
&p.1:Abstract Nephrotic syndrome is a common kidney dis-
ease seen in both children and adults. The clinical syn-
drome includes massive proteinuria, hypoalbuminemia,
edema, and usually hypercholesterolemia. Development
of these clinical changes is closely correlated with pro-
found structural changes in glomerular epithelial cells, or

podocytes, which together with the glomerular basement
membrane and endothelium comprise the kidney’s blood
filtration barrier. Although relatively little is known
about the cellular or molecular changes which occur
within podocytes during the development of nephrotic
syndrome, cytoskeletal proteins very likely play a central
role in these changes since they are primarily responsible
for the maintenance of cell structure in almost all cells.
This review focuses on: (a) the structure and function of
podocytes in both the normal state and during nephrotic
syndrome and (b) the potential roles of several cytoskele-
ton-associated proteins identified in podocytes in the de-
velopment of and/or recovery from the pathophysiologi-
cal cytoskeletal changes which occur in podocytes dur-
ing nephrotic syndrome.

&kwd:Key words Cytoskeleton · α-Actinin · hsp27 · Integrins ·
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Abbreviations GBM Glomerular basement membrane ·
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Introduction

Nephrotic syndrome is characterized clinically by the de-
velopment of massive proteinuria, hypoalbuminemia,
edema, and frequently hypercholesterolemia. The devel-
opment of these clinical changes has been shown to be
closely correlated with specific structural changes in the
foot processes of glomerular visceral epithelial cells, or
podocytes, which in part comprise the kidney’s filtration
barrier [1, 2]. Nephrotic syndrome may be either prima-
ry, as in idiopathic nephrotic syndrome, or the result of
another disease process, such as focal segmental glomer-
ulosclerosis or IgM nephropathy (mesangial proliferative
glomerulonephritis). Despite extensive studies in humans
[3–9] and a well-established rat model of nephrotic syn-
drome [puromycin aminonucleoside (PAN) nephrosis]
[1, 2, 10–12], the pathogenesis of this disease is still not
clear. A variety of pathogenic mechanisms, including im-
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munological processes, biochemical defects (induced by
endogenous or exogenous factors), and hemodynamical-
ly induced glomerular injury can induce the nephrotic
syndrome [13]. Because these various stimuli result in
the development of a similar pattern of clinical and histo-
logical features, however, it is likely that there is a final
common molecular pathway by which the normal regula-
tion of podocyte foot process structure is disturbed dur-
ing development of the nephrotic syndrome. Because cy-
toskeletal and cytoskeleton-associated proteins are gen-
erally responsible for the maintenance of cell structure,
this review focuses on several cytoskeleton-associated
proteins which are present in podocytes. The structure
and function of podocytes in both the normal state and
the nephrotic state are discussed, followed by a review of
the available data on several potential regulators of podo-
cyte structure during the development of nephrotic syn-
drome.

Normal podocyte structure and function

Organization of the glomerular filtration barrier

Filtration of the blood within the glomerular capillaries
takes place in the glomerular filtration barrier. This barri-
er is composed of three components: a fenestrated endo-
thelial cell layer, an extracellular glomerular basement
membrane (GBM), and a glomerular epithelial cell (pod-
ocyte) layer with distal foot processes and interposed slit
diaphragms (Fig. 1). The flow of glomerular filtrate from
the capillary lumen to the urinary space is thought to fol-
low a strictly extracellular route, passing across the fen-
estrated endothelium and GBM, then across the slit dia-
phragms which bridge adjacent foot processes just above
the GBM, and finally through the filtration slits (spaces
between foot processes) into the urinary space.

Although all kidney epithelial cells are attached to
one another via tight junctions, the slit diaphragms con-
necting adjacent podocyte foot processes have been sug-
gested to be modified tight junctions. This has been
based on three key findings: (a) identification of the tight
junction-associated protein, ZO-1, on the cytoplasmic
side of podocyte slit diaphragms [14], (b) evolution of
the slit diaphragm from a tight junction during renal de-
velopment [15], and (c) the tight junctionlike function of
slit diaphragms to divide the podocyte apical and baso-
lateral plasma membrane domains [15]. The total surface
area of the slit diaphragms comprise only about 10% of
the outer GBM surface. This reduces the actual capillary
surface area for filtration approximately tenfold at the
level of the podocytes.

