin
cytoskeleton via Na�/H� exchanger regulatory factor
(NHERF2). NHERF2 and ezrin form a multimeric com-
plex with podocalyxin. This complex interacts with the
actin cytoskeleton, and this interaction is disrupted in
PAN (452).

In vitro studies show that PA causes podocyte bleb-
bing and rounding and reduces adhesion to plastic (122).
It has been suggested that PA might alter the organization
of cytoskeletal and extracellular matrix proteins with loss
of podocyte adhesion. In cultured undifferentiated podo-
cytes, PA and adriamycin caused a decreased protein
expression of several cytoskeletal proteins including ac-
tin, vimentin, keratin, and �-tubulin along with a de-
creased expression of laminin and heparan sulfate. In
addition, PA induced a loss of the �1-integrin focal adhe-
sions. The PA-mediated effects were not accompanied by
a decrease of overall protein synthesis (64). It has re-
cently been shown that treatment of human podocytes
with 5 �g/ml PA resulted in a reduction of cell numbers,
without affecting cell viability or DNA synthesis (228).
PAN decreased mRNA and protein expression of �3- and
�1-integrin, which was accompanied by a decrease in the
adhesion of podocytes, suggesting that PAN-induced de-
tachment might be, at least in part, due to an inhibition of
the expression of �1-integrin in podocytes. In contrast,
mRNA and protein expression of podocalyxin was slightly
increased by PAN, whereas no change of ZO-1 protein
expression could be detected (228).

Formation of podocyte processes is highly depen-
dent on a constant source of fresh lipids and proteins in
differentiated mouse podocytes in culture (431). In mouse
glomeruli and in differentiated mouse podocytes in cul-
ture, mRNA expression for several amino acid uptake

transporters has been demonstrated, such as the neutral
AAT systems ASCT1, ASCT2, IAT, and B0/�, the cationic
AAT systems CAT1 and CAT3, and the anionic AAT sys-
tems EAAT2 and EAAT3. Pretreatment of podocytes with
PA decreased their membrane voltage slightly, indicating
that PA did not significantly change resting ion currents in
podocytes. However, after PA treatment, amino acid-in-
duced depolarization and conductance increase were
markedly inhibited, suggesting that PA-induced injury of
podocytes is associated with a decrease in amino acid
transport (140).

C. Protamine Sulfate

Injection of the polycation protamine sulfate (PS)
causes structural alterations of the podocyte similar to
those caused by PAN nephropathy, i.e., after PS injection,
junction complexes form between adjacent podocyte pro-
cesses and the processes flatten and retract (16). During
PS nephropathy, ZO-1, which is normally located along
the cytoplasmic surfaces of the slit diaphragms, is re-
placed along both the newly formed occluding-type junc-
tions and the remaining slit diaphragms (243). The PS-
mediated changes of podocyte morphology were
accompanied by an increase in phosphotyrosine expres-
sion in podocytes. Newly phosphorylated proteins were
concentrated along newly formed tight junctions and the
basal membrane of the foot processes. Furthermore, ZO-1
was found to be a target for tyrosine phosphorylation
after PS treatment, suggesting that phosphorylation of
tight junctions occurs in PAN (243). In vitro experiments
also indicate that the effects of PS on podocyte structure
may be controlled by tyrosine phosphatases (369). Treat-
ment of cultured podocytes with 600 �g/ml PS resulted in
process retraction and cell rounding after 6 h, which was
accompanied by a loss of actin filament bundles. PS-
induced detachment of podocyte processes requires an
intact actin cytoskeleton, since depolymerization of the
actin filaments with cytochalasin B inhibits the effects of
PS. RT-PCR studies show that podocytes possess mRNA
for the protein tyrosine phosphatases SHP-2, PTP-PEST,
PTP1B, and PTP-36. Within PS-treated podocytes, in-
creased staining for tyrosine-phosphorylated proteins
could be detected in the cytoplasm. In addition, vanadate,
an inhibitor of protein tyrosine phosphatases, mimicked
the response to PS, whereas an inhibitor of protein ty-
rosine kinases neither influenced podocyte morphology
nor inhibited PS-induced process retraction (369). Early
cellular responses of PS in podocytes have been recently
reported; PS or positively charged DEAE-dextrans caused
a increase in [Ca2�]i in podocytes. The effects of PS and
DEAE-dextran were not completely reversible, suggesting
that PS and DEAE-dextran may have induced an impair-
ment of the [Ca2�]i regulation. Compared with PS, DEAE-
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dextran was �75 times more potent, and the Hill coeffi-
cients for PS and DEAE-dextran were �0.9 and 2.0,
respectively. These differences may be explained by the
different amounts of positive charges of the agents: PS
possesses 21 positive charges/mol and DEAE-dextran
1,140. Therefore, there seems to be a good correlation
between the amount of positive charges and the efficiency
of PS and DEAE-dextran to increase [Ca2�]i (377). Perfu-
sion of kidneys with PS in a solution with a reduced
extracellular Ca2� concentration inhibited PS-mediated
podocyte foot process injury by �50%, indicating that an
influx of Ca2� is crucial for the PS-mediated damage of
podocyte foot processes (197). In vitro reduction of ex-
tracellular Ca2� also inhibited the PS-mediated increase
of [Ca2�]i, indicating that PS induced a Ca2� influx in
addition to the release of [Ca2�]i from intracellular stores.
Interestingly, after emptying inositol trisphosphate-sensi-
tive Ca2� stores with thapsigargin, an inhibitor of the
endoplasmic reticulum Ca2�-ATPase, PS still increased
[Ca2�]i in podocytes, indicating that it increases [Ca2�]i

by a release of Ca2� from thapsigargin-insensitive stores.
Neutralization of positive charges by heparin prevented
the effect of PS, whereas inhibitors of tyrosine kinase,
protein kinase C, Ca2�/calmodulin-dependent protein ki-
nase II, and protein phosphatases were not affected (377).

Podocyte injury, proteinuria, and renal failure can be
induced by the systemic application of Vibrio cholerae

sialidase. In this experimental model of proteinuric dis-
ease, sialidase primarily removes �236-linked sialic acid
from the podocyte, and a subsequent transient loss of
negative charge from endothelial cells and podocytes has
been documented. The loss of anionic charge was accom-
panied by retraction of foot processes and formation of
tight junctions between adjacent foot processes. Although
the loss of anionic charge after application of sialidase
was reversible, foot process retraction was irreversible.
The experiments support the idea that a transient loss of
sialic acid leads to foot process injury and proteinuria
(137).

D. Cyclosporin A

Twenty-four-hour treatment with cyclosporin A
(CsA) has recently been shown to induce apoptosis in
podocytes in culture with a threshold concentration of 0.5
�g/ml CsA. Pretreatment of podocytes with hepatocyte
growth factor reverses CsA-induced apoptosis in podo-
cytes. CsA did not change Fas or Fas-ligand protein levels
but reduced Bcl-xL protein levels, the latter reversed by
the pretreatment of cells with hepatocyte growth factor.
The authors also show evidence that Bcl-xL in podocytes
is regulated in a phosphatidylinositol 3�-kinase-dependent
but MEK-1-independent manner (127).

E. TGF-�

There is strong evidence that local production of
TGF-� contributes to the pathogenesis of glomerular dis-
eases. Podocytes have been shown to secrete TGF-� in
response to several agents such as high glucose (475),
low-density lipoprotein (94), or thrombin (468). Mice that
are transgenic for an active form of TGF-�1 develop pro-
gressive glomerulosclerosis with mesangial expansion
and thickened capillary loops after 3 wk of age. Mice with
the highest levels of TGF-�1 developed proteinuria and
subsequent nephrotic syndrome (217). In 2-wk-old trans-
genic kidneys, local expression of TGF-�1, -�2, and -�3
protein did not change, whereas in 5-wk-old transgenic
mice, TGF-�1 and -�2 protein expression increased, sug-
gesting that elevated concentrations of circulating
TGF-�1 induce primary glomerular injury (290). It has
recently been shown that within this model of glomeru-
losclerosis, TGF-�1 and Smad7, intracellular mediators of
TGF-� signaling, might be important mediators of injury
in podocytes (398). In TGF-� transgenic mice, the number
of podocytes per glomerulus was reduced and the rate of
apoptosis increased. This was accompanied by an in-
crease of Smad7. In podocytes in culture, 1 ng/ml TGF-�1
induced apoptosis, which was accompanied by an in-
creased Bax protein synthesis and caspase-3 activity.
Overexpression of Smad7 in podocytes also induced an
increase of apoptosis in podocytes. The proapoptotic ef-
fects of Smad7 overexpression and of TGF-� were addi-
tive. However, only TGF-�, but not Smad7 overexpres-
sion, activated p38 MAP kinase. Inhibition of p38 MAP
kinase reversed TGF-�- but not Smad7-induced apoptosis,
suggesting that p38 MAP kinase is required for induction
of apoptosis by TGF-�, but not by Smad7. In contrast to
the apoptosis induced by TGF-�, Smad-7 overexpression
had no effect on Bax and procaspase-3 protein levels
(398).

F. Fibroblast Growth Factor-2

Fibroblast growth factor-2 (FGF-2) belongs to a fam-
ily of signaling molecules that regulate basic biological
processes such as proliferation, survival, and differentia-
tion in several cell types (324). Recent studies indicate
that FGF-2 signaling is also important for the regulation of
basic functions of podocytes.

