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Abstract

The glomerular basement membrane and its associated cells are critical elements in the renal
ultrafiltration process. Traditionally the anionic charge associated with several carbohydrate
moieties in the glomerular basement membrane are thought to form a charge selective barrier that
restricts the transmembrane flux of anionic proteins across the glomerular basement membrane
into the urinary space. The charge selective function, along with the size selective component of
the basement membrane, serves to limit the efflux of plasma proteins from the capillary lumen.
Heparan sulfate glycosaminoglycans are anionically charged carbohydrate structures attached to
proteoglycan core proteins and have a role in establishing the charge selective function of the
glomerular basement membrane. Although there are a large number of studies in the literature that
support this concept, the results of several recent studies using molecular genetic approaches to
minimize the anionic charge of the glomerular basement membrane would suggest that the role of
heparan sulfate glycosaminoglycans in the glomerular capillary wall are still not yet entirely
resolved, suggesting that this research area still requires new and novel exploration.
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Introduction

In the middle of the last century, the developmental biologist, Clifford Grobstein (1916—
1998), investigated key events involved in mediating epithelial/mesenchymal interactions
that occurred during the course of organogenesis. His 1967 monograph Grobstein
summarized the conclusions from 25+ years of research and put forth a series of statements
that, retrospectively, provided a remarkably complete outline for future research directions
in the area of cell-matrix interactions. Grobstein (1967, p. 291) wrote: “. . . materials can
interact at interfaces between like tissues to produce new macromolecular complexes whose
properties are jointly determined by the synthetic activities of the cells on the two sides.
Once formed, the new complexes act back to alter the activities of the producing cells,
possibly by provision of a new micro-environment which modifies the behavior of apposed
cells. New developmental behaviors may be reciprocally induced and stabilized in this
way.”

It was logical that Grobstein’s trainees would continue to sound the mantra of dynamic
reciprocity that occurs between cells and their microenvironment. Merton Bernfield (1939-
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2002) extended Grobstein’s views in the development of the “Basement Membrane
Remodeling Hypothesis” (Bernfield et al., 1984), which arose from studies by his group of
molecular events surrounding glandular morphogenesis. Bernfield postulated a two
compartment model in which the respective subunit structures of the basement membrane,
i.e., the epithelium and its associated basal lamina, and reticular lamina with its associated
cells (see below), played an essential role in maintaining/changing/accommodating
epithelial morphology during development and differentiation. Over the last 45 years, the
concept of dynamic reciprocity between cells and the pericellular microenvironment has
continued to be investigated in most organ systems, with the basement membrane, its
associated cells, and their cell-matrix receptors being the key players in maintaining tissue
homeostasis.

Basement Membranes—The Biocomposite Material of Nature

Basement membranes are a polyprotein composite material existing at epithelial-
mesenchymal interfaces and surround muscle, fat, and nerve cells (for reviews, see
Yurchenco & O’Rear, 1993; Ray & Gately, 1996; Miner, 1999; Sanes, 2003; Sasaki et al.,
2004; lozzo, 2005; Kleinman & Martin, 2005; McCarthy, 2008; Kruegel & Miosge, 2010).
Similar in organization to fiberglass or carbon fiber materials, rigid fibrillar elements are
combined with resinous epoxies to yield composite materials, whose properties often
supersede those of the individual elements themselves. Like composite materials, the overall
properties of basement membranes are tailored/adapted to fit the functional demands of the
tissues in which they exist. The classical understanding of basement membrane structure
arises from morphological observations of electron microscopists, who subdivided basement
membranes into two compartments, a basal lamina that immediately subtends the cell
membrane and a reticular lamina that underlies the basal lamina (Inoue et al., 1983). In the
majority of tissue basement membranes, the organization of the basal lamina was further
subdivided into the lamina rara and lamina densa, the distinction based on differences of the
electron density of these layers seen in numerous ultrastructural studies. It has been
generally accepted that the basal lamina is the secretory product of epithelial/muscle/fat/
nerve cells while the reticular lamina is thought to be the secretory product of fibroblasts
that closely underlie the basement membrane. Although this pattern of organization has been
universally accepted over the years, the development of alternative fixation and tissue
processing approaches indicate that the distinctive ultrastructural morphology (i.e., lamina
rara and lamina densa)could be a fixation artifact, demonstrated by the fact that tissues fixed
by alternative means show basement membranes having a uniform staining density across
their width (Chan et al., 1993; Chan & Inoue, 1994).