The precise structure and composition of the slit dia-
phragm is largely unknown. In the early 1970s Rodewald
and Karnovsky [16] published a model of the substruc-
ture of the slit diaphragm which was based on transmis-
sion electron microscopy results of tannic acid stained
material. It consisted of rodlike units connected to a per-
pendicular central bar, forming a zipperlike pattern. The
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resulting rectangular pores had the approximate size of
an albumin molecule. Based upon quick-freeze studies,
doubts about the validity of this model have been raised
[17, 18], but no convincing alternative has been reported.
Only few data on the molecular identity of the slit dia-
phragm are available. The α- isoform of the ZO-1 protein
has been reported to be associated with the slit dia-
phragm in association with electron dense material at its
insertion site into the sides of foot processes under both
normal [14, 19] and pathological [20] conditions. From
these data it was speculated that the slit diaphragm repre-
sents a modified tight junction [14, 19]. Orikasa and co-
workers [21] and Kawachi et al. [22] also reported exclu-
sive localization of a 51-kDa protein defined by the
monoclonal antibody 5-1-6 to the slit diaphragm. The
identity and function of this protein, however, remain to
be established.

Basic structure of podocytes

The spherical shape of the glomerular tuft is based in
part on the structural support of the GBM, which forms
the morphological basis of the individual capillaries of
the tuft. While glomerular endothelial and mesangial
cells are located inside the GBM, podocytes cover the
outer aspect of the GBM (Fig. 2). Each podocyte gener-
ally serves more than one capillary, and each capillary is
in turn covered by multiple podocytes, whose foot pro-
cesses interdigitate on the capillary surface. Podocytes

Fig. 1 Transmission electron micrograph showing the compo-
nents of the glomerular filtration barrier. During normal glomeru-
lar filtration plasma water is filtered from the glomerular capillary
lumen (asterisk) through fenestrated endothelial cell layer (arrow-
heads), across the GBM, through the slit diaphragms (small ar-
rows) which bridge the filtration slits between adjacent podocyte
foot processes (large arrows), and ultimately into the urinary
space (star) where it enters the proximal tubular lumen. In the nor-
mal state the foot processes of the podocytes are tall and narrow
and evenly spaced along the underlying GBM. A well-developed
layer of negatively charged proteins, called the glycocalyx, can be
seen as a fuzzy coating on the apical surface of the foot processes
as they extend into the urinary space. ×52|000&/fig.c:



to as the glycocalyx. This negative charge causes charge
repulsion of negatively charged proteins in the glomeru-
lar capillary and results in less filtration across the GBM
of these proteins compared to similarly sized neutral pro-
teins [24, 25]. The glycocalyx constitutes the major neg-
ative charge of the glomerular filtration barrier and is
thought to be essential in maintaining normal foot pro-
cess structure. The overall negative charge results pri-
marily from the presence of sialic acid and heparin sul-
fate residues on proteins located both in the GBM and on
podocytes [26–28]. The glycocalyx is composed of po-
doendin [29] and several sialoglycoproteins including
podocalyxin [30], GLEPP1 [31] SGP-115/107 [32] and
others [33, 34]. It appears to be of critical importance for
the formation and preservation of the characteristic cel-
lular architecture of podocytes [15, 35], and may prevent
attachment of podocytes to the parietal epithelium of
Bowman’s capsule.

Only limited data are available concerning the mole-
cular identity of the sialoglycoproteins which comprise
the glycocalyx. Kershaw et al. [36] recently reported the
cloning of a cDNA encoding for the rabbit form of pod-
ocalyxin, the major sialoglycoprotein in the glycocalyx.
So far no homology with any published sequence has
emerged. Among the specific proteins of the luminal
membrane (reviewed in [23]), GLEPP 1 has been identi-
fied as a receptorlike transmembrane protein tyrosine
phosphatase [37]. Although its function is not yet
known, GLEPP I appears to be expressed only in the foot
processes of podocytes and it has recently been shown to
directly interact with podocalyxin [38]. In addition, de-
creased GLEPP I expression in glomeruli has recently
been reported early in the course of glomerular inflam-
mation and crescent formation in anti-GBM nephritis,
suggesting it to be a sensitive indicator of glomerular in-
jury [39]. Interestingly, the luminal membrane also con-
tains cholesterol complexes which are thought to influ-
ence the fluidity and stability of podocyte cell shape [40]
and appear to link cytoskeletal elements to the cell mem-
brane [23].

