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Introduction
The structure, function and components of the glomerular barrier have been a subject of
debate among researchers for decades. Recent advances have identified many of the
molecular components of the barrier, but their functional interactions and individual or
collective contribution to the selective barrier remains elusive. The filtration barrier is
comprised of the single glomerular capillary lined by the glomerular endothelial cells, the
glomerular basement membrane and the specialized epithelial cells- podocytes that cover the
basement membrane on the its side facing the urinary space (Figure 1). On the capillary side
of the basement membrane smooth muscle like cells called mesangial cells occupy space
between the capillary loops and provide structural support to the capillaries.

The glomerular barrier is a complex biological sieve. It allows for high filtration rates of
water, passage of small and mid-sized molecules, while completely restricting serum
albumin and larger proteins. Based on a glomerular filtration rate of 100 ml/min, close to
180 liters of primary urine is produced every day at capillary pressures far exceeding
pressures in any other capillary bed in the body. The majority of the filtrate is reclaimed by
the tubules, raising the possibility of their role in protein reabsorption as well.

Perturbation of the components of the filtration barrier or molecular pathways can result in
the clinical end points of proteinuria and progression to end-stage renal disease. There
appears to be a relationship between development of effacement (spreading) of podocyte
foot processes and proteinuria, though the reverse is not always true. This has resulted in a
primary focus on podocytes as the key player in protein leak. Whether foot process
effacement is a manifestation of podocyte injury resulting from leakage of normal or
pathological protein or a yet unknown molecule; or it is the primary event which occurs
prior to initiation of proteinuria remains to be seen. Despite the podocyte dominant view of
the glomerular filter there is no diminishing the contribution of the other components of the
filtration barrier as well as the role of hemodynamics, tubular re-absorption and diffusion
gradient across the GBM. The role of mesangial cells as a primary cell responsible for
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development of proteinuria remains unclear. There is data to support the mesangial cells are
influenced by ongoing proteinuria. They produce cytokines and inflammatory products in
response to albuminuria or in response to glycation end products in diabetes. This leads to
progressive scarring by deposition of matrix proteins. Bone marrow transplantation from db/
db mice to normo-glycemic B6 mice resulted in development of albuminuria and glomerular
lesion, presumably from transfer of mesangial cell progenitor (1).

The molecular mechanisms that lead to proteinuria are poorly understood; therefore,
targeted therapies are lacking. However, a large body of information has emerged in this
field, which has advanced our understanding of the molecular mechanisms that are in play
during both development and maintenance of the filtration barrier. In this review we provide
a broad overview of the different aspects of the filtration barrier and the pathogenesis of
proteinuria.

Glomerular Endothelial Cells
The inside of the glomerular capillaries are covered with highly specialized endothelium.
Secondary to signals from the podocytes and mesangium, which include VEGF, the
endothelium acquires a highly fenestrated phenotype (2). The fenestrations cover up to 20%
of the endothelial surface and facilitate high flux filtration of fluid and small solutes. In
addition, the glomerular endothelial cells actively synthesize the glycocalyx and basement
membrane. The glycocalyx is a 100–300 nm thick layer of membrane associated
proteoglycans, glycosoaminoglycans, glycolipids and trapped plasma proteins (see figure
2.). The presence and potential importance of the glycocalyx surface has been overlooked
due to the technical complexity to study its function-structure relationship. Only after
specialized preservation techniques (e.g. high pressure freezing and the use of alcian blue)
one can visualize, for example, the glycoso-aminoglycans. Using such techniques, Rosgard
et al. were able to demonstrate that glomerular endothelial cells are not only covered with
proteoglycans, but that in fact these proteoglycans formed a plug in the fenestrae that
stretched out to the glomerular basement membrane (3). Electron microscopic studies
suggest that these plugs are organized in a regular periodic way that may thus create
pathways of different diameters for diffusion while the negative electrical charges of the
glycosaminoglycan molecules may form an important charge barrier to prevent albumin
filtration. The presence of charge selectivity has recently been debated, as measurements of
glomerular sieving coefficients using intravital 2-photon microscopy suggest that such a
charge barrier does not exist (4). Although the barrier against filtration of albumin most
likely is not absolute, one has to realize that assessment of filtration sieving coefficients with
these techniques is subject to multiple factors that influence these measurements of albumin
filtration. Variations include the effect of tissue depth of measurements, detector sensitivity
(the amount of laser excitation given), and the nature of the probes used (degree of
polydispersion). Moreover, genetic strain, age and nutritional status may affect sieving
coefficient as well (e.g. aged Fawn Hooded male rats have spontaneous proteinuria)(5). In
support of an important role of the endothelial glycocalyx in prevention of albumin
filtration, we recently observed that specific disruption of the endothelial glycosurface by
the enzyme hyaluronidase resulted in albuminuria, while podocyte and tubular
ultrastructures were unaltered (unpublished observations). Similar findings were reported by
Gelberg et al. when they injected sialidase intraperitoneally in mice who developed foot
process effacement and proteinuria due to loss of charge on the endothelial and podocyte
cell surface (6).

