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In the kidney, the slit diaphragm joins adjacent podocytes, forming an epithelial barrier that filters plasma into the urinary
space, yet retains blood cells and proteins within the circulation. In this issue of the JC/, Soda et al. have identified
clathrin-mediated endocytosis as a central mechanism by which the function and structural integrity of the slit diaphragm
are maintained.
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Taking a bite: endocytosis in the maintenance
of the slit diaphragm
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In the kidney, the slit diaphragm joins adjacent podocytes, forming an epithe-
lial barrier that filters plasma into the urinary space, yet retains blood cells
and proteins within the circulation. In this issue of the JCI, Soda et al. have
identified clathrin-mediated endocytosis as a central mechanism by which
the function and structural integrity of the slit diaphragm are maintained.

The glomeruli of the human kidney filter
almost 200 liters of fluid every day, but must
retain the albumin and other large proteins
within the circulation. The fluid has to cross
three layers: the endothelium, the glomeru-
lar basement membrane (GBM), and the
epithelial cells or podocytes. The GBM (1)
and the slit diaphragm (2), a structure that
joins adjacent podocytes, are two barriers
to protein filtration, but the endothelial
cell also likely plays a role. Disruption of
these barriers results in proteinuria, a con-
sequence of many kidney diseases.
Podocytes begin life as tall epithelial cells
that have typical tight junctions near the
apex separating the apical surface from the
lateral cell membranes. As development
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progresses, these junctions migrate down-
ward toward the basal surface of the mature
podocytes, becoming the slit diaphragm (3).
Unlike other polarized epithelia, the lateral
surface is above these specialized tight junc-
tions and is continuous with and identical
to the apical surface. The basal surface dif-
ferentiates into thin interdigitating struc-
tures called foot processes that are joined
together by the cell-cell junctions of the slit
diaphragm. During proteinuric disease, the
foot processes lose their fine structure and
collapse into a mass of cytoplasm on top
of the basement membrane (4). The obser-
vation that a great abundance of actin and
actin-binding proteins accumulates in these
diseased foot processes suggested that actin
dysregulation might play a key role in the
pathogenic progression (5). The discovery
that a-actinin4 mutations were also asso-
ciated with heavy proteinuria also helped
bring attention to the role of actin (6).
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Since then, mutations in humans or ani-
mals in other actin-binding proteins —
including Nck, CD2AP, and dynamin —
were also found to mediate proteinuria (7).
Further, the cytoplasmic domains of many
slit diaphragm components can bind actin
or signal to actin, further suggesting a key
role for this cytoskeletal protein (8). But
what was the actual cell biological process
in which actin was so central? Was the pri-
mary function of actin to maintain the slit
diaphragm, or was the actin rearrangement
merely a consequence of the permeability
change? Here, one might turn to basic cell
biology and physiology to find the definitive
answers. Unfortunately, the podocyte, when
grown in culture, loses its complex shape; it
has neither foot processes nor a real slit dia-
phragm. Given that actin is directly involved
in cell shape determination and mainte-
nance, this has placed the field in a difficult
position. However, an article in this issue by
Soda etal. has provided the first insight into
the process of maintenance of the slit dia-
phragm (9). The authors show that clathrin-
mediated endocytosis is required for podo-
cyte function and is the likely effector of the
changes in actin that are so often observed.
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Podocytes and the slit diaphragm. Schematic of neighboring podocytes attached to the GBM,
with key cell-cell adhesion proteins, including nephrin, Neph-1, P-cadherin, and the protocad-

herins FAT1 and FAT2.