Developmental changes in podocyte structure

During kidney development, podocytes undergo substan-
tial phenotypic changes. Podocytes arise from precursor
cells which are induced mesenchymal renal stem cells.
Glomerular development usually is usually divided into
four stages: renal vesicle, S-shaped body, capillary loop,
and maturing glomeruli [41–43]. During the S-shaped
body stage of glomerular development the presumptive
podocytes acquire characteristics of epithelial cells, in-
cluding apically located tight junctions [44, 45]. At this
stage podocytes start to express podocalyxin [15] and the
tight junction-associated protein ZO-1 [14]. The strong
mitotic activity of these immature cells is reflected by
the expression of the proliferation marker proliferating-
cell nuclear antigen [46]. The transition from the imma-
ture podocyte precursor cells of the S-shaped body to the
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have several functions including GBM turnover, mainte-
nance of the glomerular filtration barrier, regulation of
glomerular filtration, and immunological functions [23].

Podocytes are unique cells with a complex cellular or-
ganization. With respect to their cellular architecture po-
docytes consist of three different segments: cell body,
major processes, and foot processes. In general, cell bod-
ies and major processes are not directly connected to the
GBM but hang freely in the urinary space, fixed to the
underlying capillaries only via attachment of their foot
processes to the GBM (Fig. 2). As a consequence there is
a sub-cell body space between the cell body and the foot
processes. The major processes arise from the cell body
which directly, or after additional branching, split into
more distal foot processes. The foot processes decorate
the outer aspect of the GBM, and establish the typical in-
terdigitating pattern with foot processes of neighboring
cells, leaving filtration slits between the foot processes
(see Fig. 1). These filtration slits are bridged by the slit
diaphragm, which is described in detail below. Interest-
ingly, the foot processes originating from a single podo-
cyte are never adjacent to each other along the GBM but
are separated by the foot processes of another podocyte.

Podocytes are organized in a polarized fashion with
an apical and basolateral membrane domain. The baso-
lateral domain includes the sole plates of the foot pro-
cesses, which are completely embedded in the GBM, and
is separated from the apical domain by the slit dia-
phragm. Numerous coated pits and coated vesicles are
frequently observed in normal foot processes and reflect
the high rate of endocytosis known to occur in these cells
[23]. The surface of the apical membrane domain, which
is found above the slit diaphragm, contains a well-devel-
oped layer of negatively charged glycoproteins referred

Fig. 2 Scanning electron micrograph of a podocyte viewed from
the urinary space. The major processes can be seen extending out
from the cell body and branching into more distal foot processes
which surround a glomerular capillary loop passing below the cell
body. In this photograph the foot processes of the podocyte can be
seen interdigitating with foot processes from other podocytes. The
resulting spaces between the foot processes are the filtration slits
through which plasma water is filtered from the blood during urine
production. ×10|500&/fig.c:
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more mature cells of the capillary loop stage represents
an epithelial to mesenchymal transdifferentiation and is
accompanied by a loss of mitotic activity [46]. The cells
begin to establish their characteristic complex cell archi-
tecture, including the formation of foot processes and the
replacement of tight junctions by slit diaphragms which
bridge the filtration slits between the developing foot
processes [14]. During this time ZO-1 also moves from
its apical location down to the level of the slit diaphragm
where it becomes distributed in a dotted pattern along
the filtration slits [14], and expression of a 51-kDa slit
membrane-associated protein appears [22]. In addition,
the formation of foot processes is accompanied by the
appearance of synaptopodin (previously termed pp44), a
podocyte-specific protein which colocalizes in mature
podocytes with the actin filaments of podocyte foot pro-
cesses [47].

The maturation of podocytes is also accompanied by
stage-dependent changes in the expression of intermedi-
ate filament proteins. The induced renal mesenchymal
cells of the vesicle stage express vimentin, an intermedi-
ate filament protein characteristic of mesenchymal cells,
which disappears shortly thereafter [48]. Contradictory
data have been presented, however, concerning the ex-
pression of intermediate filament proteins in human kid-
ney. Holthöfer and coworkers reported no detectable vi-
mentin or cytokeratin [48], whereas Oosterwijk et al. de-
scribed the transient expression of cytokeratins 8 and 18
in the podocyte layer [49]. As the cells enter the capil-
lary loop stage, vimentin reappears [46, 48] and synap-
topodin (pp44) appears during the formation of foot pro-
cesses [47].