Type IV collagen (Kefalides, 1971; Clark et al., 1975) and fibronectin (Bray, 1978; Spiro,
1978; Stenman & Vaheri, 1978) were some of the first characterized basement membrane
components, but it was not until the initial recognition and characterization of the
Englebreth-Holm-Swarm tumor by Orkin et al. (1977) as a source of basement membrane-
like material that allowed for subsequent isolation and purification of “biochemical
quantities” of the initial set of constituent glycoproteins/proteoglycans, which comprise
basement membranes-laminin, type IV collagen, heparan sulfate proteoglycan, and nidogen/
entactin. These molecules were first proposed to form the molecular substructure of basal
laminae (Timpl et al., 1979; Hassell et al., 1980; Kleinman et al., 1982), the term
“matrisome” was first coined by Martin et al. (1984) to recognize this molecular grouping as
being critical to basal lamina organization. Since that time, the number of component
molecules or molecular isoforms thereof in basal laminae/basement membranes has
increased significantly.
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Bernfield’s explanation of the dynamic reciprocity that occurred between basement
membranes and cells centered around observations that during tissue morphogenesis the
basal lamina secreted by the overlying epithelial cells was modified (degraded in focal
areas)by the underlying mesenchymal cells to accommodate changes in epithelial
organization/growth (Banerjee et al., 1977). Glycosaminoglycans (GAG) were considered to
be the linchpin molecules in the hypothesis, the key elements responsible for maintaining
the stability and integrity of the basal lamina (Banerjee et al., 1977; Bernfield, 1977).
Changes in epithelial organization were brought about by focal GAG degradation (Smith &
Bernfield, 1982), and stabilization of epithelial organization brought about by focal collagen
deposition (David & Bernfield, 1979, 1981). It is now accepted that GAGs are key elements
in the process of branching morphogenesis (Malmstrom et al., 1980; Steer et al., 2004; Gorsi
& Stringer, 2007; Pan et al., 2008; Shah et al., 2010, 2011; Reijmers et al., 2011), and
subsequent studies by other investigators have since broadened the scope of events
surrounding glandular morphogenesis to encompass multiple regulatory events mediated by
cell-matrix receptors, matrix molecules, growth factors, and transcription factors (Metzger &
Krasnow, 1999; Steer et al., 2004; Lu et al., 2006; Patel et al., 2006; Horowitz & Simons,
2008; Affolter et al., 2009; Costantini & Kopan, 2010; Hsu & Yamada, 2010).

Glycosaminoglycans and Proteoglycans

Glycosaminoglycans played a key role in the above hypothesis. However, with the
exception of hyaluronan, GAGs exist in nature as carbohydrate structures covalently
attached to proteins, the molecular family grouping known as proteoglycans. Proteoglycans
are hypervariable/hyperfunctional molecules, the descriptors quite applicable to this diverse
molecular family because the biological activities of these molecules are derived not only
from motifs occurring in the core protein structure (e.g., primary, secondary, and tertiary
structures)but also from motifs occurring in the copolymeric repeating structure of the
GAGs. Currently there are 35+ core proteins that have been identified to serve as platforms
for the assembly of glycosaminoglycan chains (lozzo, 1997, 1998, 2005; Filmus & Selleck,
2001; Esko et al., 2009). The GAGs familiar to most cell biologists are heparan sulfate (HS)
and chondroitin sulfate (CS), albeit a third family of glycosaminoglycans, known as keratan
sulfate glycosaminoglycans, differs significantly from the former two families in the nature
of copolymeric repeat structure and manner of linkage to their respective core proteins.
Discussion of this rather unique and important family of proteoglycans/glycosaminoglycans
is beyond the scope of this review article, but the functions of this molecular family have
been surveyed by others in the field (Greiling, 1994; Funderburgh, 2000).