The slit diaphragm is a specialized
epithelial junction

Our understanding of the molecular
components of the slit diaphragm ben-
efited from advances in positional cloning,
which identified nephrin as the founding
member of this protein complex. Other
proteins were then rapidly discovered,
including Neph-1 (a homologous protein
to nephrin), podocin, P-cadherin, and the
protocadherins FAT1 and FAT?2 (ref. 2 and
Figure 1). The cadherins bind, on their
cytoplasmic end, to a, f, and y catenins.
These studies led to the suggestion that the
slit diaphragm is a unique adherens junc-
tion, rather than a tight junction (10). The
finding that ZO-1, the classic tight junc-
tion scaffolding protein, was present in the
slit diaphragm suggested that the structure
is a modified tight junction. More recent
studies showed that typical tight junction
proteins, such as occludins, JAM-A, and
cingulin, also exist in the slit diaphragm
(11). Remarkably, in experimental nephro-
sis, more typical tight junctions reappear
in the podocytes (12). Thus, the slit dia-
phragm is clearly a unique cell connector
composed of proteins that are typical of
two classes of junctions.

Endocytosis regulates

slit diaphragm proteins

Endocytosis using clathrin-coated vesicles
occurs in all eukaryotic cells and serves
many functions, including recycling of
membrane proteins, delivery of material
into the cell, regulation of the number of
transport proteins, and cytoplasmic sig-
naling (13). It proceeds in five identifiable
steps. The first of these is specification of
a site where the membrane becomes dim-
pled, a process that requires the accumu-
lation of patches of phosphatidylinositol-
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4,5-bisphosphate. Second, these patches
recruit several membrane-bending proteins,
and the membrane adaptor protein AP2
binds to a specific “cargo” protein, such
as nephrin, in podocytes. Third, the bind-
ing of AP2 allows the clathrin coat to be
assembled into the typical triskelion cage.
Fourth, dynamin, the mechanochemical
enzyme powered by GTP hydrolysis, then
binds to the “neck” of the vesicle (in associa-
tion with other proteins, such as endophil-
ins, that have specific dimerization motifs
called BAR domains), eventually resulting
in scission of the neck. Finally, the neck of
the triskelion cage contains a defect that
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allows inositol-5 phosphatases such as syn-
aptojanin to disassemble the clathrin cage.

It was previously known that dynamin
degradation can result in proteinuria
and foot process effacement, but this was
ascribed to the fact that dynamin is also an
actin-binding protein (14). Soda et al. now
describe the deletion of several proteins crit-
ical for clathrin-mediated endocytosis spe-
cifically in podocytes (ref. 9 and Figure 2).
They found that deletion of synaptojanin,
dynamin, or endophilin caused proteinuria
and foot process effacement. The limita-
tion to this approach is that any of these
proteins might regulate actin directly, and
the resultant proteinuria might not be
related to an endocytosis defect. However,
recent studies have shown that recruit-
ment of dynamin, BAR domain proteins,
and endophilin to the site of clathrin-
mediated endocytosis requires actin, and
furthermore that actin and dynamin pro-
mote recruitment of one another through a
positive feedback system (15). In podocytes
in culture, Soda et al. were able to demon-
strate that actin accumulates with dyna-
min in sites of clathrin-mediated endocyto-
sis, but not at sites of actin stress fibers (9).
Furthermore, the authors demonstrated
that nephrin is endocytosed by clathrin-
coated vesicles. These studies also clari-
fied the role of other proteins implicated

Endocytosis in the podocyte. Assembly of clathrin-coated pits involves recruitment of various
membrane-associated proteins, including dynamin and endophilins, which bind at the neck of
the forming vesicle; the membrane adaptor protein CD2AP; and the phosphatase synaptojanin.
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in proteinuria and foot process effacement,
such as myosin 1E (which accumulates at
sites of endocytosis) and CD2AP (which is
a binding partner of endophilin and inter-
acts with dynamin and synaptojanin). Nck
is also an adaptor that binds to dynamin
and synaptojanin, and PI3K2a binds to
clathrin and is involved in endocytosis.
Although the present studies do not rule
out a primary role for actin dynamics in
proteinuric disease, they do raise the bar
for the kind of evidence that will be needed
to document such a mechanism.