These developmental changes in podocyte differentia-
tion have important consequences for the mature podo-
cyte. Several groups have provided evidence that mature
podocytes cannot undergo cytokinesis in vivo [46, 50–55].
As described above, the transition of podocytes from the
S-shaped body to the capillary loop stage and the forma-
tion of the typical cell architecture with cell processes rep-
resents a type of complex cell differentiation (similar to
that seen in neurons) which seems to be incompatible with
cell replication. Although certain stimuli such as basic fi-
broblast growth factor may induce podocytes to reenter
the cell cycle and undergo mitosis or nuclear division,
these cells remain unable to complete cell division [56].
An inability to divide may be the price that podocytes
must pay for the development of their highly specialized
cell architecture and attachment to the GBM. The molecu-
lar mechanism(s) underlying this inability to divide re-
main to be established, but a potential role for prolifera-
tion-associated proteins (cyclin-kinase inhibitors) in the
podocyte response to injury has been reported [57]. Re-
gardless of the mechanism, however, this inability to com-
plete compensatory cell division in response to various
pathophysiological conditions is of critical importance for
the development of chronic renal failure [54, 55].

Organization of the podocyte cytoskeleton

In addition to mesangial cells, podocytes are crucial for
providing structural support to the glomerular tuft. The
segmentation of podocytes into cell body, major process-
es, and foot processes can also be observed at the level
of the cytoskeleton. The intermediate filament proteins
vimentin [48, 49, 58, 59] and desmin [60] (strain-depen-
dent), which are typical of mesenchymal cells, are found
in the cell body. To a smaller degree microtubules are
also found in the cell body. In major processes the cyto-
skeleton is comprised primarily of microtubules which
are interwoven with intermediate filament proteins. Mi-
crotubule-associated proteins such as MAP3 [61] and
MAP4 [62] have also been described in association with
these microtubules. In a recent study we have also noted
the expression of MAP2 and tau in podocytes (Sanden et
al., manuscript in preparation), both of which have bind-
ing sites for microtubules and for microfilaments (see
below). In contrast to the cytoskeletal proteins in the cell
body and major processes, foot processes are equipped
with a microfilament-based contractile apparatus com-
posed of actin, myosin-II, α-actinin, talin, and vinculin
[59]. This apparatus is anchored to focal contacts at the
basal cell membrane (sole plate) of foot processes via an
α3β1-integrin complex, which in turn anchors the entire
foot process to the underlying GBM [63–66]. Figure 3
shows a hypothetical cartoon of some of the cytoskele-
ton-associated proteins which have been suggested to be
involved in the anchoring of actin microfilaments to fo-
cal contacts at the base of foot processes. In addition to
these proteins we have recently reported that synaptop-
odin (pp44) is also associated with actin filaments in foot

Fig. 3 Hypothetical cartoon of some of the cytoskeleton-associat-
ed proteins suggested to be involved in anchoring actin microfila-
ments to focal contacts at the base of podocyte foot processes. A
high magnification view of a single podocyte foot process resting
on the GBM reveals actin microfilaments converging on a macro-
molecular complex of proteins reported to be involved in focal
contacts. This multimeric complex serves to anchor the actin cyto-
skeleton to the α3β1-integrin heterodimer, which in turn anchors
the entire foot process to extracellular matrix proteins in the un-
derlying GBM. Regulation of the expression and/or interactions of
these (and undoubtedly other) proteins is hypothesized to be criti-
cal for the maintenance of podocyte foot process structure&/fig.c:



the major processes. Using immunogold labeling we
have found that the microtubule-associated protein tau,
which has binding sites for both tubulin and actin, local-
izes exactly to the origin of the foot processes from the
major processes. These results point to a possible role
for tau in crosslinking the microtubular and microfila-
ment systems of podocyte processes (Sanden et al.,
manuscript in preparation). The functional role of this
complex cytoskeletal network has not yet been charac-
terized. Based on the available evidence, however, we
have recently suggested that the foot processes are in-
volved in stabilizing the architecture of the tuft and
counterbalancing the outward forces exerted on the cap-
illary wall by the transmural glomerular filtration pres-
sure gradient [23, 67].

Podocyte Structure and Function During Nephrotic
Syndrome

Development of nephrotic syndrome is characterized by
numerous morphological changes in podocytes. The
most characteristic structural alteration is retraction and
effacement (spreading) of the podocyte foot processes,
resulting in the formation of a diffuse cytoplasmic sheet
along the GBM (Fig. 4). Other structural changes include
cell swelling, occurrence of occluding junctions with
apical displacement of the slit diaphragms (located in the
filtration slits between foot processes of adjacent po-
docytes), and frequently detachment of the podocyte
from the underlying GBM [1, 2, 68–70]. Detachment of
effaced foot processes from the GBM is generally con-
sidered the most severe structural manifestation of neph-
rotic syndrome. Several studies have now clearly demon-
strated that detachment of the podocyte from the GBM
results in leakage of protein across the GBM at the site
of detachment [71–74]. Based on these findings podocy-
tes appear to form a significant portion of the kidney’s
filtration barrier, and the proteinuria seen in nephrotic
syndrome is now thought to result directly from the leak-
age of massive amounts of protein across the GBM at
these sites of podocyte detachment.