Interestingly, there is probably a direct relationship between endothelial cell activation and
loss of glycocalyx surface. Normally the endothelium maintains a quiescent phenotype
where nitric oxide signaling dominates. Upon exposure to cardiovascular risk factors or
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inflammatory molecules the endothelial cell may switch to redox signaling and loose
glycocalyx structure (7,8). As endothelial activation has also been implicated in the
development of cardiovascular disease, this phenomenon may explain the strong
epidemiological association of the occurrence of albuminuria with the development of
cardiovascular risk (9).

In general in the microcirculation, endothelial cells always require signals such as
angiopoietins and VEGF’s from their direct neighboring cells to maintain a stable and viable
phenotype. At the same time, endothelial cells also control the phenotype of these adjacent
cells by secreting factors such as PDGF, jagged 1 and CNP (10). Extrapolating these
observations to the glomerulus, it is most likely that the endothelium and its function also
are important in maintaining the glomerular architecture. For example, endothelial specific
overexpression of the Receptor for Advance Glycation End-products results in
glomerulosclerosis and albuminuria (11).

Glomerular Basement Membrane
GBM is mainly comprised of type IV collagen (collagen α3, α4, and α5 chains),
proteoglycans and laminins. GBM was the primary focus of the initial investigations into the
selectivity of the glomerular filtration barrier. It was considered to play a central role in
filtration of macromolecules and function both as a size selective and charge selective
barrier. While collagen IV and laminin provide the structural support to the capillary wall
the proteoglycans perlecan and agrin and their negatively charged glycosaminoglycan side
chains provide the GBM with its attribute of charge selectivity. One argument against its
role as the primary barrier are illustrated by diseases like Alport’s syndrome and thin
basement membrane disease, where mutation in the gene encoding the type IV collagen or
the basement membrane thickness do not result in significant proteinuria. In mice, a
mutation in α3 type IV collagen leads to elimination of all three chains as there are
abnormalities in assembly of the tertiary structure (12). These mice show evidence of GBM
splitting, thinning and basket weave appearance though the podocyte foot process and the
endothelial layer remains intact. They develop proteinuria initially followed by foot process
effacement, suggesting that effacement is a manifestation of podocyte injury (13).

Laminins are heterotrimeric proteins that self-assemble into a network in the basement
membrane. Laminin 11 (α5, β2 and γ1 chains) is found in mature GBM and connect to
collagen IV via nidogen and entactin. Human mutation in the Laminin β2 gene (Lamb2)
results in Pierson’s syndrome which is a rare congenital nephrotic disorder with ocular
abnormalities (14). Mice lacking the β2 chain (Lamb2−/−) develop proteinuria and die in
the perinatal period (15). Interestingly, these mice had evidence of GBM disorganization
that preceded proteinuria while podocytes and the slit diaphragm appeared normal initially
(16). Tracer studies further confirmed increase in GBM permeability in the knock-out mice.
These results suggest a role of GBM in the filtration barrier permselectivity. Alternatively,
one may postulate that such severe disruptions of the basement membrane that occur in the
lamb 2 −/− mice might also affect endothelial and podocyte function, thus indirectly
promoting the development of albuminuria.