In vivo and in vitro studies show that expression of
FGF-2 proteins is increased in podocytes with mitotic
arrest (83). Podocytes derived from FGF-2 knock-out
mice showed marked changes in cell morphology, i.e., in
contrast to wild-type podocytes, FGF-2 mutant podocytes
grow tightly associated to one another and fail to form
cellular processes. These changes in podocyte morphol-
ogy were associated with a disorganization of actin fila-
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ments and a decreased expression of synaptopodin and
WT1. The authors also show evidence that the molecular
steps, which mediate the induction of mesenchymal dif-
ferentiation in podocytes, are inhibited in podocytes with
deficient FGF signaling. In FGF-2 mutant podocytes, ex-
pression of vimentin and slug, markers of mesenchymal
cells, decreased, whereas the expression of the epithelial
markers cytokeratin and desmocollin type 2 increased. In
addition, podocytes with deficient FGF-2 showed a
changed ZO-1 expression profile, which is reminiscent of
epithelial cells. Therefore, FGF-2 signaling plays an im-
portant role in regulating differentiation of podocytes
(83). Other studies show that FGF-2 stimulates prolifera-
tion in rat podocytes and that it may therefore contribute
to podocyte injury (453). Indeed, in vivo experiments
demonstrated that rats receiving long-term FGF-2 treat-
ment developed albuminuria, severe podocyte injury lead-
ing to FSGS, and chronic renal failure. Because mitotic
figures have been observed in podocytes without an in-
crease of cell number of podocytes in FGF-2-treated rats,
it has been suggested that FGF-2 may stimulate podocytes
to undergo mitosis (234). Also, in passive Heymann ne-
phritis, bFGF increased proteinuria and augmented podo-
cyte injury without altering antibody or complement dep-
osition or glomerular leukocyte influx, suggesting that
bFGF may enhance podocyte damage (126). Similar re-
sults have been reported in PAN, where FGF-2 increased
PA-induced podocyte injury and proteinuria, whereas
injection of FGF-2 neutralizing antibody reduced podo-
cyte injury and proteinuria (393). In the latter model of
glomerular injury, FGF-2 also increased the number of
bromo-deoxyuridine and proliferating cell nuclear anti-
gen positive cells, suggesting that FGF-2 might influ-
ence the cell cycle regulation of podocytes (393).

G. Complement Activation

Complement activation can proceed via the classical
or alternative pathway. Central to both pathways is the
cleavage of C3 and C5, generation of proinflammatory
complement factors such as C3a and C5a, as well as
formation of the cell-damaging C5b-9 complex. C5a recep-
tor expression was recently reported to be upregulated in
human podocytes and other glomerular cells in membra-
nous nephropathy (2), and complement receptor 1 (CR1,
CD35, C3b/C4b receptor) is expressed on podocytes in
the healthy glomerulus (315). CR1 binds to the activated
complement components C3b and C4b, and thereby in-
duces several functions, including clearance of immune
complexes from the circulation, enhancement of phago-
cytosis, and regulation of complement activation by
means of decay-accelerating activity for C3 convertases
and cofactor activity for factor I (10). CR1 protein is first
expressed in developing podocytes. Interestingly, al-

though CR1 receptor mRNA has been detected in early
stages of glomerular development, its expression de-
creases with glomerular maturation, and it became unde-
tectable in mature podocytes, suggesting that CR1 recep-
tor mRNA amounts are below the detection level or that
turnover of CR1 receptor mRNA is very slow (18). Down-
regulation of the CR1 receptor in podocytes has been
shown in rapidly progressive glomerulonephritis, in se-
vere proliferative nephritis of systemic lupus erythemato-
sis, in collapsing idiopathic FSGS, and in HIV-associated
nephropathy (31, 194). Pretreatment of rats with soluble
human CR1 that lacked transmembrane and cytoplasmic
domains and therefore inhibited C3 and C5 convertase
activity by preferentially binding C4b and C3b, proved to
reduce proteinuria in passive Heymann nephritis and two
other forms of complement-mediated glomerular injury.
Thus soluble human CR1 may serve as a therapeutic agent
in complement-mediated glomerular disease (74).

In vivo and in vitro studies have demonstrated that
complement activation is a crucial step in the develop-
ment of complement-mediated podocyte injury. In active
Heymann nephritis (AHN), a rat model of human mem-
branous nephropathy, immunization of rats with fraction
1A (Fx1A), a crude renal tubular preparation, induced the
production of IgG autoantibodies after the formation of
large, subepithelial immune deposits, which included IgG,
C3, and membrane attack (5b-9) components of comple-
ment (163, 202). Within 8 wk of immunization with Fx1A,
most of the animals developed proteinuria. The target
autoantigen of AHN is a transmembrane renal glycopro-
tein with a molecular mass of �600 kDa, variously named
megalin, a protein belonging to the low-density lipopro-
tein-receptor family (200, 385). In addition, highly purified
megalin alone and a recently identified 60-kDa proteolytic
fragment of megalin can induce AHN (325). The passive
form of Heymann nephritis (PHN) is induced by injecting
heterologous antibodies against rat megalin or anti-Fx1A
antibodies into rats and is therefore, unlike AHN, not an
autoimmune disease. Progressive staining of heterolo-
gous IgG in subpodocyte immune deposits accompanied
by podocyte effacement is observed. C3 and the C5b-9
membrane attack complex are also present in a distribu-
tion similar to heterologous IgG, suggesting that IgG in
the immune complexes may activate complement (202).

Complement activation on podocytes results in their
injury and proteinuria. Depletion of complement com-
pletely inhibited proteinuria, strongly suggesting an im-
portant role of complement activation in PHN (79, 394).
The precise mechanisms by which complement activation
causes proteinuria are unclear. C5b-9 is incorporated into
vesicles and transported by podocytes into the urinary
space. Although podocytes seem to be resistant to cell
lysis by C5b-9, C5b-9 induces podocytes to produce reac-
tive oxygen radicals. This leads to an alteration of the
properties of the glomerular filtration barrier (202). In
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addition, an upregulation of the matrix metalloprotein-
ase-9 (272) and growth factors like TGF-�2 and -�3 and
their receptors TGF-� receptor type I and type II (417) has
been detected in podocytes in PHN. Upregulation of ma-
trix metalloproteinase-9 and TGF-� may play a role in the
breakdown of the ultrafiltration barrier (272) and over-
production of matrix in membranous nephropathy, re-
spectively (417). Not long ago, an increased NF-�B bind-
ing activity was demonstrated in PHN. Treatment with
pyrrolidonethiocarbamate (PDTC), an inhibitor of NF-�B,
reduced NF-�B binding activity and albuminuria in PHN
(291). In addition, PDTC treatment decreased matrix me-
talloproteinase-9 mRNA. Thus NF-�B activity seems to
contribute to the development of proteinuria in PHN and
may regulate genes relevant for podocyte injury (291).

Three cell-associated complement regulators are ex-
pressed in mouse kidneys that function to protect renal
cells from autologous complement-mediated injury.
These regulators are complement receptor-related pro-
tein-Y (Crry), the membrane inhibitor of reactive lysis
(CD59), and decay-accelerating factor (DAF or CD55)
(306). Complement regulatory proteins are important for
limiting complement activation in podocytes. Crry and
CD59 are regulators of the complement system and inhibit
C3 convertases and assembly of C5b-9, respectively (358,
482). Crry and CD59 are expressed by renal podocytes
and have been shown to protect against antibody-directed
complement-mediated injury in vitro (75).

During nephrotoxic serum nephritis, Crry transgenic
mice showed a diminished proteinuria, suggesting that
complement inhibition at the C3 convertase step is effec-
tive in complement-mediated injury states (357). It has
also been shown that after inducing PHN with antimega-
lin, simultaneous neutralization of Crry and CD59 resulted
in proteinuria. Therefore, inhibition of Crry and CD59 can
induce podocyte injury and proteinuria in PHN, and nor-
mal complement regulation can restrain complement-me-
diated glomerular injury (399). In AHN however, rats
immunized with Fx1A lacking Crry do not develop pro-
teinuria or C3 deposition in glomeruli, although anti-Fx1A
Abs deposits are found in glomeruli (356). The authors
discuss that normal glomerular complement regulation by
Crry is effective to limit antibody-directed complement-
mediated damage in AHN but not in PHN, in which a more
sudden antibody binding to the podocyte occurs (399).
These studies indicate that soluble complement regula-
tors or targeted site-specific complement inhibitors may
be a future treatment option in complement-mediated
glomerular injury (399).

Decay-accelerating factor (DAF) inhibits the C3 con-
vertase of both the classical and alternative pathways.
Human and rat cultured podocytes express DAF (359,
403), and DAF mRNA has been found in podocytes of
human kidney biopsy specimens (3). DAF knock-out mice
showed increased proteinuria, glomerular volume, and

cellularity during nephrotoxic serum nephritis (437). In
addition, nephrotoxic serum nephritis in DAF-deficient
mice caused severe podocyte fusion, whereas only mild
focal changes were observed in the controls. This was
accompanied by a marked increase of deposition of au-
tologous murine C3 in DAF-deficient mice. Thus the stud-
ies indicate that DAF seems to play a critical role for
protecting glomeruli in complement-mediated glomerular
injury (257, 437).

In vitro studies in undifferentiated rat podocytes
show that complement-mediated injury induced by fresh
serum as a source of complement and anti-Fx1A sensiti-
zation is cytotoxic for podocytes. Cytotoxicity induced
under these conditions was Mg2� and factor B dependent
but Ca2� independent, indicating that anti-Fx1A activates
the complement alternative pathway. In the presence of
Mg2� and factor B, anti-Fx1A increased C3b deposition on
podocytes and complement C alternative pathways. C3
and C5 convertases were inactivated and stabilized in
podocytes over time, suggesting that anti-Fx1A inhibits
complement regulation in podocytes (75). In undifferen-
tiated podocytes, complement activation leads to an acti-
vation of different cellular events, i.e., it increases intra-
cellular calcium concentrations, activates phospholipases
A2 and C, induces ATP depletion, and leads to a reversible
disruption of actin microfilaments and focal contacts (77,
339, 356, 399, 463).