In addition to dramatic changes in foot process struc-
ture during nephrotic syndrome, significant alterations
also occur in the filtration slits and slit diaphragms. Foot
process effacement results in a decrease in the filtration
slit frequency along the GBM and has been associated
with narrowing of the filtration slits and development of
actual tight junctions between foot processes [20]. These
structural alterations in the filtration barrier may act to-
gether to reduce overall glomerular filtration, a finding
reported in human nephrotic syndrome [75]. Support for
the importance of podocytes in the maintenance of the
glomerular filtration barrier includes mathematical cal-
culations which suggest that the filtration slits provide
about 50% of the hydraulic resistance of the glomerular
capillary wall, and studies showing induction of protein-
uria following treatment of rats with an antibody directed
primarily against a slit membrane-associated antigen
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processes [47]. Molecular cloning of synaptopodin has
revealed that it constitutes a novel class of proline-rich
proteins, and that it appears to be a linear protein due to
the equal distribution of proline residues along its entire
sequence (Mundel et al., manuscript in preparation).

What is the relationship between the microtubular
system of the major processes and the microfilament
system of the foot processes? The microfilament bun-
dles form arches between adjacent foot processes within
each podocyte and are anchored in the sole plates of the
foot processes, which in turn are firmly attached via the
integrin complex to the GBM. The bends of these arches
appear to be connected directly to the microtubules of

Fig. 4A, B Comparison of podocyte foot process structure in the
normal state and during nephrotic syndrome. A Transmission elec-
tron micrograph of a glomerular capillary loop from a normal rat.
Note the regular arrangement of delicate podocyte foot processes
(arrows) attached to the GBM (arrowhead) around the periphery
of the capillary. B A similar micrograph of a glomerular capillary
loop from a rat with nephrotic syndrome (induced by injection of
heterologous α-GBM serum 7 days earlier). In contrast to the deli-
cate arrangement of foot processes in the normal animal, the foot
process (large arrows) have retracted and spread out (or effaced)
along the GBM (arrowhead) to form a continuous band of cyto-
plasm. In severe disease individual foot processes may no longer
be seen (as in this photograph), and the foot processes may detach
from the underlying GBM (not shown). In this photograph a dense
band of actin filaments (small arrows) can also be seen along the
effaced foot processes running parallel to the GBM. ×17|300



during development of foot process effacement in neph-
rotic syndrome. Significant alterations in the expression
of some of these proteins either preceding or following
foot process effacement further suggest that these pro-
teins have important pathophysiological or reparative
roles in nephrotic syndrome.

α-Actinin

α-Actinin is an actin-bundling protein thought to have an
important role both in the loose crosslinking of actin fila-
ments into contractile bundles and in helping to form the
anchoring complex for the ends of actin stress fibers
where they terminate on the plasma membrane at focal
contacts [91]. Podocyte foot processes are known to con-
tain high concentrations of actin [92, 93], and several re-
ports have documented an abnormal distribution and dis-
aggregation of podocyte actin microfilaments during the
development of foot process effacement [69, 94, 95].
Concomitant redistribution of actin and α-actinin in the
podocytes of nephrotic rats has also been reported [96],
and increased immunofluorescence staining of α-actinin
in podocytes has recently been noted during foot process
effacement in nephrotoxic serum nephritis (Masugi ne-
phritis) [97]. In addition, α-actinin has been shown to
bind to the cytoplasmic domain of the β1-subunit of inte-
grin molecules [98], which serve to attach the foot pro-
cesses to the GBM, suggesting it may be important in
anchoring podocyte actin microfilaments to integrins at
the base of foot processes. These findings suggest that
alterations in the expression and/or distribution of α-ac-
tinin, or alterations in its interactions with other podo-
cyte cytoskeletal proteins play an important role in the
development of foot process effacement and nephrotic
syndrome.