Endocytosis in epithelial junctions

The work of Soda et al. (9) forces us to con-
front the role of endocytosis in the mainte-
nance and regulation of the slit diaphragm
and perhaps all junctional complexes. Sig-
nificant advances in structural and basic
cell biology have led to a clearer under-
standing of the structure and function of
epithelial junctions, but what role could
endocytosis be playing? The formation of
adherent junction was thought to be made
in two steps: delivery of cadherins to the
surface resulted in a mobile pool, which
then — apparently stabilized by cell-cell
cadherin contacts — accumulated first into
spots and then into long linear junctions.
Advances in video microscopy have demon-
strated that tight and adherent junctions
are dynamic structures both in vivo and in
the established junctions of confluent epi-
thelial cell cultures. de Beco et al. studied
“mature” epithelial junctions and found
that most E-cadherin molecules did not
diffuse in the plane of the membrane, but
rather had a rapid turnover that was medi-
ated by endocytosis (16). Blockade of dyna-
min in this system stopped endocytosis,
but did not result in E-cadherin redistribu-
tion, which suggests that endocytosis is the
major mechanism of stabilization of junc-
tion-located cadherin. Endocytosis was
also shown to be very active in removal of
claudins from tight junctions. In confluent
epithelial cultures, Matsuda et al. showed
a most startling result, that endocytosis
was peculiar (in their words), as the vesicle
seemed to “tear” off the claudins (a class of
tight junction membrane proteins) of the
two apposing cells, resulting in a double-
membrane vesicle that was directed to late
endosomes and then presumably lyso-
somes (17). Further, it was not the whole
membrane that was “bitten” off by the
endocytic vesicle, but only the patch that
harbored claudins, because the double-
membrane vesicles did not contain ZO-1 or
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JAM-A. Clearly, the claudins were destined
for degradation, because the authors also
demonstrated that the E3 ubiquitin ligase
LNX1 bound to claudins and caused their
removal from the junctional complex (18).

Thus, in all junctions (and we can now
include the slit diaphragm in the list),
endocytosis is critical for maintenance of
permeability and even polarity of the epi-
thelial cell. Endocytosis is very rapid and
has been shown to be associated either with
recycling of the proteins back to the junc-
tion or with processing them for degrada-
tion (19). However, many studies were done
in cell culture, sometimes following the
disruption and reformation of the junc-
tion. Other studies of endocytosis in vivo
have been usually performed in the context
of tissue development (20) or pathologi-
cal states, such as epithelial-mesenchymal
transition and oncogenesis. But what do
the present studies tell us about the role
of this process in maintenance of mature
epithelial structures in vivo? Does vigorous
endocytosis imply that junctional protein-
protein contacts become unstable and con-
stantly need renewal? Or, if the purpose of
this process is to simply recycle protein
components, what might be the advantage
of repeatedly making and breaking the
junction? It is probable that junctions are
always under stress, most likely from the
movement of cell membranes against each
other. Hence, the strands formed by adhe-
sion proteins might break frequently and
require replacement. In the case of the slit
diaphragm, the permeability barrier is sub-
jected to the high pulsatile pressure of the
glomerular capillary as well as to massive
fluid flow through these junctions. These
stresses might necessitate continuous
replacement of damaged strands of junc-
tional complexes.

The slit diaphragm junction is composed
of many adhesion proteins, including
P-cadherin, the giant protocadherin FAT,
nephrin, Neph-1 and Neph-2, and occlu-
din. While the molecular details remain
unclear, there are at present excellent cad-
herin structural studies (21). These reveal
that swapping of f-strand domains located
on cadherins belonging to two neighbor-
ing epithelial cells forms extremely tight
adhesive cell-cell interactions. These might
provide key stabilizing interactions that
maintain the structural integrity of the
slit diaphragm. This is particularly nota-
ble in the kidney, given that all compo-
nents of the glomerular permeability bar-
rier are continually exposed to significant
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mechanical and shear stress as filtrate is
forced into the urinary space in a pulsatile
manner. There is also good evidence that
classical cadherins act as mechanosen-
sors to sense and transmit these forces.
For instance, endothelial cells were shown
to adapt to shear forces exerted by blood
flow via a network that included VE-cad-
herin, PECAM, and integrins. Activation
of VEGFR increased vascular permeability
by causing clathrin-mediated endocyto-
sis of VE-cadherin and hence disrupting
endothelial cell-cell junctions (22). Fur-
thermore, application of mechanical force
in vitro to E-cadherin elicited proportional
changes in junctional adhesion strength
(and at the same time required an intact
actomyosin skeleton) (23). Finally, it was
recently demonstrated that the actomyosin
cytoskeleton exerts tension on membrane-
bound E-cadherin that is further increased
at cell-cell junctions when adhering cells
are stretched (24).