Heparans and chondroitins are linear disaccharide copolymeric repeating structures, the
repetitive motif consisting of a hexosamine and uronic acid. Although the basic processes in
the assembly of both GAG structures are essentially the same, the assembly process of HS-
GAGs has been better characterized. Several thorough reviews of HS-GAG assembly can be
found in the literature (Esko & Lindahl, 2001; Nakato & Kimata, 2002; Bishop et al., 2007;
Esko et al., 2009), the following is a brief synopsis of the process (Fig. 1). Assembly of HS-
GAG chains on proteoglycan core protein occurs via O-linkage to serine residues in a
contextually-dependent manner (Zhang & Esko, 1994) and is initiated with the attachment
of a xylose residue via an O-glycosidic linkage to a serine residue by xylosyltransferase
(Gotting et al., 2000; Condac et al., 2007; Cuellar et al., 2007; Ponighaus et al., 2007).
Subsequently, two galactose residues and a glucuronic acid residue are added, forming what
is known as the tetrasaccharide linkage region, common to both HS and CS. Divergence
between the two types of GAG chains occurs with the addition of the next residue, an N-
acetyl glucosamine by the enzyme ExtL3 in the case of HS (Kim et al., 2001). Once the
specific pentasaccharide has been assembled, then the HS copolymerase complex (Ext1/
Ext2) rapidly extends the GAG chain (Lind et al., 1998; McCormick et al., 2000). Select
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carbohydrate residues along the chain are subsequently modified as polymerization
continues downstream via: (1) N-deacetylation/N-sulfation of N-acetyl glucosamine
residues by NDSTs (Eriksson et al., 1994; Orellana et al., 1994; Dixon et al., 1995); (2) C5
epimerization reactions (which occur in both HS- and CS-GAGS) that convert glucuronic
acid residues to iduronic acid residues (Crawford et al., 2001); (3) 3-O- and 6-O-sulfation of
N-acetyl glucosamine residues by respective sulfotransferase enzymes (Shworak et al.,
1997, 1999; Uchimura et al., 1998, 2000; Liu et al., 1999; Habuchi et al., 2000); and (4) 2-
O-sulfation of uronic acid residues by 2-O-sulfotransferase (Rong et al., 2000, 2001). The
modifications to the nascent GAG chains are highly orchestrated and sequential, leading to
blocks of highly sulfated regions interspersed between regions of lower sulfation (Johnson et
al., 2007; Sheng et al., 2011). Several studies have shown that deacetylation and sulfation of
the amino group of N-acetylglucosamine is a key step in the modification of the HS, by N-
deacetylase-sulfotransferases (NDSTS). Deletion of the NDST1 gene not only results in a
significant decrease in N-sulfation of HS chains (Holmborn et al., 2004), but also a
significant decrease in the amount of HS sulfation derived by the activity of the other
sulfotransferases that appear to act downstream from NDST1 (Grobe et al., 2005). An
additional level of complexity of the GAG assembly system is incurred by the existence of
multiple isoforms for several of these enzyme families.

The importance of GAGs to overall systems biology can be appreciated by the wide variety
of molecules with which they interact. The biological activities of the HS family are the best
understood of the two GAG families listed above. A recent report (Ori et al., 2011) estimates
at least 260 different gene products having the ability to interact with HS; the functional
activities of those molecules encompass morphogens, cytokines and chemokines, growth
factors, and other ECM components (Bernfield et al., 1999; Ori et al., 2011).

The Glomerular Basement Membrane—A Unique Basal Lamina

Although anticoagulant role of heparin may be the best recognized function for HS-GAGs
among the medical and research communities (Rosenberg et al., 1997), the second most
recognized function of HS-GAGs and their respective proteoglycan core proteins may be the
role that these molecules play in renal ultrafiltration. The renal glomerulus is the central
structure in the ultrafiltration process, the overall integrity of its capillary network and their
respective walls being the critical elements in ultrafiltration. The glomerular capillary wall is
composed of a luminal fenestrated (hondiaphragmatic) endothelial layer, a basement
membrane, and an outer epithelial layer known as the visceral epithelium, the resident cells
referred to as podocytes. The glomerular basement membrane (GBM) is unique among most
basement membranes that have been characterized at the ultrastructural level in both its
genesis during development and its organization in the adult animal (Farquhar, 1991). Early
in glomerular development, both glomerular epithelial cells (podocytes), and endothelial
cells each lie upon a distinct basement membrane—each with their own basal lamina and
reticular lamina. As glomerular maturation proceeds, the reticular lamina region gradually
disappears and the two basal lamina fuse to form a trilaminar basal lamina (lamina rara
externa, lamina densa, lamina rara interna) interposed between the two cell types (Reeves et
al., 1980; Abrahamson, 1985). Traditionally in mature glomeruli, GBM synthesis/secretion
has been thought to be primarily from the podocytes (Abrahamson & Perry, 1986), but
recent studies provide compelling evidence suggesting that the glomerular endothelial cells
could contribute substantial amounts of laminin to the GBM (St John & Abrahamson, 2001;
Abrahamson et al., 2007).