H. Cytokines and Chemokines

Development of nephrotic syndrome may also follow
allergic reactions in some cases (274). In atopy, Th2-
mediated inflammation plays a central role. Interleukin
(IL)-4 and IL-13, two Th-2 cytokines, decreased transepi-
thelial electrical resistance in undifferentiated rat podo-
cytes (474). Both cytokines also activate basolateral pro-
ton secretion and redistribution of the small GTPases
Rab5b and Rab7. In addition, they activate basolateral
secretion of the lysosomal proteinase procathepsin L,
suggesting that IL-4 and IL-13 modulate intracellular traf-
ficking of proteins and promote proteolysis at the baso-
lateral surface of podocytes (473). Podocytes from
patients with minimal change nephropathy and undiffer-
entiated rat podocytes express IL-4R� and IL-13R2 recep-
tors, suggesting that activation of these receptors plays a
role in podocyte injury in minimal change nephropathy
(474). IL-4 has been shown to decrease the viability of
undifferentiated podocytes. IL-4 and interferon-� also
change the immunoreactive pattern of the tight junction
protein ZO-1 in undifferentiated rat podocytes (66). Hu-
man undifferentiated podocytes have been shown to ex-
press mRNA of the IL-4R�, IL-10R1 and -2, and IL-13R�1
and -�2. These cytokines inhibited the release of VEGF
from podocytes, whereas TGF-� and IL-1� had the oppo-
site effect (342).
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Glomerular-produced chemokines have been impli-
cated not only to induce recruitment of inflamatory cells,
but also to alter functions of resident glomerular cells.
Chemokines and their receptors are expressed by intrin-
sic renal cells as well as by infiltrating cells during glo-
merular inflammation (for review, see Ref. 410). Recently,
the expression of functional active chemokine receptors
CCR4, CCR8, CCR9, CCR10, CXCR1, CXCR3, CXCR4, and
CXCR5 have been detected in human differentiated podo-
cytes. Ligands of these chemokine receptors increased
[Ca2�]i and stimulated the generation of superoxide anion
in podocytes, suggesting that activation of these receptors
may be involved in the pathogenesis of podocyte injury
(178). In the latter study it has been also demonstrated
that podocytes are able to produce IL-8, a ligand for the
CXCR1/CXCR2 receptor. Thus the CXCR1 receptor in
poocytes may be activated in an autocrine fashion (178).
In minimal change nephropathy, overproduction of IL-8
by peripheral blood mononuclear cells has been proposed
to play a role in the pathogenesis of proteinuria (134). In
addition, IL-8 has been shown to be involved in the patho-
genesis of complement-mediated injury. Wada et al. (481)
showed that a neutralizing antibody against IL-8 de-
creased the number of glomerular neutrophils, prevented
the fusion of podocytes foot processes, and abolished
proteinuria in acute immune complex-mediated glomeru-
lonephritis. IL-8 release of podocytes during glomerular
diseases may therefore, in an autocrine fashion, partici-
pate in the development of proteinuria in glomerular dis-
eases.

Interestingly, within the glomerulus, only podocytes
express the CCR7 receptor ligand SLC/CCL21. Mesangial
cells express the respective CCR7 receptor. Activation of
this receptor resulted in migration, proliferation, and in-
hibition of Fas/CD95-mediated apoptosis of mesangial
cells. Thus functions of mesangial cells might be controlled
by the local synthesis of SLC/CCL21 by podocytes (27).

Besides IL-8 and SLC/CCL21, it has been demon-
strated that undifferentiated rat podocytes in culture re-
lease monocyte chemoattractant protein-1, suggesting
that they may actively participate in local inflammatory
events during glomerulonephritis (307).

I. Mechanical Stress

The foot processes of podocytes probably experi-
ence capillary wall distension, but little is known about
the effects of mechanical forces on podocyte structure
and function. Endlich et al. (107) recently showed that
biaxial cyclic mechanical stress induces a change in cul-
tured mouse podocyte morphology as well as reorganiza-
tion of the actin cytoskeleton. In mechanically stressed
podocytes, the processes of podocytes get thinner and
more elongated, whereas the cell body size decreases. No

apoptosis occurred in mechanically stressed podocytes,
but radial stress fibers were formed, which converged to
a focus, the actin-rich center. A Rho kinase inhibitor
initially prevented the formation of radial stress fibers and
the formation of the actin-rich center but had no effect
after the actin-rich center had been formed. F-actin reor-
ganization in podocytes in response to mechanical stress
was inhibited by high concentrations of Ni2�, suggesting
that Ca2� influx may play a role in the mechanical stress-
induced cytoskeletal reorganization (107). A recent study
showed that mechanical stress decreases the growth of
podocytes and modulates the expression of cyclins and
cyclin-dependent kinase inhibitors (352).

XII. PODOCYTE INJURY LEADS

TO PROTEINURIA

The glomerular filtration barrier prevents all but the
smallest plasma proteins from entering the urinary space
and at the same time allows an extraordinarily high per-
meability to water and small molecules. Podocytes main-
tain a large filtration surface through the slit membranes
and are responsible for �40% of the hydraulic resistance
of the glomerular filtration barrier. During proteinuric
disease, the ultrafiltration coefficient Kf and thus the GFR
are often lowered. A detailed review of the way of filtra-
tion of water and small molecules by the glomerular
filtration barrier has been recently given by Deen et al.
(87). The ability of the kidney to retain plasma proteins is
essential for life. Proteinuria is a hallmark of glomerular
injury and also an independent predictor of progression
of renal disease, i.e., a higher level of urine protein is
associated with a faster rate of progression, and a reduc-
tion in proteinuria is associated with slowing progression
of the glomerular diseases (378).

The mechanisms that determine how the glomerular
filtration barrier excludes the entry of proteins into the
urine space and which structures of the glomerular filtra-
tion barrier are disturbed in proteinuric states are still
controversial and poorly understood. In principle, pro-
teinuria may be caused by defects of the podocytes, the
GBM, the endothelial cells, and/or by alterations of the
negatively charged proteins present on all three compo-
nents of the glomerular filtration barrier.

It has been proposed that neutral dextrans and non-
metabolized organic molecules are excluded from urine
on the basis of size and shape but not of charge. Anionic
molecules have been suggested to be restricted more than
neutral or cationic proteins because of an interaction with
the glomerular filtration barrier (467). However, whether
the size selectivity of the glomerular filtration barrier is
disturbed in proteinuria and whether the glomerular fil-
tration barrier interacts with proteins by virtue of charge
characteristics is still a matter of debate. The following
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sections discuss the different aspects of the filtration of
proteins through the glomerular filtration barrier under
physiological conditions and during proteinuric diseases.

A. Size Selectivity of the Glomerular

Filtration Barrier

Two different models of the functional properties of
the glomerular barrier have been introduced.

1. The glomerular barrier restricts albumin

By using a fractional micropuncture method which
excludes contamination of extratubular proteins, Tojo
and Endou (462) found that the glomerular-filtrated albu-
min was 22.9 �g/ml, suggesting an albumin sieving coef-
ficient of 6.2 � 10�4. According to a serum albumin
concentration of 37 g/l and a GFR of 1.05 ml/min, daily
glomerular albumin filtration would be in the range of 35
mg/day (GFR � plasma albumin � 0.00062 � 1.05 � 1440
� 37 � 0.00062).

Measurements of the glomerular sieving coefficients
also showed that small dextran molecules are freely fil-
tered, whereas the fractional clearance for dextran mol-
ecules with Stokes-Einstein radius �42 Å approaches
zero (58). It has been suggested, however, that the con-
formation of dextran is unfolded during glomerular per-
meation and that its transport through the glomerular
filtration barrier is therefore facilitated (46). Ficoll, a
branched, spherical, rigid, and neutral polysaccharide,
has been proposed to be a more suitable probe molecule
compared with dextran for determining size selectivity of
the glomerular filtration barrier (326). Fractional clear-
ances for Ficoll of 0.2 at Stokes-Einstein radius (rs) � 21
Å, 6 � 10�3 at rs � 37 Å, and 7.1 � 10�4 at rs � 65 Å have
been found in rats. (326). Similar values have been found
in isolated perfused rat kidneys (321). In rats and in
isolated perfused rat kidneys, fractional clearances for
Ficoll were �30 and 90 times greater than for albumin
(321). In humans, a fractional clearance of 0.1 has been
reported for 36-Å Ficoll; however, the fractional clearance
of albumin was only in the range of 10�6. The results
suggest a very low glomerular filtration of albumin in the
range of �9 mg/day (GFR � [Alb]P � 10�6 � 180 l/day �
50 g/l � 10�6 � 9 mg/day). In a recent study, the effect of
the filtration rate on fractional clearances of four mole-
cules with similar Stokes-Einstein radii, but with different
shapes and charges, has been investigated in isolated rat
kidneys. Compared with albumin, neutral Ficoll and two
other elongated and negative charged molecules, hyalo-
ran and bikunin, had �100 times higher fractional clear-
ances despite their similar size and charges, indicating
that the elongated shape of a molecule increases the
transglomerular passage. For albumin and large Ficoll
molecules �45 Å, the fractional clearance values in-

creased with an increase in the glomerular filtration rate.
However, for 36-Å Ficoll, hyaloran, and bikunin, the frac-
tional clearance values decreased with an increase in the
glomerular filtration rate, suggesting that the glomerular
filtration barrier is a dynamic structure that does not have
the properties of an artificial membrane (323). Ficoll siev-
ing data have also been obtained in isolated glomerular
basement membranes. Here, a decline in the sieving co-
efficient with an increase in molecular size from 0.6 at
rs � 20 Å and �0.03 at rs � 50 Å were found.

The question as to which slit diaphragm of the podo-
cyte or the GBM is important for normal glomerular perm-
selectivity is still a matter of debate. In early studies,
Farquhar et al. (116) reported that injected ferritin freely
passes the endothelial cells and accumulated beween the
endothelium and the GBM. Small amounts of ferritin (rs �
61 Å) that did cross through the GBM were detected in
lysosmes of podocytes. The authors therefore propose
that the GBM is the main filtration barrier to proteins
whereas the endothelium is freely permeable and that
podocytes partly recover proteins that passes the GBM
(116). During PAN nephritis, ferritin was still restricted by
the GBM, but the GBM became more leaky and uptake of
ferritin by podocytes was increased (114). Like ferritin,
dextran molecules with similar size and charge than al-
bumin did not cross the GBM, suggesting that albumin is
restricted by the GBM (57).