It has been hypothesized that the negatively charged heparan sulfates that are present in the
glomerular basement membrane may also contribute to charge selectivity of filtration and
prevent albumin leak. Seminal studies by Farquhar et. al demonstrated that on removal of
glycosaminoglycans in the GBM by perfusion of bacterial glycosaminoglycan-degrading
enzymes led to increased passage of labeled bovine serum albumin through the GBM (17).
In contrast, removal of the anionic sites in the GBM using heparanase did not result in
albuminuria (18). Also, mice that over-expressed the enzyme heparanase, displaying a
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fivefold reduction of anionic sites in the GBM did not develop albuminuria (19), questioning
the importance of heparan sulfates in creating charge selectivity of filtration.

Podocytes
Podocytes are terminally differentiated epithelial cells, with similarities to neurons, which
cover the GBM facing the urinary space. They have octopus like extensions from the cell
body called primary processes which further branch to form secondary and tertiary
processes and engulf the capillary loops. The junction between the tertiary foot processes is
a specialized region termed the slit diaphragm and is thought to be a modified adherens
junction. The slit diaphragm contains transmembrane proteins like Nephrin and Neph1
which are unique to the podocytes but also proteins like FAT1, P-cadherins and catenins
which are typical for an adherens junction. Interestingly tight junction proteins like JAM-A,
occludin and ZO-1 have also been demonstrated to be at the slit diaphragm using
fractionation, immunofluorescence and immunoelectron microscopy (20). Unlike podocytes
most other epithelial cells contain tight junctions and adherens junction as distinct separate
protein complexes. The tight junction separates the apical and basolateral domains and help
in defining and maintaining cell polarity. Adherens junction is located more basal to the
tight junction and forms a tether for the actin cytoskeleton. During development the slit
diaphragm originates as a typical tight junction which then migrates down as the foot
process grow in length and persists as the interdigitation of the tertiary foot processes (21).
In recent years, the discovery of the molecular basis of (dys)regulation of slit diaphragm
structure and function, and its direct link to genetic forms of nephrotic syndrome, has put the
podocyte in the center of thinking in regards to development of albuminuria. It is, however,
important to discriminate albuminuria in the setting of genetic mutations of slit diaphragm
proteins, from albuminuria that develops in the context of diabetes, hypertension and
progressive renal disease. In the latter conditions, as discussed previously, endothelial
activation and loss of charge selectivity of a highly fenestrated endothelium probably is the
first event to occur. This consequently exposes the podocytes to the deleterious effects of
albumin and other macromolecules. In metabolic diseases such as diabetes, albumin will
have undergone chemical modifications such as glycation, nitration and binding of
(modified) lipoproteins and free fatty acids (22). It is therefore likely that exposure to
(modified) albumin may directly lead to alterations in podocyte function and rearrangement
of slit diaphragm structure. Interestingly, podocytes can express scavenger receptors, such as
the receptor for advanced glycation end products, megalin and CXCL16 (23). In this
scenario, podocyte effacement could then be looked upon as a response to injury, and
spreading and migration would serve to maintain coverage of the glomerulus by the
podocytes.

Podocytes are also covered by glycocalyx, principally podocalyxin, a heavily glycosylated
protein (24). In puromycin treated rats that develop proteinuria and foot process effacement
show lower sialic content of podocalyxin (25) linking effacement to reduced negative
surface charge of podocyte. Despite a large body of available literature the study of
podocyte biology has been severely hamstringed by the lack of a good cell culture model
that would recapitulate in-vivo podocyte phenotype. Based on the available data, podocytes
have a remarkable structure function relationship that can be broadly examined by the
signaling occurring at its intercellular junction (the slit diaphragm) and the relationship of
the podocytes with the basement membrane (podocyte-GBM).