The GBM “matrisome” is unique from many other basement membranes. The GBM and the
mesangial matrix are actually two distinct extracellular matrices in close proximity to one
another, yet each of these matrices has its own complement of molecular constituents (Fig.
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2). Laminin 521 is the predominant laminin heterotrimeric species of the glomerular
basement membrane, whereas laminin 111 is found in the directly adjacent mesangial matrix
(Miner, 2005). The type 1V collagen heterotrimer in the glomerular basement membrane
consists of a3, a4, and a5 type IV chains; the mesangial matrix contains the al and a2
type IV heterotrimer (Hudson et al., 1989; Khoshnoodi et al., 2008). Nidogens are
ubiquitously distributed in both GBM and mesangial matrix (Katz et al., 1991; Miosge et al.,
2000). The basement membrane proteoglycan complement of the two basal laminae differ;
agrin (Groffen et al., 1998; Raats et al., 1998; Burgess et al., 2000), perlecan (Kasinath et al.,
1996; Groffen et al., 1997, 1999), and type XVIII collagen (Halfter et al., 1998) (minor
component) are found in the GBM, whereas the mesangial matrix contains a chondroitin
sulfate proteoglycan (McCarthy et al., 1989; McCarthy & Couchman, 1990), type XVIII
collagen (Halfter et al., 1998), and perlecan (Thomas et al., 1995).

Besides serving a basic structural function as the glomerular capillary wall extracellular
matrix, the GBM serves as one key component of the glomerular ultrafiltration barrier; the
other components of the barrier are the glomerular capillary endothelium (and its associated
glycocalyx)(Hjalmarsson et al., 2004; Singh et al., 2007; Satchell & Braet, 2009; Friden et
al., 2011) and the pedicels/slit diaphragms of the glomerular capillary epithelial cells
(podocytes) (Rodewald & Karnovsky, 1974; Fujigaki et al., 1996; Holzman et al., 1999;
Saleem et al., 2002). It is generally accepted that the constituent molecules of the GBM
confer both size and charge selectivity to its respective barrier function, the charge
selectivity function having been traditionally assigned to the HS-GAGs and other polyanions
present in the GBM (Kanwar & Farquhar, 1979; Kanwar et al., 1980). Data from early
studies exploring GBM permeability provide compelling evidence in support this concept,
demonstrating that anionic charge does establish an electrostatic barrier that hinders/
constrains the flux of polycationic solutes across the GBM (Chang et al., 1975; Rennke et
al., 1975; Brenner et al., 1977, 1978; Deen et al., 1977; Rennke & Venkatachalam, 1977). In
extrapolating that conceptual function to explain pathophysiologic events seen in disease, it
was logical to surmise that the loss of GBM anionic charge would develop in diseases/
disease models in which proteinuria occurs (Ala-Houhala & Pasternack, 1987; Okada et al.,
1989; Wada et al., 1990; Gambaro et al., 1992; Morano et al., 1993; Fox et al., 1994;
Morano et al., 1994; Goode et al., 1995; van den Born et al., 1995; Raats et al., 2000;
Sakagami et al., 2004; Takahashi et al., 2006). Although the GBM has both size and charge
selectivity, the molecular weight cutoff for the barrier is still a highly contested issue in the
field of renal function (Singh et al., 2011).