Conclusions

The present findings of Soda et al. (9)
contribute to accumulating evidence that
podocyte cell-cell junctions are not static
structures in a stable environment. Rather,
constant fluctuation in systemic blood pres-
sure, salt intake, and intravascular volume
likely require continual remodeling, fine
tuning, and repair of slit diaphragm sub-
structures. Clathrin-mediated endocytosis
would provide a rapid and efficient mecha-
nism to degrade, recycle, and/or regulate the
number of podocyte adherens junctions in
response to physiologic conditions. More-
over, cadherin-based sensing of dynamic
forces in the glomerular environment and
regulation of intracellular signaling poses
an intriguing mode of mechanotransduc-
tion. It is perhaps fortunate that the human
P-cadherin situated in the slit diaphragm
has an unusually tight binding affinity rela-
tive to most other vertebrate P-cadherins
(B. Honig, unpublished observations), given
our own dietary affinity for salt.
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Leaky channels make weak muscles
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Mutations in the skeletal muscle voltage-gated calcium channel (Cay1.1)
have been associated with hypokalemic periodic paralysis, but how the
pathogenesis of this disorder relates to the functional consequences of
mutations was unclear. In this issue of the JCI, Wu and colleagues recapitu-
late the disease by generating a novel knock-in Cay1.1 mutant mouse and use
this model to investigate the cellular and molecular features of pathogenesis.
They demonstrated an aberrant muscle cell current conducted through the
Cavyl1.1 voltage-sensor domain (gating pore current) that explains an abnor-
mally depolarized muscle membrane and the failure of muscle action poten-
tial firing during challenge with agents known to provoke periodic paralysis.
Their work advances understanding of molecular and cellular mechanisms
underlying an inherited channelopathy.

Ion channels are ubiquitous membrane
proteins that confer selective ionic perme-
ability to the plasmalemma or intracellular
membranes and enable a wide variety of
important physiological processes, includ-
ing membrane excitability, synaptic trans-
mission, signal transduction, cell volume
regulation, and transcellular ion transport.
The vital nature of ion channels is reflect-
ed by the existence of inherited disorders
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caused by mutations in genes that encode
these proteins (1-5). These “channelo-
pathies” represent more than 50 human
genetic diseases, including several affect-
ing skeletal muscle contraction, such as
the periodic paralyses and nondystrophic
myotonias (see “Muscle channelopathies”).

Hypokalemic periodic paralysis

Plasma membrane channels in skeletal
muscle are essential for the generation and
propagation of action potentials, leading
to release of intracellular calcium through
the process of excitation-contraction cou-
pling. Ion channel dysfunction can hinder

contraction by impairing action potential
firing along the membrane. A characteris-
tic symptom of this phenomenon is known
as “periodic paralysis,” a form of paroxys-
mal weakness that occurs in the absence of
neuromuscular junction or motor neuron
disease. Periodic paralysis is most often
thought of as an inherited disease, but
certain acquired conditions can produce a
similar phenotype. Disturbances in plasma
potassium ion concentration often accom-
pany bouts of weakness, and the direction
of change has been used to classify the con-
dition as hypokalemic, hyperkalemic, or
normokalemic periodic paralysis (6). These
conditions are not lethal, because respira-
tory muscles are spared.

Although the clinical features and inher-
itance pattern have been known since the
first half of the twentieth century, the
pathophysiology of periodic paralysis
remained mysterious until approximately
30 years ago, when investigators in Ger-
many published their electrophysiologi-
cal observations on explanted intercostal
muscle fibers from subjects with periodic
paralysis (7). These studies revealed that
resting membrane potential was less nega-
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