1. Slit Diaphragm: Regulation of Actin Cytoskeleton
Podocytes and specifically their intercellular junction termed the slit diaphragm have
become the major focus of investigation in diseases presenting with proteinuria. This has
been fueled by the discovery of single gene mutations in protein expressed at the slit
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diaphragm, that are responsible for the development of nephrotic syndrome in both human
diseases and animal gene knock out models. The first such protein to be identified at the slit
diaphragm was nephrin (NPHS1) which was found to be mutated in newborns suffering
from the congenital nephrotic syndrome of the Finnish type (26). Nephrin belongs to the
immunoglobulin superfamily whose members are involved in cell-cell adhesion. It is
thought Nephrin binds across the junction to itself or a similar protein called Neph1 (27,28),
forming a structure reminiscent of the zipper like structure described by Karnofsky and
Rodewald in 1974. This cross junctional binding has been postulated to form a physical
sieve that creates a size-selective pore in the slit diaphragm (29). In the absence of nephrin,
there is failure to develop the slit diaphragm. Similarly, mutations in Podocin (NPHS2) a
member of the stomatin family is also responsible for familial nephrotic syndrome (30). The
lack of significant proteinuria in patients with Alports syndrome with mutations in GBM
component type IV collagen when compared to the massive proteinuria of patients with
mutant NPHS1 and NPHS2 provides evidence that the slit diaphragm plays a crucial role in
forming the macromolecular glomerular filter. Nephrin-Neph1-Podocin is postulated to
represent a junctional receptor. Based on available evidence it appears that this receptor
complex plays a role in orchestrating the regulation of the actin cytoskeleton (31). Using
either the Cre-lox system, classical knock down or transgenic animal models, numerous
proteins have been deleted or over-expressed resulting in either normal development or foot
process abnormalities and proteinuria (32–49) (see table 1 for a list of proteins/genes
implicated in development of foot process and proteinuria). Interestingly many of these
proteins are directly or indirectly involved in regulation of actin dynamics. A number of
investigations demonstrate that the Nephrin-Neph1 receptor complex assembles a complex
of proteins important in not only the nucleation of actin filament but also in regulating its
morphology and elongation (50). Nephrin interacts with Nck in a tyrosine phosphorylation
dependent manner resulting in nucleation of actin filaments forming actin pedestals (51–53).
Furthermore, deletion of Nck1/2 conditionally in podocytes resulted in failure of foot
process development, a phenotype similar to nephrin deletion (53) emphasizing the structure
function relationship of these cells. Similarly, Neph1 recruits Grb2 and cooperates with
Nephrin-Nck in actin polymerization (31). In a related model, phosphorylation of vaccinia
viral protein A36R, by Src kinase, results in recruitment of Nck and associated actin
polymerization machinery resulting in robust formation of actin filaments (54).
Phosphorylation of a second A36R tyrosine residue leads recruits Grb2 and appears to
cooperate with Nck to facilitate actin polymerization (55). The importance of the role of Src
family tyrosine kinase Fyn in this process is highlighted by the observation that Fyn null
mice have attenuated nephrin phosphorylation and abnormal foot process morphology
(56,57).