Other studies suggest that the slit diaphragm serves
as the most selective filter for albumin.

To test whether smaller proteins than ferritin might
pass throught the GBM, horseradish peroxidase (rs � 30
Å), myeloperoxidase (rs � 36 Å), and catalase (rs � 52 Å)
have been used as tracers. Horseradish peroxidase passed
through the GBM and the slit diaphragm, whereas myelo-
peroxidase and catalase crossed the GBM but were re-
stricted from entering the urine, probably at the level of
the slit diaphragm. Therefore, it has been proposed that
large molecules like ferritin are restricted by the GBM,
whereas the slit diaphragm is the final barrier for smaller
proteins such as albumin (142, 478). Ryan and Karnovsky
and co-workers (382, 384) reported that under normal
hemodynamic conditions albumin and catalase were re-
stricted at the endothelial and GBM levels. However, after
reduction of blood flow, albumin passed across the GBM
and slit diaphragm, whereas catalase was restricted by
the slit diaphragm. Thus changes in hemodynamics seem
to affect permeability properties of the glomerular filtra-
tion barrier.

An electron microscopy study performed by Rode-
wald and Karnovsky (374) also supports the idea that the
slit diaphragm is a selective filter for albumin. The study
shows that the slit diaphragm is composed of rodlike
structures connected to a central bar providing a zipper-
like structure. The central bar, the rodlike extensions, and
the plasma membranes of the foot processes seem to
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outline rectangular spaces of 4 � 14 nm, which is about
the size of an albumin molecule (374). It has been pro-
posed that nephrin may fit well into a zipperlike isoporous
filter structure similar to that presented by Rodewald and
Karnovsky (374).

To investigate the relative resistance of the GBM and
cell layers to the movement of uncharged macromole-
cules, the diffusional permeabilities of intact and cell-free
capillaries to narrow fractions of Ficoll were measured.
The diffusional permeability of cell-free capillaries to Fi-
coll was shown to be 10–20 times that of intact capillar-
ies. Thus the contribution of the GBM to the diffusional
resistance of the intact glomerular filtration barrier has
been estimated to be �13–26% of the total, increasing
with molecular size. It has been proposed that the slit
diaphragm of the podocytes is most likely responsible for
the cellular part of the diffusional resistance (104). In a
theoretical model, the size selectivity of the glomerular
barrier has been related to the structural characteristics
of the individual layers of the capillary wall. The slit
diaphragm has been considered a row of cylindrical fibers
with variable spacing. With the use of this model, the local
sieving coefficient has been calculated for by four hypo-
thetical barriers (bare GBM, GBM with endothelial cells,
GBM with both endothelial cells and podocytes but with-
out a slit diaphragm, and the complete glomerular filtra-
tion barrier). As each barrier was added, the sieving co-
efficient for any given molecular size was reduced, but the
addition of the slit diaphragm caused a sizable reduction
of the sieving coefficient of large macromolecules by
some two orders of magnitude. A twofold increase in the
thickness of the GBM and/or a threefold decrease in the
filtration slit frequency had little effect on the predicted
sieving curves. The limitation of such biophysical models,
however, comes from molecular structures that are not
yet fully understood and unknown molecular interactions
of the yet identified proteins of the slit diaphragm (105).

In favor for the hypothesis that podocyte injury leads
to proteinuria, it has been also demonstrated that big
molecules like ferritin are able to permeate the GBM at
sites of podocytes detachment (189). In addition, a selec-
tive damage of the podocyte in vivo leads to albuminuria,
and deletion of several molecules of the podocyte or the
slit diaphragm results in severe proteinuria (246). These
data thus indicate that the slit diaphragm represents a
crucial filter for albumin.

2. The glomerular barrier is leaky for albumin

In contrast to the above proposed model, which as-
sumes that the glomerular filtration barrier is highly se-
lective, the “albumin retrieval hypothesis” suggests that
charge interactions of albumin with the glomerular filtra-
tion barrier are negligible and that albumin in Bowman’s
space is �8% of plasma albumin. In the studies supporting

this idea, a glomerular sieving coefficient for albumin was
found in the range of 0.068–0.079. This means that the
flux of albumin across the glomerular filtration barrier is
of the order of �2,000 �g/min (53, 109). If the rat data
were applicable to humans, �600 g/day of albumin would
be filtered and reabsorbed (GFR � plasma albumin � 0.07
� 180 l/day � 50 g/l � 0.07 � 630 g/day). By analyzing the
decrease of radioactive labeled albumin in the venous
effluent after its injection into the renal artery, it has been
subsequently demonstrated that postglomerular filtered
albumin is returned intact to the blood at a rate of 1,830
�g/min (109). Albumin transport could be inhibited by
albumin peptides and ammonium chloride, which inhibits
tubular protein uptake, but do not alter glomerular size
selectivity. The authors propose the existence of a high-
capacity retrieval pathway for albumin, which is most
likely located in proximal tubule cells. A disturbance of
this pathway could be accounted for in most albuminuric
states without affecting glomerular permselectivity (53,
334). Beyond this major retrieval pathway, a small amount
of filtered albumin that escapes this pathway has been
suggested to undergo tubular uptake, where it is degraded
by lysosomal enzymes and where degradation products
are regurgitated back into the tubular lumen (334). Sev-
eral arguments against the “albumin retrieval hypothesis”
have been raised.

1) Although it has been shown that albumin can be
taken up by the proximal tubule, there is no evidence that
labeled albumin injected into single proximal tubules
crosses the wall of the tubules by passing between the
cells or that intracellular located albumin, which has been
mostly found in lysosomes, is transported into the peritu-
bular space (271).

2) It has been suggested that at least some of the
absorbed albumin is degraded within lysosomes and that
almost all albumin transported by the cubulin-megalin
complex is degraded (63).

3) So far, no evidence for the transcellular transport
of protein ligands, including carrier proteins, has been
published (63, 340).

4) By using a fractional micropuncture method,
which excludes contamination of extratubular proteins,
Tojo and Endou (462) found that the glomerular filtrated
albumin was only 22.9 �g/ml, suggesting an albumin siev-
ing coefficient of 6.2 � 10�4 (462).

5) Fractional clearance studies with albumin in iso-
lated perfused rat kidneys in which the tubular activity
was inhibited by low temperature found a fractional al-
bumin clearance of only 0.19% (321).

6) Electron microscopy studies showed that mole-
cules like ferritin and dextran did not cross the GBM,
suggesting that they are restricted by the GBM (57, 116).

7) A decreased expression of the slit diaphragm pro-
tein nephrin correlates with a loss of glomerular filter
integrity (354).
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B. Charge Characteristics of the Glomerular

Filtration Barrier

Negatively charged molecules are found in all layers
of the filtration barrier. The charge-selective filter has
been thought to be located in the basement membrane, a
cross-linked meshwork of type IV collagen, laminin, fi-
bronectin, entactin, and heparan sulfate proteoglycan
(147). The basement membrane of podocytes is endowed
with sulfated glycosaminoglycans, mainly heparan sul-
fate. The slit membrane and the foot processes of podo-
cytes are covered by a glycocalyx containing heavily
sialyated glycoconjugates as well as sulfated molecules.
The major sialoprotein of the podocyte foot process gly-
cocalyx is podocalyxin, a 140-kDa sialoprotein. Podoca-
lyxin is highly glycosylated with 20% hexose, 4.5% sialic
acid, and additional N-acetylglucosamine. Podocalyxin is
synthesized in the podocyte, and its insertion into the
apical membrane is closely correlated with the develop-
ment of podocyte foot processes and filtration slits (198).

The polyanionic sites of the GBM are sensitive to
heparitinase treatment (187). Heparitinase treatment also
increases the permeability of the GBM by anionic macro-
molecules such as native ferritin (188), suggesting that
heparan sulfate proteoglycans (HSPGs) are crucial struc-
tures of the charge-selective permeability of the GBM.
However, recent studies have doubted the functional rel-
evance of the GBM for charge selectivity. Treatment of
isolated GBM with heparanase to remove heparan sulfate
proteoglycan anionic side chains or protamine to effect
charge neutralization had no effect on the albumin sieving
coefficient. In contrast, in intact glomeruli, both agents
increased albumin permeability (82). The results from the
latter study suggest that the charge selectivity of the
glomerular filtration barrier requires the presence of glo-
merular cells (82).

Ferritin molecules of the same size but with varying
charge have been shown to cross differentially through
the glomerular flitration barrier. Anionic ferritin was al-
most completely excluded from entering the GBM,
whereas the most cationic ferritin reached the level of the
slit diaphragm (372). Studies in which fractional clear-
ances of neutral and negative charged dextrans were
compared came to the conclusion that there is a func-
tional relevant charge selectivity of the glomerular filtra-
tion barrier with a charge density of �120–170 meq/l (88).
However, it has since been discussed that dextran sulfate
can bind to proteins and that it is taken up by cells from
isolated glomeruli (455) and by glomerular endothelial
cells (480), which would reduce the fractional clearance
of negatively charged dextran relative to uncharged dex-
tran.