We have recently identified a significant transient in-
crease in the expression of glomerular α-actinin which
precedes the development of foot process effacement in
experimental nephrotic syndrome [99]. Using the PAN
nephrosis rat model, in which massive proteinuria and
diffuse foot process effacement typically develop within
5–7 days after injection, we found an early induction of
α-actinin on day 1 after injection, which returned to con-
trol levels by day 3 and remained normal thereafter. Im-
munolocalization studies localized the glomerular α-ac-
tinin almost exclusively to podocyte foot processes.
Identification of these changes lends further support to a
possible pathogenic role for dysregulation of cytoskeletal
and/or cytoskeleton-associated proteins in the develop-
ment of foot process effacement in nephrotic syndrome.

hsp27

Another molecule which might have an important role in
the molecular regulation of podocyte foot process struc-
ture is the low molecular weight heat shock protein (hsp)
27. We have recently identified high concentrations of
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[76]. Within the filtration slits the majority of the hy-
draulic resistance is thought to be provided by the slit di-
aphragms themselves [77].

Induction of foot process effacement by perfusing the
kidney with the polycation protamine sulfate has been re-
ported to cause apical displacement of the slit diaphragms
and development of true tight junctions between foot pro-
cesses [20]. Importantly, the ZO-1 protein colocalizes
acutely with both the newly formed tight junctions and the
displaced slit diaphragms [20] and is phosphorylated on
tyrosine residues [78]. These findings suggest that phos-
phorylation of tight junction-associated proteins may be
part of a signaling pathway responsible for slit diaphragm
displacement and the formation of tight junctions in po-
docytes during foot process effacement.

The negative charge of the podocyte glycocalyx also
appears to have a critical role in the regulation of podo-
cyte foot process structure. Several studies have reported
that infusion of polycations (protamine sulfate) into rats
resulted in both neutralization of the negative surface
charge and effacement of podocyte foot processes
[79–83]. These changes occurred within 10–30 min and
were largely reversible with subsequent infusions of the
polyanion heparin. Induction of nephrotic syndrome in
rats with PAN has been also reported in some [28,
84–86] but not all [87, 88] studies to be associated with
reduced negative charge of the glomerular filtration bar-
rier. In addition, these changes have been shown to be
correlated with a reduction in the sialic acid content of
podocalyxin [89]. Together these reports suggest that
maintenance of the negative charges in the GBM and on
podocytes is important for the maintenance of normal
glomerular filtration and foot process structure, and that
reduction in these negative charges may have an impor-
tant role in the development of nephrotic syndrome.

Finally, despite the abundant evidence linking the de-
velopment of nephrotic syndrome with structural chang-
es in podocyte foot processes, transient proteinuria in the
absence of any apparent changes in podocyte foot pro-
cess structure or charge has also been reported following
hydrogen peroxide infusion into the renal arteries of rats
[90]. These findings have not yet been duplicated by oth-
ers, and their significance remains unclear. To our
knowledge, all other models of experimental nephrotic
syndrome and all cases of nephrotic syndrome in humans
have been associated with podocyte foot process efface-
ment.

Potential Regulators of Foot Process Effacement

The sections above review normal podocyte structure
and function and the characteristic changes which have
previously been reported to occur in podocytes during
development of nephrotic syndrome. Recently, however,
several additional potential podocyte structural proteins
have been identified which may prove to have important
roles in the regulation of both normal podocyte structure
and the cytoskeletal changes in podocytes which occur



hsp27 in the podocytes of normal rats [100]. The hsps
comprise several families of intracellular proteins whose
expression are increased in response to various cellular
stresses, including heat and metabolic insults. These pro-
teins are named by their sizes (i.e., hsp27, hsp60, hsp70,
hsp90, hsp100) and have been reported to be involved in
the assembly, folding, translocation, function, and degra-
dation of intracellular proteins and protein complexes
[101–103]. Although the majority of high molecular
weight hsps (hsp60, 72, 90) have been identified in the
kidney [104–109], very few reports have identified low
molecular weight hsps (hsp27) in the kidney [110, 111],
and its function in the kidney is unclear.

Although the exact functions of hsp27 are not yet
known, suggested functions include involvement in resis-
tance to thermal and metabolic stress, growth and differ-
entiation, signal transduction, and functioning as a mole-
cular chaperone [112–118]. Other studies have reported
that hsp27 is an actin-associated protein [119] which in-
hibits actin polymerization in vitro [120], and that its ac-
tin polymerization-inhibiting activity is related to its
state of phosphorylation [121, 122]. It has also been re-
ported to be a component of a signal transduction path-
way that may regulate actin microfilament dynamics
[123] and one pathway has now been identified whereby
hsp27 is phosphorylated as a result of activation of a pro-
tein kinase cascade by the cytokine interleukin-1α [124].
Taken together these findings suggest that hsp27 may
play an important role in the maintenance of the kidney’s
filtration barrier and normal podocyte foot process struc-
ture by regulation of actin microfilament dynamics in the
foot processes.