The accumulating evidence from the different mouse models indicates that actin dynamics is
not only important in the initial development of the podocyte foot process and its
intercellular junction but also plays a role during injury and repair. Deletion of NPHS1 (26),
NPHS2 (30), Neph1 (58), or FAT1(59) each result in abnormal foot process development
whereas deletion of other genes like Cfl1 (50,60), aPKC (61,62) and CD2AP (63) result in
foot process abnormalities in mature podocytes following normal initial development. The
latter is also observed in human diseases with actin polymerization related gene mutations
like α-actinin 4 (64), TrpC6 (65–67) and INF2 (68). This suggests ongoing actin dynamics
in mature healthy podocytes and supported by recent data using in-vivo imaging techniques
showing that podocytes are constantly motile (69). Although these studies are limited by the
resolution of the techniques used to image in-vivo podocytes and are still debatable, the
existing paradigm of a stable quiescent podocyte foot process and its intercellular junction is
being questioned.
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The processes of podocyte injury and repair also involve dynamic actin polymerization and
turnover. Effacement which originally was thought to be a passive process, is actually a very
active actin reorganization mediated by a specific set of signaling intermediaries. It is not
surprising that conditional deletion of some of these signaling proteins such as FAK (70),
uPAR (71), Crk1/2 (presented as an abstract at Renal Week, 2009), Cdc42, or cathepsin (72)
result in the absence of foot process effacement in podocyte injury models. Whether this
affected the proteinuria as well is not known. The primary focus in these studies has been
the preservation of the foot process morphology. Breakdown of the podocyte intercellular
junction is associated with loss of junctional proteins like nephrin, zona occludens-1 (ZO-1)
and P-cadherins (73,74). Numerous studies have tried to link this to an EMT like
phenomenon (75–77). This would suggest a change in transcriptional regulation of these
proteins resulting in junctional breakdown and detachment of podocytes. It is not surprising
then that numerous transcriptional factors have been implicated in the development of foot
processes and proteinuria (78–83). A role for transcription factor Pax2 in early renal
development is well established (84,85). While healthy mature podocytes do not express
Pax2, persistent expression of Pax2 in transgenic mice results in severe glomerulopathy
(86). Deletion of Pax2 interacting protein (PTIP) conditionally in podocytes results in
abnormal foot process development and proteinuria (87). Mutations in zinc finger
transcription factor WT1 results in Denys-Drash and Frasier syndromes (88,89) where
patients present with mesangial sclerosis (Denys-Drash) and focal segmental
glomerulosclerosis (Frasier). Similarly, transcription factor LMX1B implicated in nail-
patella syndrome is also required for normal podocyte development (See table 1 for other
transcriptional factors implicated in glomerular development abnormalities). Targeted
disruption of LMX1B results in developmental arrest of podocytes as they fail to form foot
processes or a slit diaphragm (80). Besides the overwhelming data suggesting a predominant
role of actin dynamics in podocyte structure and function, there is evidence that if there is
podocyte specific perturbation of processes or molecules not directly related to actin
dynamics, as in autophagy (90), PI3 kinase class II activity (91), or mutations in
Phospholipase C ε1 (92) gene, can also result in proteinuria and foot process abnormalities.
Even though there appears to be strong correlation between foot process effacement and
proteinuria, there are conditions in which the relationship does not hold true, further
suggesting that there are other components necessary for preventing protein leak (93,94).

The relationship between podocyte injury and progression to chronic kidney disease has
been elegantly demonstrated by Wiggins et. al and other investigators. Rodents lack
diphtheria toxoid receptor and are oblivious to the diphtheria toxin. Taking advantage of this
attribute of rats they generated a transgenic rat which expresses human diphtheria toxin
receptor (hDTR) on podocytes (95). When injected with diphtheria toxin following uptake
there is selective injury to the podocytes within the glomerulus. Depending on the
magnitude of the initial injury, determined by the dose or the frequency of the administered
toxin, there is either recovery or progressive scarring of the renal glomerulus. They were
further able to predict the progression of the disease (sclerosis) based on the ratio of Nephrin
and Podocin mRNA levels from the podocytes shed in the urine (96,97).