By using four anionic proteins and neutral Ficoll,
Sorensson et al. (439) recently showed that all anionic
proteins used had lower fractional clearances than size-

matched neutral Ficolls, and a wall charge density of
�30–40 meq/l has been estimated (439). In a recently
introduced model of glomerular size and charge selectiv-
ity, Ohlson et al. (322) proposed that the glomerular fil-
tration barrier is composed of a dynamic gel and a more
static membrane layer. According to this model, the glo-
merular filtration barrier size and charge selectivity are
connected in series. The size-selective structures possess
many small pores with a radius of 45–50 Å and a few large
pores with a radius of 75–115 Å. It is probably located at
the slit diaphragm of the podocyte (322). The estimated
charge density was calculated to be only 35–40 meq/l, and
it has been assumed that it may be confined to the glo-
merular endothelium (322). Low ionic strength increased
the size selectivity, whereas it reduced the charge density,
indicating that size and charge selectivity are influenced
by ionic strength in an opposite manner (439). In contrast
to the data reported in these studies, Greive et al. (145)
did not find a different fractional clearance of negatively
charged carboxymethyl Ficoll versus uncharged Ficoll in
rats, indicating a complete lack of charge selectivity of the
glomerular filtration barrier. In agreement with the latter
study, it has been shown that the sieving coefficients of
Ficoll sulfate of the isolated GBM were not different from
those of Ficoll at physiological ionic strength, although
the values for Ficoll sulfate were depressed at low ionic
strength (47). The results of both studies indicate that
although the GBM possesses fixed negative charges, it
does not contribute to charge selectivity under physiolog-
ical conditions. The conclusion of the studies on isolated
GBM is based, however, on the assumption that isolated
GBM is not functionally different from that in vivo. Al-
though several studies suggest that isolated GBM is rela-
tively intact, possible interaction of podocytes and endo-
thelial cells with the GBM, which may affect its functional
properties, could have been overlooked in these studies.

Whether glomerular size and/or charge selectivity is
altered in proteinuric diseases has been studied in human
glomerular diseases as well as in experimental animal
models of glomerulonephritis. In human membranous ne-
phropathy, the fractional clearance for 36 Å Ficoll did not
differ between the nephrotic and healthy groups, suggest-
ing that almost all albuminuria in nephrotics was due to a
charge-related effect. In contrast, fractional clearance for
54–56 Å Ficoll, which has an equivalent radius to IgG, was
enhanced by �20-fold in nephrotic patients, suggesting
that immunoglobulinuria is due to an impairment of size
selectivity in the glomerular filtration barrier.

In uninephrectomized fawn-hooded rats, which de-
velop an accelerated proteinuria, fractional clearances for
�42 Å Ficoll were increased by �5- to 13-fold compared
with controls. They remained unchanged for smaller Fi-
coll molecules �42 Å. The increase of albuminuria and
the lack of changes of the fractional clearance of 36 Å
Ficoll suggest that the size selectivity is not disturbed in
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uninephrectomized fawn-hooded rats. Other mechanisms,
i.e., alterations of the charge selectivity or impaired albu-
min reabsorption by tubules, could mediate albuminuria
(327). Proteinuria in PAN nephrosis is associated with a
loss of podocyte pedicels and podocyte major processes,
an increase in pinocytotic activity, and an accumulation
of cytoplasmic vacuoles and granules of variable size,
shape, and electron density (14). The charge density
within the GBM has been reported to show early and
significant reductions in puromycin nephropathy (266).
On the other hand, less or no alterations of charge density
within the glomerulus were found (491). Very recently,
the effect of PAN on glomerular size selectivity has been
reinvestigated in two independent studies. The fractional
clearance of albumin and 35.5 Å Ficoll in isolated kidneys
perfused at 8°C were 17 � 10�4 and 0.15, respectively.
Treatment of rats with 7.5 mg/100 g body wt PAN did not
increase fractional clearance of 35.5 Å Ficoll in vivo and
in isolated perfused kidneys. Higher concentrations of
puromycin (15 mg/100 g body wt) caused a twofold in-
crease of fractional clearance of 35.5 Å Ficoll, indicating
that PAN affects the glomerular size barrier. By estimat-
ing the charge density in perfused isolated kidneys by
calculating the ratio of albumin to 35.5 Å Ficoll, a small
but significant decrease of charge density was found in
PAN (167). In contrast to the concept that proteinuria is
due to alterations of the slit diaphragm, one study showed
a small increase of the fractional clearance for IgG but a
lack of an increase of the fractional clearance of 36 Å
Ficoll during PAN (10 mg/100 mg body wt) and anti-GBM
glomerulonephritis. This suggests that the glomerular per-
meability of albumin is not disturbed in glomerulonephri-
tis, but the albumin processing by tubular cells is altered
in glomerulonephritis. In addition, negatively charged car-
boxymethyl Ficoll had the same fractional clearance as
uncharged Ficoll, indicating a lack of charge selectivity in
the glomerular filtration barrier (145). Thus it is still a
matter of debate whether the glomerular filtration barrier
possesses a functional glomerular charge selectivity.

XIII. PODOCYTE INJURIES AND THEIR

PROGRESSION TO NEPHRON LOSS

The decline in renal function in chronic renal disease
is underlaid by the progressive loss of viable nephrons. In
the majority of cases, the loss of nephrons most likely
starts with the injury of podocytes. The damaging factors
acting on podocytes as well as the immediate pathophys-
iological responses of any podocyte injury, i.e., loss of
barrier function for macromolecules leading to protein-
uria, were summarized in the previous sections. Here we
inquire about the structural changes and their possible
progression to nephron loss. At present, three different
patterns of changes initiated by podocyte injury may be

distinguished: 1) degenerative changes prone to progress
to “classic FSGS,” 2) inflammatory changes prone to
progress to crescent formation, and 3) changes indicating
dedifferentiation leading to collapsing FSGS. In a given
case of chronic renal failure, these patterns and the sub-
sequent pathways to nephron degeneration may be
mixed up.

A. Degenerative Changes and the Development

of “Classic” FSGS

Degenerative changes of podocytes are typically seen
in models of glomerular hypertension and hyperfiltration
including subtotal renal ablation (301, 457), deoxycorti-
costerone trimethyl acetate (DOCA)-salt hypertension
(225), in the Milan normotensive rat (124), in the hyper-
tensive Fawn-hooded rat (237), and in the fa/fa Zucker rat
(136), as well as in models of toxic injury to podocytes
including PAN nephrosis and after long-term mitogenic
stimulation by exogenous FGF-2 (234). Exposed to the
challenges in these models, podocytes are unable to main-
tain their normal cell shape but change in appearance in
a fairly stereotyped manner (199, 230, 238). These
changes comprise cell hypertrophy, foot process efface-
ment, cell body attenuation, pseudocyst formation, cyto-
plasmic overload with reabsorption droplets, and, finally,
detachment from the GBM. Figure 11 shows an injured
podocyte with foot process effacement and apically “mi-
crovillous transformation.” Foot-process effacement has
been interpreted to represent an adaptive change in cell
shape, accompanied by hypertrophy of the contractile
apparatus which reinforces the supportive role of podo-
cytes (429). Cell-body attenuation and pseudocyst forma-
tion have been shown to result directly from mechanical
overextension (301). Plausible explanations are available
for cell hypertrophy, such as hyperfiltration, and for ac-
cumulation of absorption droplets, such as increased ly-
sosomal uptake and degradation of filtered proteins, most
dramatically seen in protein overload proteinuria (84),
and for cell detachments, such as the impairment of con-
nections with the GBM (62) (see above).

B. The FSGS Pattern of Nephron Degeneration

This pathway to nephron degeneration may be sub-
divided into three essential steps (235, 237). 1) The first
step is loss of podocytes. As discussed above, podocytes
in the adult are incapable of regenerative cell replication.
Thus, when podocytes are lost for any reason, they cannot
be replaced by new podocytes. The only way remaining
podocytes may compensate for the loss of podocytes is by
cell hypertrophy taking over the increased work load. 2)
The second step is formation of a tuft adhesion. If the
remaining podocytes fail to cover the defect, naked GBM
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areas will result, allowing access to the GBM by parietal
cells of Bowman’s capsule. A gap in the parietal epithe-
lium then develops, through which the injured glomerular
tuft portions come into direct contact with the intersti-
tium. Such a circumscribed tuft adhesion represents the
initial “committed” lesion in the development of segmen-
tal glomerulosclerosis. 3) The third step is misdirected
filtration. Once established, a tuft adhesion spreads and
eventually encompasses the entire lobule (Fig. 12). The
sequence is quite uniform; it roots in the progressive loss
of podocytes from the flanks of a tuft adhesion, allowing
the encroachment of parietal epithelial cells onto adja-
cent capillaries (replacing the podocytes). A variety of
mechanisms for the further loss of podocytes have been
discussed (232, 237, 428). The most important mechanism
appears to be “misdirected filtration” onto the outer as-
pect of the parietal epithelium (235, 237). Capillaries con-
tained in the tuft adhesion may deliver their filtrate into
the space between the parietal epithelium and its base-
ment membrane instead of into Bowman’s space. In re-
sponse, interstitial fibroblasts establish a dense cover of
sheetlike processes that encloses the focus of misdirected
filtration, preventing the dissipation of the filtrate into the

surrounding interstitium. This leads to the formation of
crescent-shaped paraglomerular spaces which, due to on-
going filtration, have the tendency to enlarge by separat-
ing the parietal epithelium from its basement membrane
in all directions. As a consequence, the gap in the parietal
epithelium increases and the adherent sclerotic tuft por-
tions become progressively herniated into the enlarging
paraglomerular space. This process may stop after an
entire lobule has been engulfed, leading to a segmental
synechia.

On the other hand, this is not an altogether stable
situation. Via the vascular pole, this process may progres-
sively involve the other lobules and eventually lead to
global sclerosis. Via the urinary pole, the misdirected
filtrate may extend onto the outer aspect of the tubule and
lead to the formation of peritubular spaces as an equiva-
lent of paraglomerular spaces (235–237). Again, these
spaces become delimited from the interstitium by a layer
of fibroblast processes. Therefore, the spreading of the
filtrate is confined to the outer aspect of the affected
tubule, eventually leading to its degeneration, generally
starting with the initial segment of the tubule traveling
downstream.

FIG. 11. Injured podocyte with foot
process effacement and, apically, “mi-
crovillous transformation.” In the basal
cytoplasm of the podocyte adhering to
the glomerular basement membrane, a
darkly staining cytoskeletal belt is seen.
Figure is transmission electron micro-
graph of masugi nephritis. Magnification
��3,800.
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Two patterns of final nephron degeneration have
been identified (237). In the first pattern, the degeneration
of the glomerulus and the tubule occurs concurrently and
leads finally to their replacement by fibrous tissue. In the
second pattern, presumably as an early consequence of
peritubular filtrate spreading, the tubule obstructs, which
leads to tubular atrophy downstream and upstream to the
development of atubular glomerular remnants that may
expand to glomerular cysts (236). In both instances, the
striking consequence of this mechanism of nephron de-
struction is that the destructive process remains confined
to the injured nephron.