In an effort to further define the role of hsp27 in the
regulation of foot process structure we analyzed changes
in glomerular hsp27 expression and phosphorylation dur-
ing the development of podocyte foot process effacement
in experimental nephrotic syndrome. Following a single
injection of PAN rats developed diffuse podocyte foot
process effacement within 7 days after injection. This
was associated with a significant increase in both glom-
erular hsp27 expression (87±2%) and phosphorylation
(101±32%) at day 10 after injection [100]. Immunolocal-
ization of hsp27 within the glomeruli revealed that it was
almost completely restricted to podocytes. Together with
the identification of hsp27 in normal podocytes, these
findings suggest that hsp27 may also have an important
role in regulating the pathophysiological cytoskeletal
changes which occur in podocytes during development
of nephrotic syndrome.

Induction of hsp27 in podocytes during development
of foot process effacement suggests three possible func-
tions for this protein. (a) A pathophysiological stimulus
might directly induce hsp27 expression and phosphoryla-
tion, resulting in disturbance of the delicate balance be-
tween actin polymerization and depolymerization within
foot processes. Disruption of foot process cytoskeletal
dynamics might then lead to alterations in foot process
structure, and ultimately to foot process effacement and
proteinuria. This sequence of events would support a

pathophysiological role for hsp27 in the development of
nephrotic syndrome. (b) In an alternative scenario the
pathophysiological stimulus might induce foot process
effacement directly, resulting in induction of hsp27 as a
specific response to the altered distribution [69, 96] and
disaggregation [95] of actin microfilaments seen during
foot process effacement. In this sequence of events
hsp27 would have a role in the reparative or protective
response of the podocyte to cellular stress. This function
for hsp27 has been demonstrated in cell culture systems
where transfection of hsp27 cDNA into several cell types
induced markedly enhanced resistance to oxidative, ther-
mal, and metabolic stresses [112, 113, 125–127]. (c)
Lastly, the pathophysiological stimulus might induce
foot process effacement directly, resulting in induction of
hsp27 expression and phosphorylation as a nonspecific
podocyte response to a stress unrelated to the altered ac-
tin microfilaments associated with foot process efface-
ment. Since significant induction of glomerular hsp27
did not develop until after the development of massive
proteinuria and foot process effacement, the observed
changes most strongly support a role for hsp27 in the
podocyte response to cellular stress resulting from dys-
regulation of actin microfilaments in the foot processes.
This is further supported by the recent finding that hsp27
redistributes from the podocyte cell body toward the
more distal actin-rich foot processes during the develop-
ment of foot process effacement (Smoyer et al., manu-
script in preparation).

These changes in glomerular hsp27 expression appear
to represent a generalized stress response of the podocyte
during foot process effacement. We recently analyzed
glomerular hsp27 expression using an alternate animal
model of nephrotic syndrome (nephrotoxic serum ne-
phritis or Masugi nephritis) and found that during devel-
opment of foot process effacement glomerular hsp27 is
induced even more strongly than in PAN nephrosis
(Smoyer et al., manuscript in preparation). In contrast to
the PAN studies where nephrotic syndrome is thought to
result from toxic injury to podocytes, Masugi nephritis is
induced by injection of heterologous anti-GBM antibody
and results in a proliferative glomerulonephritis charac-
terized by an influx of polymorphonuclear leukocytes
and mononuclear cells [128–131]. These similar re-
sponses by the podocyte in pathophysiologically distinct
models of nephrotic syndrome suggest that a variety of
mechanisms (i.e., toxic, immunological, etc.) for the in-
duction of nephrotic syndrome ultimately converge on a
common molecular pathway which elicits a similar or
identical stress response by podocytes during foot pro-
cess effacement.

Integrins

Podocyte foot processes surround the GBM and the un-
derlying endothelium, and together they form the blood
filtration barrier which maintains selective permeability
to proteins (see Fig. 1). Attachment of the podocyte cell
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membrane to the GBM occurs via binding of cell adhe-
sion molecules, called integrins, to extracellular matrix
proteins (e.g., laminin, collagen IV, fibronectin) in the
GBM. Integrins are heterodimeric proteins, composed of
a single α-chain noncovalently linked to a single β-
chain. The predominant integrin which has been identi-
fied on glomerular podocyte foot processes is the α3/β1-
integrin [63, 132–135]. The extracellular domain of the
integrin interacts with the extracellular matrix of the
GBM, while the cytoplasmic domain interacts with the
cytoskeletal protein actin through a heteromeric complex
of actin-associated proteins including talin, vinculin, α-
actinin, and paxillin [59, 78, 98, 132]. These protein-
protein interactions are thought to be critical in main-
taining podocyte foot process structure and attachment
to the GBM.