2. Podocyte-Glomerular Basement membrane
Podocytes adhere to the GBM via adhesion protein complexes like dystroglycans and
integrins. Disruption of the podocyte-GBM adhesion is required for movement of the
podocytes such as in effacement. The dystroglycan gene knock-out results in embryonic
lethality prior to glomerular development (98). Its role in basement membrane and podocyte
structure and function can be only assessed by yet to be done podocyte specific knockout of
the gene. The density of dystroglycans is decreased in minimal change disease (99).

Garg and Rabelink Page 6

Adv Chronic Kidney Dis. Author manuscript; available in PMC 2012 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Whether this represents a primary event or a result of foot process effacement remains to be
elucidated.

Podocytes also anchor to the GBM by an α3β1-integrin complex. Integrin hetrodimers
cluster at the focal adhesions and are linked to the actin cytoskeleton. In podocytes integrins
localize exclusively to the basal membrane. Using an antibody against glomerular integrin
results in podocyte detachment (100) and α3-integrin knock-out mice develop congenital
nephrotic syndrome (101). Ligation of integrin results in recruitment of its related kinase
integrin linked kinase (ILK). Podocyte specific deletion of ILK results in foot process
effacement, proteinuria and progressive glomerulosclerosis (102). ILK also appears to
interact with nephrin and α-actinin-4 and this interaction is important for slit diaphragm
integrity and podocyte morphology (102). Focal adhesion kinase (FAK) a cytoplasmic
receptor tyrosine kinase is an important part of the integrin-matrix complex that links with
the actin cytoskeleton via talin (103). Deletion of FAK (70) and uPAR (71) in podocytes
resulted in a lack of both foot process effacement and proteinuria in injury models
suggesting the importance of podocyte-GBM interaction and its regulation of podocyte
cytoskeleton (70).