C. Inflammatory Changes and the Development

of Glomerular Crescents

An inflammation of the glomerulus generally starts
within the endocapillary compartment, i.e., inside the
GBM. Thus, at the very beginning of the disease, podo-
cytes are not affected. However, by unknown mecha-
nisms, mediators of the inflammatory process may reach
the podocytes and may stimulate a hyperactive pattern of
response. Podocytes develop abundant tiny fingerlike pro-
cesses by outgrowth from the apical cell surface (164).
These changes have long been known as “microvillous
transformation” of the apical cell membrane (277, 303,
483). Basally, this process may be associated with the
retraction of foot processes, i.e., with foot process efface-
ment. The newly formed apical processes extend into all
directions and may come to touch the parietal epithelium,
to pierce through the epithelium in between to parietal
epithelial cells (PECs), and finally to fix to the parietal
basement membrane (PBM). At the PBM those processes
may behave like lamellipodia, spreading on the PBM and
displacing PECs. This event appears to trigger PEC pro-
liferation and, consequently, formation of a cellular cres-
cent (164).

In the case that the inflammatory process dies down
and comes to a stop, it appears that the cellular crescents
may likely be resolved, leading to full reconstitution or to
a segmental scar. In the case that the inflammatory pro-
cess continues to flourish, crescents may enlarge and
overgrow the urinary orifice, leading to tubular obstruc-
tion. Similar to what has been described above concern-
ing the degenerative pattern of nephron destruction, this
event may lead downstream to tubular atrophy and finally
degeneration and upstream to the development of atubu-
lar glomerular remnants. The role of the podocyte in this
pathway to nephron loss is not well understood, but the
establishment of podocyte bridges between the tuft and
Bowman’s capsule appears to be the crucial event in the
progression of an inflammatory process from the tuft to
Bowman’s capsule and to the periglomerular interstitium.
Detailed knowledge of the cytoskeletal changes that lead

FIG. 12. Scheme to illustrate nephron degeneration sustained by
misdirected filtration. An intact glomerular lobule protrudes into Bow-
man�s space, which is outlined by the parietal epithelium passing over at
the urinary pole into the tubular epithelium (parietal and tubular epi-
thelia are densely stippled). The sclerotic glomerular lobule consists of
collapsed (shown in black) and hyalinized (shown in dark gray) former
capillaries and mesangial portions herniated into a paraglomerular
space that is separated from the interstitium by a layer of fibroblast
processes (loosely stippled). In addition to collapsed capillaries, the
sclerotic tuft portion contains a patent capillary (partially hyalinized)
which delivers its filtrate into the paraglomerular space (arrow), ac-
counting for the expansion of the paraglomerular space. This space
extends toward the vascular pole and via the urinary pole onto the outer
aspect of the tubule separating the expanded tubular basement mem-
brane (shown in light gray) from its epithelium. The peritubular spaces
created by filtrate spreading (expansion of the glomerular basement
membrane, separation of the expanded glomerular basement membrane
from the epithelium) are separated from the interstitium by a layer of
fibroblast processes. [Modified from Kriz et al. (230).]
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to the switch to a “migratory phenotype” of podocytes is
urgently needed.

D. Proliferation of Podocytes and the Collapse

of the Glomerular Tuft

In HIV-infected patients, a kind of glomerulopathy
was encountered that was associated with vivid prolifer-
ation of podocytes and subsequently the collapse of the
glomerular tuft; it was termed collapsing glomeruloscle-
rosis. Since then, collapsing FSGS has been appreciated
more broadly, possibly as a consequence of other viral
infections (45, 81, 91). The observation of podocyte pro-
liferation under these circumstances appeared to dis-
prove the rule that podocytes in the adult are unable to
carry out cell replication. However, it became obvious
that this kind of podocyte cell multiplication never led to
new differentiated podocytes that might functionally re-
place lost podocytes. The phenotype of podocytes that
proliferate under these conditions is highly dedifferenti-
ated (30, 31). This dedifferentiation includes loss of cell
shape with loss of all processes; compared with foot
process effacement seen in the usual podocyte pheno-
type, the dedifferentiated podocytes also lose typical
components of the cytoskeleton, most dramatically an
actin-based cytoskeleton in the cell portions adhering to
the GBM. These changes may readily be expected to be
the consequence of the loss of the expression of several
podocyte-specific proteins including WT-1, synaptopodin,
and others (31). So far, no evidence has been presented
that such podocytes may enter development to rediffer-
entiation.

This kind of podocyte proliferation may lead to ob-
struction of Bowman’s capsule simply by filling it with
cells that finally penetrate into the tubular lumen; such
cases are seen in HIV-nephropathy. In less comprehensive
cases, the proliferation may be restricted, leading to what
is called a “cellular lesion” (406, 407). A very serious
consequence of podocyte dedifferentiation in this context
is the collapse of the glomerular tuft, therefore the name
“collapsing” glomerulosclerosis. Capillaries, as well as
mesangial cells, are progressively lost from the endocap-
illary compartment, leading to the local or universal col-
lapse of the tuft which finally consists of little more than
matrix, wrinkled remnants of thickened GBM, and some
mesangial matrix.

XIV. CLOSE AND OUTLOOK

Since the first description of a heavily branched cell
type within the renal glomerulus in 1929 by Karl Zimmer-
mann (515), there have been episodes of intensive podo-
cyte research (most of them centered around Marilyn Gist
Farquar), but the broad interest in podocyte biology

among nephrologists did not develop until the 1990s. At
that time the podocyte came into the visor of renal pa-
thologists as a candidate accounting for the progressive
nature of chronic renal failure. Fries et al. in 1989 (128)
were the first to suggest that an inability of podocytes for
cell replication in the adult represents the major fact
underlying nephron degeneration. In the subsequent years
the mechanisms were elucidated how podocyte injury
leads to nephron degeneration. The real kick-off in podo-
cyte research was switched on by the discovery of the
crucial involvement of podocyte failure in the develop-
ment of three hereditary diseases leading to FSGS, i.e., in
the congenital nephrotic syndrome of the Finnish type
(205), in the steroid-resistant nephrotic syndrome (49),
and in an autosomal dominant familiar form of FSGS
(190). In these diseases a gene encoding for a “more or
less” podocyte-specific protein is mutated leading to mas-
sive proteinuria and nephron degeneration according to a
pattern nowadays termed “classic” FSGS. Many efforts
are now necessary to identify the precise interaction and
function of these proteins that are crucial for the mainte-
nance of podocyte structure. In addition, transgene tech-
nology in mice allows a podocyte-specific overexpression
of these genes and their effect on podocyte injury and
proteinuria in glomerular diseases. Meanwhile, there is no
longer any doubt that the podocyte is the culprit in col-
lapsing FSGS and a major player in diabetic nephropathy.
Moreover, very recent studies suggest that the transition
of an inflammatory glomerular disease into a chronic
course is decisively mediated by the podocyte. These
findings together launch the podocyte into the center
stage of glomerular diseases, i.e., of glomerular diseases
that potentially will proceed to end-stage renal failure.
The knowledge about the mediators that contribute to
podocyte injury in chronic glomerular diseases has in-
creased, but the intracellular signaling mechanisms lead-
ing to podocyte injury under these circumstances are
poorly understood. The discovery of the precise signaling
mechanisms leading to podocyte foot process effacement,
to podocyte hypertrophy, and to loss of the podocyte in
chronic glomerular diseases will hopefully be a first step
in the development of more specific therapeutic tools for
preserving the functions of the podocyte.
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300 PAVENSTÄDT, KRIZ, AND KRETZLER

Physiol Rev • VOL 83 • JANUARY 2003 • www.prv.org



podocyte injury in acute nephrotoxic nephritis. Lab Invest 82:
563–569, 2002.

258. LIU A, DARDIK A, AND BALLERMANN BJ. Neutralizing TGF-�1 antibody
infusion in neonatal rat delays in vivo glomerular capillary forma-
tion 1. Kidney Int 56: 1334–1348, 1999.

259. LIU H, SHAH SV, AND BALIGA R. Cytochrome P-450 as a source of
catalytic iron in minimal change nephrotic syndrome in rats. Am J

Physiol Renal Physiol 280: F88–F94, 2001.
260. LOH NY, NEWEY SE, DAVIES KE, AND BLAKE DJ. Assembly of multiple

dystrobrevin-containing complexes in the kidney. J Cell Sci 113:
2715–2724, 2000.

261. LUCAS KA, PITARI GM, KAZEROUNIAN S, RUIZ-STEWART I, PARK J, SCHULZ

S, CHEPENIK KP, AND WALDMAN SA. Guanylyl cyclases and signaling
by cyclic GMP. Pharmacol Rev 52: 375–414, 2000.

262. LUIMULA P, AHOLA H, WANG SX, SOLIN ML, AALTONEN P, TIKKANEN I,
KERJASCHKI D, AND HOLTHOFER H. Nephrin in experimental glomer-
ular disease. Kidney Int 58: 1461–1468, 2000.

263. LUIMULA P, SANDSTROM N, NOVIKOV D, AND HOLTHOFER H. Podocyte-
associated molecules in puromycin aminonucleoside nephrosis of
the rat. Lab Invest 82: 713–718, 2002.

264. LUTHL A, LAURENT JP, FIGUROV A, MULLER D, AND SCHACHNER M.
Hippocampal long-term potentiation and neural cell adhesion mol-
ecules L1 and NCAM. Nature 372: 777–779, 1994.