Because of this role alterations in the expression
and/or function of integrins have been suggested to have
a potentially important role in proteinuric diseases such
as nephrotic syndrome [136]. Although direct quantita-
tion of changes in integrins during nephrotic syndrome
has not been reported, there is strong indirect evidence
suggesting a critical role for the glomerular α3-integrin
subunit in the maintenance of podocyte foot process
structure. Kreidberg et al. [137] recently analyzed trans-
genic mice homozygous for an α3-integrin subunit muta-
tion (who died shortly after birth) and found extensive
podocyte foot process effacement and disorganization of
the GBM in the glomerular capillary loops. Additional
studies by Adler et al. [138] have demonstrated increased
albumin permeability of glomeruli and decreased adhe-
sion of podocytes to GBM matrix components in vitro
following incubation with an antibody directed against
the β1-integrin subunit. In these studies crosslinking of
anti-β1-integrin Fab fragments with a second antibody
was necessary to induce albumin permeability, suggest-
ing that crosslinking of β1-integrin molecules on the sur-
face of foot processes is a critical early event in the de-
velopment of altered glomerular permeability. These in-
vestigators also reported that perfusion of rat kidneys
with anti-β1-integrin antibodies is capable of inducing
modest proteinuria in vivo [139]. Descriptive studies in
humans, however, have not identified significant changes
in the glomerular expression of β1-integrin in human
nephrotic syndrome [64, 140].

Because of the apparent central role of α3/β1-integrins
in the maintenance of a normal glomerular filtration bar-
rier via attachment of foot processes to the GBM we re-
cently analyzed the glomerular expression of both the α3-
and β1-integrin subunits at several time points during de-
velopment of foot process effacement and nephrotic syn-
drome. Our studies used the PAN rat model in which dif-
fuse foot process effacement and massive proteinuria
characteristically develop between 5–7 days following a
single injection of PAN [141]. We found a significant in-
crease in glomerular α3-integrin expression compared to
control animals only at day 10 after PAN injection, clear-
ly following the development of podocyte foot process ef-
facement and nephrotic syndrome [99]. Since this protein

is expressed in all three glomerular cell types (endotheli-
al, mesangial, and podocytes) [132, 142], however, this
induction of glomerular α3-integrin following foot pro-
cess effacement cannot be clearly attributed to podocytes.

If these changes were in fact significantly restricted to
podocytes, they might represent a reparative response of
the podocyte to normalize its attachment to the GBM by
increasing the expression of extracellular matrix-binding
proteins. Interestingly, we did not observe similar signifi-
cant changes in the glomerular expression of the β1-inte-
grin subunit either preceding or following the develop-
ment of podocyte foot process effacement and nephrotic
syndrome. This discrepancy might have resulted either
from delayed induction of β1-subunit compared to α3-
subunit expression or from insensitivity of our assay to
detect changes due to the higher basal expression of the
β1-integrin subunit in glomeruli. It is clearly possible
that disruption of the physical interaction between the
podocyte integrin extracellular domain and the GBM or
between the integrin intracellular domain and the foot
process cytoskeleton is in fact more important in the de-
velopment of foot process effacement than alterations in
integrin subunit expression.

Summary

Maintenance of the delicate structure of normal podocy-
tes appears to be actively regulated and involves complex
interactions between the extracellular matrix proteins of
the GBM, the transmembrane integrins in podocyte foot
processes, and numerous podocyte cytoskeletal proteins.
Although nephrotic syndrome is a common kidney dis-
ease among adults and is among the most common kid-
ney diseases seen in children, little is known about the
cellular and molecular changes which occur within po-
docytes during the development of foot process efface-
ment and nephrotic syndrome. Recent studies have iden-
tified several proteins expressed in podocytes which may
have important roles in either induction of or recovery
from the pathophysiological cytoskeletal changes in pod-
ocyte foot process structure observed during nephrotic
syndrome. Early induction of α-actinin may result in
dysregulation of actin microfilament bundling in foot
processes, resulting in disruption of normal foot process
structure. In contrast, late induction of hsp27 may re-
present a stress response by podocytes to the actin disag-
gregation in foot processes which characterizes nephrotic
syndrome. Finally, disturbances in the expression and/or
interactions between the α3/β1-integrin heterodimers and
either extracellular GBM proteins or intracellular podo-
cyte cytoskeletal proteins may have roles in either the
development of or recovery from altered foot process
structure.
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