Tubular Reabsorption of Proteinuria
The tubular epithelial cells re-absorb most of the primary filtrate that comes through the
glomerulus. Normally the final urine contains <30 mg/d of albumin. Assuming that the
glomerular barrier is normally leaky to proteins and other molecules like vitamins then
defects in their re-absorption by tubular cells could result in proteinuria. Several
observations refute that this occurs, Maunsbach in the mid-1960’s noted no significant
uptake of albumin from the tubular lumen to blood (104). Identification of apical membrane
transport proteins like megalin by Kerjaschki and Farquhar (105) followed by cubulin (106–
108) provided evidence of expression of proteins in the tubular epithelium which are capable
of internalizing albumin, vitamin A, B12 and D. Amsellem et. al reported that cubulin, when
conditionally knocked out in tubular epithelial cells resulted in six fold increase in
albuminuria compared to basal levels of <30mg/day (109). Though this is not a very
significant amount when compared to nephrotic levels proteinuria it would be interesting to
study the magnitude of protein leak in a model of glomerular proteinuria with a similar
conditional tubular cubulin knock out. This could result in significant amount of proteinuria
in the absence of tubular reabsorption. These findings also raise an important teleological
question: why do tubular cells express proteins involved in transporting albumin and other
macromolecules if there is no passage of protein past the glomerular filter? It is possible that
a mechanism to absorb protein leak could provide an evolutionary survival benefit. There is
glomerular damage and proteinuria in response to transient infections and immunologic
injury. In the absence of mechanisms to absorb these transient and small magnitude leaks the
organism might succumb to the injury. It is when the tubular absorption is overwhelmed by
either injury to the glomerular filter or tubules that a higher magnitude of proteinuria
becomes evident. The role of tubular reabsorption in urine protein homeostasis is further
reviewed by Nielson and Christensen (110). In recent, years there has been an extensive
debate whether tubular albumin reabsorption and the subsequent lysosomal degradation,
may in fact result in tubular injury (so called protein overload injury). Theilig and colleagues
used an elegant cre-recombinase induced deletion of megalin in mice to address this
question. They found a mosaic deletion of megalin and thus were able to observe the renal
response both in the presence and absence of tubular albumin reabsorption in the same
kidney (23). Upon induction of glomerular injury, the tubules that could reabsorb albumin
demonstrated increased expression of pro-inflammatory cytokines and TGF-beta. However,
the development of tubulointerstitial injury was entirely related to the extent of glomerular
injury and not to tubular activation.
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Conclusions
The development of albuminuria is probably a multistep process where initially, loss of the
endothelial barrier function may play a role. Endothelial activation and subsequent shedding
of the glycocalyx surface allows albumin to penetrate the sub-podocyte space. Podocytes
may then take up albumin through scavenger receptors and display actin skeleton
rearrangements and injury. Compensatory tubular reabsorption and the inflammatory
responses that go with it, may then further contribute to the structural interstitial damage that
has been associated with albuminuria. Though there has been a tremendous advances in
understanding the role of various components of the filtration barrier in proteinuria there
continues to be a lack of meaningful targeted therapies. The paucity of well defined injury
models that can be extrapolated to human diseases limits the derived conclusions of many
studies. Lack of an in vivo phenotype of podocytes in culture prevents us from answering
some of the outstanding questions in this field in regards to the development of the processes
and junctional dynamics. One big void in the podocyte development field has been the role
of microtubules and its regulation in the development of the primary and secondary
processes. The major impetus has been the regulation of actin by the slit diaphragm protein
Nephrin/Neph1 which probably applies only to the tertiary processes. This is further
supported by the SEM of Nephrin null mice which show abnormalities in the tertiary
processes only (unpublished data). Investigators have convincingly demonstrated the
relationship between foot process spreading and proteinuria. The recent observation that foot
process spreading is an active dynamic process provides an important target for therapy. The
resolution of proteinuria on reversal or inhibition of foot process spreading would prove the
relationship further and provide impetus to generating therapies that could prevent the foot
process spreading and hence proteinuria which would eventually impact disease progression.
In the near future, improvement in available technology to develop model systems which
can then be used to answer some of the difficult questions posed by the unique attributes of
the filtration barrier, along with large scale expression profiling, and transgenic mouse lines
will further expand our understanding of the glomerular function and pathology. Only then
we can hope to develop novel target molecules for the therapy of proteinuric kidney
diseases.
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Figure 1.
The glycocalyx contains anchoring proteoglycans (e.g. syndecan 1 and CD44) and
connecting glycosoaminoglycans (e.g. heparan sulfate, chondroitin sulfate and hyaluronic
acid). The negative charge of the proteins constitutes an important charge barrier against
filtration of albumin. During endothelial activation, the glycocalyx is modified to allow
leukocytes and platelets to interact with the endothelial surface. Glycocalyx components are
then modified and released into the circulation. With prolonged activation and early
apoptotic events, adhesion molecules such as E-selectin may also be shed. (Reprinted by
permission from Nature review Nephrology).
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Figure 2. Glomerular filtration barrier and tubules
A. Nephrin/Neph1 tyrosine phosphorylation dependent recruitment of protein complexes
involved in actin regulation. Fyn mediated tyrosine phosphorylation of Neph1 on Y637 and
Y638 results in recruitment of adaptor protein Grb2. Similarly nephrin phosphorylation on
its tyrosine residues Y1191, Y1208 and Y1232 recruits Nck, Crk (Y1198 and Y1225) and
P85 subunit (Y1128, Y1153 and Y1154) of PI3 kinase. B. Schematic cross section of
podocyte foot process, glomerular basement membrane and endothelial cells. Also
illustrated are the important proteins (mutations or deletions) which have been identified to
result in proteinuria in human diseases or mouse models. C. Schematic of the nephron with
the proximal tubule illustrating tubular proteins cubulin and megalin. Abbreviations: TrpC6,
transient receptor potential C6; nWasp: neural Wiskott Aldrich syndrome protein; Arp2/3:
actin related protein 2 and 3; AT1 receptor: Angiotensin receptor 1; SSH1: slingshot 1;
PPase: phosphatase.
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