265. MACCONI D, GHILARDI M, BONASSI ME, MOHAMED EI, ABBATE M, CO-
LOMBI F, REMUZZI G, AND REMUZZI A. Effect of angiotensin-converting
enzyme inhibition on glomerular basement membrane permeability
and distribution of zonula occludens-1 in MWF rats. J Am Soc

Nephrol 11: 477–489, 2000.
266. MAHAN JD, SISSON-ROSS S, AND VERNIER RL. Glomerular basement

membrane anionic charge site changes early in aminonucleoside
nephrosis. Am J Pathol 125: 393–401, 1986.

267. MARTIN J, STEADMAN R, KNOWLDEN J, WILLIAMS J, AND DAVIES M.
Differential regulation of matrix metalloproteinases and their in-
hibitors in human glomerular epithelial cells in vitro. J Am Soc

Nephrol 9: 1629–1637, 1998.
268. MARTIN KC AND KANDEL ER. Cell adhesion molecules, CREB, and the

formation of new synaptic connections. Neuron 17: 567–570, 1996.
269. MASCHIO G, ALBERTI D, JANIN G, LOCATELLI F, MANN JF, MOTOLESE M,

PONTICELLI C, RITZ E, AND ZUCCHELLI P. Effect of the angiotensin-
converting-enzyme inhibitor benazepril on the progression of
chronic renal insufficiency. The angiotensin-converting-enzyme in-
hibition in progressive renal insufficiency study group. N Engl

J Med 334: 939–945, 1996.
270. MATSUMOTO K AND KANMATSUSE K. Elevated interleukin-18 levels in

the urine of nephrotic patients. Nephron 88: 334–339, 2001.
271. MAUNSBACH AB. Absorption of I-125-labeled homologous albumin

by rat kidney proximal tubule cells. A study of microperfused
single proximal tubules by electron microscopic autoradiography
and histochemistry. J Ultrastruct Res 15: 197–241, 1966.

272. MCMILLAN JI, RIORDAN JW, COUSER WG, POLLOCK AS, AND LOVETT DH.
Characterization of a glomerular epithelial cell metalloproteinase
as matrix metalloproteinase-9 with enhanced expression in a
model of membranous nephropathy. J Clin Invest 97: 1094–1101,
1996.

273. MCTAGGART SJ, ALGAR E, CHOW CW, POWELL HR, AND JONES CL.
Clinical spectrum of Denys-Drash and Frasier syndrome. Pediatr

Nephrol 16: 335–339, 2001.
274. MEADOW SR AND SARSFIELD JK. Steroid-responsive and nephrotic

syndrome and allergy: clinical studies. Arch Dis Child 56: 509–516,
1981.

275. MEHLEN P, BRIOLAY J, SMITH L, DIAZ-LATOUD C, FABRE N, PAULI D, AND

ARRIGO AP. Analysis of the resistance to heat and hydrogen perox-
ide stresses in COS cells transiently expressing wild type or dele-
tion mutants of the Drosophila 27-kDa heat-shock protein. Eur

J Biochem 215: 277–284, 1993.
276. MENDRICK DL, KELLY DM, AND RENNKE HG. Antigen processing and

presentation by glomerular visceral epithelium in vitro. Kidney Int

39: 71–78, 1991.
277. MENDRICK DL AND RENNKE HG. Induction of proteinuria in the rat by

a monoclonal antibody against SGP-115/107. Kidney Int 33: 818–
830, 1988.

278. MENTZEL S, VAN SON JP, DE JONG AS, DIJKMAN HB, KOENE RA,
WETZELS JF, AND ASSMANN KJ. Mouse glomerular epithelial cells in

culture with features of podocytes in vivo express aminopeptidase
A and angiotensinogen but not other components of the renin-
angiotensin system. J Am Soc Nephrol 8: 706–719, 1997.

279. MEYER TW, BENNETT PH, AND NELSON RG. Podocyte number predicts
long-term urinary albumin excretion in Pima Indians with Type II
diabetes and microalbuminuria. Diabetologia 42: 1341–1344, 1999.

280. MINER JH. Developmental biology of glomerular basement mem-
brane components. Curr Opin Nephrol Hypertens 7: 13–19, 1998.

281. MINER JH. Renal basement membrane components. Kidney Int 56:
2016–2024, 1999.

282. MINER JH AND LI C. Defective glomerulogenesis in the absence of
laminin �5 demonstrates a developmental role for the kidney glo-
merular basement membrane. Dev Biol 217: 278–289, 2000.

283. MINER JH, MORELLO R, ANDREWS KL, LI C, ANTIGNAC C, SHAW AS, AND

LEE B. Transcriptional induction of slit diaphragm genes by Lmx1b
is required in podocyte differentiation. J Clin Invest 109: 1065–
1072, 2002.

284. MINER JH AND SANES JR. Collagen IV � 3, � 4, and � 5 chains in
rodent basal laminae: sequence, distribution, association with lami-
nins, and developmental switches. J Cell Biol 127: 879–891, 1994.

285. MINER JH AND SANES JR. Molecular and functional defects in kid-
neys of mice lacking collagen � 3(IV): implications for Alport
syndrome. J Cell Biol 135: 1403–1413, 1996.

286. MIRON T, WILCHEK M, AND GEIGER B. Characterization of an inhibitor
of actin polymerization in vinculin-rich fraction of turkey gizzard
smooth muscle. Eur J Biochem 178: 543–553, 1988.

287. MITIC LL AND ANDERSON JM. Molecular architecture of tight junc-
tions. Annu Rev Physiol 60: 121–142, 1998.

288. MOELLER MJ, KOVARI IA, AND HOLZMAN LB. Evaluation of a new tool
for exploring podocyte biology: mouse Nphs1 5� flanking region
drives LacZ expression in podocytes. J Am Soc Nephrol 11: 2306–
2314, 2000.

289. MORINO N, MATSUMOTO T, UEKI K, MIMURA T, HAMASAKI K, KANDA H,
NARUSE T, YAZAKI Y, AND NOJIMA Y. Glomerular overexpression and
increased tyrosine phosphorylation of focal adhesion kinase
p125FAK in lupus-prone MRL/MP-lpr/lpr mice. Immunology 97:
634–640, 1999.

290. MOZES MM, BOTTINGER EP, JACOT TA, AND KOPP JB. Renal expression
of fibrotic matrix proteins and of transforming growth factor-�
(TGF-�) isoforms in TGF-� transgenic mice. J Am Soc Nephrol 10:
271–280, 1999.

291. MUDGE SJ, PAIZIS K, AUWARDT RB, THOMAS RJ, AND POWER DA.
Activation of nuclear factor-kappa B by podocytes in the autolo-
gous phase of passive Heymann nephritis. Kidney Int 59: 923–931,
2001.

292. MUNDEL P, GAMBARYAN S, BACHMANN S, KOESLING D, AND KRIZ W.
Immunolocalization of soluble guanylyl cyclase subunits in rat
kidney. Histochem Cell Biol 103: 75–79, 1995.

293. MUNDEL P, HEID HW, MUNDEL TM, KRUGER M, REISER J, AND KRIZ W.
Synaptopodin: an actin-associated protein in telencephalic den-
drites and renal podocytes. J Cell Biol 139: 193–204, 1997.

294. MUNDEL P, REISER J, AND KRIZ W. Induction of differentiation in
cultured rat and human podocytes. J Am Soc Nephrol 8: 697–705,
1997.

295. MUNDEL P, REISER J, ZUNIGA MEJIA BA, PAVENSTADT H, DAVIDSON GR,
KRIZ W, AND ZELLER R. Rearrangements of the cytoskeleton and cell
contacts induce process formation during differentiation of condi-
tionally immortalized mouse podocyte cell lines. Exp Cell Res 236:
248–258, 1997.

296. MUNDLOS S, PELLETIER J, DARVEAU A, BACHMANN M, WINTERPACHT A,
AND ZABEL B. Nuclear localization of the protein encoded by the
Wilms’ tumor gene WT1 in embryonic and adult tissues. Develop-

ment 119: 1329–1341, 1993.
297. NAGAHAMA H, HATAKEYAMA S, NAKAYAMA K, NAGATA M, TOMITA K, AND

NAKAYAMA K. Spatial and temporal expression patterns of the cy-
clin-dependent kinase (CDK) inhibitors p27Kip1 and p57Kip2 dur-
ing mouse development. Anat Embryol 203: 77–87, 2001.

298. NAGATA M, HATTORI M, HAMANO Y, ITO K, SAITOH K, AND WATANABE T.
Origin and phenotypic features of hyperplastic epithelial cells in
collapsing glomerulopathy. Am J Kidney Dis 32: 962–969, 1998.

299. NAGATA M, HORITA S, SHU Y, SHIBATA S, HATTORI M, ITO K, AND

WATANABE T. Phenotypic characteristics and cyclin-dependent ki-
nase inhibitors repression in hyperplastic epithelial pathology in

CELL BIOLOGY OF THE GLOMERULAR PODOCYTE 301

Physiol Rev • VOL 83 • JANUARY 2003 • www.prv.org



idiopathic focal segmental glomerulosclerosis. Lab Invest 80: 869–
880, 2000.

300. NAGATA M, NAKAYAMA K, TERADA Y, HOSHI S, AND WATANABE T. Cell
cycle regulation and differentiation in the human podocyte lineage.
Am J Pathol 153: 1511–1520, 1998.

301. NAGATA M, SCHARER K, AND KRIZ W. Glomerular damage after uni-
nephrectomy in young rats. I. Hypertrophy and distortion of capil-
lary architecture. Kidney Int 42: 136–147, 1992.

302. NAGATA M, YAMAGUCHI Y, AND ITO K. Loss of mitotic activity and the
expression of vimentin in glomerular epithelial cells of developing
human kidneys. Anat Embryol 187: 275–279, 1993.

303. NAKAHAMA H, OBATA K, MATSUYAMA T, SUGITA M, HORIO M, OKA K, AND

MORIYAMA T. Effect of a novel immunosuppressant, FK 506, on
autoimmune glomerulonephritis in Brown Norway rats. Nephron

81: 215–220, 1999.
304. NAKAMURA T, USHIYAMA C, OSADA S, HARA M, SHIMADA N, AND KOIDE H.

Pioglitazone reduces urinary podocyte excretion in type 2 diabetes
patients with microalbuminuria. Metabolism 50: 1193–1196, 2001.

305. NAKAMURA T, USHIYAMA C, SUZUKI S, HARA M, SHIMADA N, EBIHARA I,
AND KOIDE H. The urinary podocyte as a marker for the differential
diagnosis of idiopathic focal glomerulosclerosis and minimal-
change nephrotic syndrome. Am J Nephrol 20: 175–179, 2000.

306. NANGAKU M. Complement regulatory proteins in glomerular dis-
eases. Kidney Int 54: 1419–1428, 1998.

307. NATORI Y, NATORI Y, NISHIMURA T, YAMABE H, IYONAGA K, TAKEYA M,
AND KAWAKAMI M. Production of monocyte chemoattractant pro-
tein-1 by cultured glomerular epithelial cells: inhibition by dexa-
methasone. Exp Nephrol 5: 318–322, 1997.

308. NAVAR LG, HARRISON-BERNARD LM, IMIG JD, WANG CT, CERVENKA L,
AND MITCHELL KD. Intrarenal angiotensin II generation and renal
effects of AT1 receptor blockade. J Am Soc Nephrol 10 Suppl 12:
S266–S272, 1999.

309. NEALE TJ, ULLRICH R, OJHA P, POCZEWSKI H, VERHOEVEN AJ, AND

KERJASCHKI D. Reactive oxygen species and neutrophil respiratory
burst cytochrome b558 are produced by kidney glomerular cells in
passive Heymann nephritis. Proc Natl Acad Sci USA 90: 3645–3649,
1993.

310. NISLOW C, LOMBILLO VA, KURIYAMA R, AND MCINTOSH JR. A plus-end-
directed motor enzyme that moves antiparallel microtubules in
vitro localizes to the interzone of mitotic spindles. Nature 359:
543–547, 1992.

311. NISLOW C, SELLITTO C, KURIYAMA R, AND MCINTOSH JR. A monoclonal
antibody to a mitotic microtubule-associated protein blocks mi-
totic progression. J Cell Biol 111: 511–522, 1990.

312. NITSCHKE R, HENGER A, RICKEN S, GLOY J, MULLER V, GREGER R, AND

PAVENSTADT H. Angiotensin II increases the intracellular calcium
activity in podocytes of the intact glomerulus. Kidney Int 57:
41–49, 2000.

313. NITSCHKE R, HENGER A, RICKEN S, MULLER V, KOTTGEN M, BEK M, AND

PAVENSTADT H. Acetylcholine increases the free intracellular cal-
cium concentration in podocytes in intact rat glomeruli via musca-
rinic M(5) receptors. J Am Soc Nephrol 12: 678–687, 2001.

314. NOAKES PG, MINER JH, GAUTAM M, CUNNINGHAM JM, SANES JR, AND

MERLIE JP. The renal glomerulus of mice lacking s-laminin/laminin
� 2: nephrosis despite molecular compensation by laminin � 1. Nat

Genet 10: 400–406, 1995.
315. NOLASCO FE, CAMERON JS, HARTLEY B, COELHO RA, HILDREDTH G, AND

REUBEN R. Abnormal podocyte CR-1 expression in glomerular dis-
eases: association with glomerular cell proliferation and monocyte
infiltration. Nephrol Dial Transplant 2: 304–312, 1987.

316. NORGAARD JO. Retraction of epithelial foot processes during culture
of isolated glomeruli. Lab Invest 38: 320–329, 1978.

317. NORGAARD JO. Rat glomerular epithelial cells in culture. Parietal or
visceral epithelial origin? Lab Invest 57: 277–290, 1987.

318. NOVAK A, HSU SC, LEUNG-HAGESTEIJN C, RADEVA G, PAPKOFF J, MON-
TESANO R, ROSKELLEY C, GROSSCHEDL R, AND DEDHAR S. Cell adhesion
and the integrin-linked kinase regulate the LEF-1 and �-catenin
signaling pathways. Proc Natl Acad Sci USA 95: 4374–4379, 1998.

321. OHLSON M, SORENSSON J, AND HARALDSSON B. Glomerular size and
charge selectivity in the rat as revealed by FITC-Ficoll and albumin.
Am J Physiol Renal Physiol 279: F84–F91, 2000.

322. OHLSON M, SORENSSON J, AND HARALDSSON B. A gel-membrane model

of glomerular charge and size selectivity in series. Am J Physiol

Renal Physiol 280: F396–F405, 2001.
323. OHLSON M, SORENSSON J, LINDSTROM K, BLOM AM, FRIES E, AND

HARALDSSON B. Effects of filtration rate on the glomerular barrier
and clearance of four differently shaped molecules. Am J Physiol

Renal Physiol 281: F103–F113, 2001.
324. OKADA-BAN M, THIERY JP, AND JOUANNEAU J. Fibroblast growth fac-

tor-2. Int J Biochem Cell Biol 32: 263–267, 2000.
325. OLEINIKOV AV, FELIZ BJ, AND MAKKER SP. A small N-terminal 60-kD

fragment of gp600 (megalin), the major autoantigen of active Hey-
mann nephritis, can induce a full-blown disease. J Am Soc Nephrol

11: 57–64, 2000.
326. OLIVER JD III, ANDERSON S, TROY JL, BRENNER BM, AND DEEN WH.

Determination of glomerular size-selectivity in the normal rat with
Ficoll. J Am Soc Nephrol 3: 214–228, 1992.

327. OLIVER JD III, SIMONS JL, TROY JL, PROVOOST AP, BRENNER BM, AND

DEEN WM. Proteinuria and impaired glomerular permselectivity in
uninephrectomized fawn-hooded rats. Am J Physiol Renal Fluid

Electrolyte Physiol 267: F917–F925, 1994.
328. OLSON JL AND HEPTINSTALL RH. Nonimmunologic mechanisms of

glomerular injury. Lab Invest 59: 564–578, 1988.
328a.O’MEARA YM, NATORI Y, MINTO AW, GOLDSTEIN DJ, MANNING EC, AND

SALANT DJ. Nephrotoxic antiserum identifies a � 1-integrin on rat
glomerular epithelial cells. Am J Physiol Renal Fluid Electrolyte

Physiol 262: F1083–F1091, 1992.
329. OOSTERWIJK E, VAN MUIJEN GN, OOSTERWIJK-WAKKA JC, AND WARNAAR

SO. Expression of intermediate-sized filaments in developing and
adult human kidney and in renal cell carcinoma. J Histochem

Cytochem 38: 385–392, 1990.
330. OPHASCHAROENSUK V, FERO ML, HUGHES J, ROBERTS JM, AND SHANK-

LAND SJ. The cyclin-dependent kinase inhibitor p27Kip1 safeguards
against inflammatory injury. Nat Med 4: 575–580, 1998.

331. ORCI L, BROWN D, AMHERDT M, AND PERRELET A. Distribution of
intramembrane particles and filipin-sterol complexes in plasma
membranes of kidney. I. Corpuscle of Malpighi. Lab Invest 46:
545–553, 1982.

332. ORLANDO RA, TAKEDA T, ZAK B, SCHMIEDER S, BENOIT VM, MCQUISTAN

T, FURTHMAYR H, AND FARQUHAR MG. The glomerular epithelial cell
anti-adhesin podocalyxin associates with the actin cytoskeleton
through interactions with ezrin. J Am Soc Nephrol 12: 1589–1598,
2001.

333. OSICKA TM, HANKIN AR, AND COMPER WD. Puromycin aminonucleo-
side nephrosis results in a marked increase in fractional clearance
of albumin. Am J Physiol Renal Physiol 277: F139–F145, 1999.

334. OSICKA TM, PANAGIOTOPOULOS S, JERUMS G, AND COMPER WD. Frac-
tional clearance of albumin is influenced by its degradation during
renal passage. Clin Sci 93: 557–564, 1997.

334a.O’TOOLE TE, KATAGIRI Y, FAULL RJ, PETER K, TAMURA R, QUARANTA V,
LOFTUS JC, SHATTIL SJ, AND GINSBERG MH. Integrin cytoplasmic
domains mediate inside-out signal transduction. J Cell Biol 124:
1047–1059, 1994.

335. PABST R AND STERZEL RB. Cell renewal of glomerular cell types in
normal rats. An autoradiographic analysis. Kidney Int 24: 626–631,
1983.

336. PAGTALUNAN ME, MILLER PL, JUMPING-EAGLE S, NELSON RG, MYERS

BD, RENNKE HG, COPLON NS, SUN L, AND MEYER TW. Podocyte loss
and progressive glomerular injury in type II diabetes. J Clin Invest

99: 342–348, 1997.
337. PAIZIS K, KIRKLAND G, KHONG T, KATERELOS M, FRASER S, KANELLIS J,

AND POWER DA. Heparin-binding epidermal growth factor-like
growth factor is expressed in the adhesive lesions of experimental
focal glomerular sclerosis. Kidney Int 55: 2310–2321, 1999.

338. PALMEN T, AHOLA H, PALGI J, AALTONEN P, LUIMULA P, WANG S,
JAAKKOLA I, KNIP M, OTONKOSKI T, AND HOLTHOFER H. Nephrin is
expressed in the pancreatic � cells. Diabetologia 44: 1274–1280,
2001.

339. PANESAR M, PAPILLON J, MCTAVISH AJ, AND CYBULSKY AV. Activation of
phospholipase A2 by complement C5b-9 in glomerular epithelial
cells. J Immunol 159: 3584–3594, 1997.

340. PARK CH AND MAACK T. Albumin absorption and catabolism by
isolated perfused proximal convoluted tubules of the rabbit. J Clin

Invest 73: 767–777, 1984.
341. PARRY D, MAHONY D, WILLS K, AND LEES E. Cyclin D-CDK subunit
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