Manipulating the Anionic Charge of Glomerular Basement Membrane
Heparan Sulfate

Several approaches have been taken over the years have been done to experimentally perturb
the anionic charge associated with GBM HS-GAG chains. The seminal studies in this area
by Kanwar and Farquhar (Kanwar et al., 1980) used enzymatic removal of HS-GAG via /n
situtreatment with heparanase to show that permeability of the GBM to neutral ferritin was
enhanced by this method. A subsequent approach opted to interfere with the GBM-
associated anionic charge via binding of cationic moieties (Kanwar & Rosenzweig, 1982),
resulting in the accumulation of the neutral ferritin probe and albumin to the point that the
permeability of the GBM to inulin was significantly reduced. The results led to the
conclusion that one function of the HS-GAG anionic charge was to limit the access of
plasma proteins to the GBM, thus preventing the accumulation of these molecules in the
GBM and avoiding clogging of the filtration medium (Kanwar & Rosenzweig, 1982). A
latter approach using a polyclonal antiserum raised against the core protein of a 130 kD
GBM proteoglycan (Miettinen et al., 1986) to target the core protein of a GBM
proteoglycan. This method did not directly bind HS-GAGS, but rather targeted the
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“platform” to which HS-GAGs are attached. The findings also showed irregular alterations
in GBM thickness and a moderate increase in albuminuria in a rodent model. A subsequent
study by another group took yet another iterative approach to show a rapid (2 h post-
injection), dose-dependent increase in proteinuria after intravenous injection of a
monoclonal antibody (JM-403) targeting an epitope present within the HS-GAG chains (van
den Born et al., 1992). A recent report, investigating the biology of mammalian heparanase
in tissues, globally overexpressed human heparanase in a constitutive manner (Zcharia et al.,
2004). Although HS-GAG was not entirely eliminated from tissue extracts, the net size of
the HS-GAG chains was significantly reduced (from 35 kDA to 12 kDA) (Zcharia et al.,
2004). Although multiple subsystems (e.g., hair growth, glandular morphogenesis) were
affected in these animals, with respect to glomerular alterations, broadening and flattening
of the podocyte pedicels (i.e., foot process effacement) was seen in this model. Concomitant
with the structural changes, a twofold increase in urinary protein levels was noted.

The investigation of developmental importance of HS-GAGs in lower organisms (Toyoda et
al., 2000; Hwang et al., 20034, 20036; Morio et al., 2003) led to the move toward using
mammalian molecular genetic approaches to specifically target the ability of cells to
assemble or modify HS-GAG. Since HS-GAGs interact with a wide range of morphogens
and growth factors (see reviews listed above), as one would surmise experiments utilizing
global gene knockout of specific enzymes involved in the polymerization of HS-GAG
chains often led to cessation of the developmental programming and thus eventual
embryonic lethality (Lin et al., 2000; Stickens et al., 2005). Global deletion of some, but not
all, of the enzymes involved in postassembly modification of glycosaminoglycan chains
often permitted full length gestation of murine fetuses but often led to peri-/post-natal
lethality due to compromise of one or more organ systems (Bullock et al., 1998; Habuchi et
al., 2007). With respect to the kidney, the deletion of either 2-OST (Bullock et al., 1998) or
the C5 epimerase enzymes (Li et al., 2003)led to the development of renal agenesis, the
deletion of 2-OST affecting the branching morphogenesis of the ureteric bud potentially via
alteration in Wnt signaling (Shah et al., 2010).

To circumvent the developmental consequences involved in the global knockout approach,
alternative strategies to eliminate HS-GAG from tissues have been employed by several
laboratories. Elimination of exon 3 from the perlecan gene (Hspg223/A3 mutation) leads to
the global expression of perlecan lacking domain 1 (Rossi et al., 2003; Morita et al., 2005),
which encodes the three originally described sites for the attachment of glycosaminoglycan
chains to the perlecan core protein (Noonan et al., 1991; Kallunki & Tryggvason, 1992;
Murdoch et al., 1992). Mice having this mutation appear phenotypically normal at birth and
live a normal life span. With regard to the kidney, this particular mutation appears not to
have had a significant effect on normal renal function (Rossi et al., 2003); the morphology
of the various components of the glomerular filtration barrier also appeared normal. There
were no apparent differences in anionic charge density/distribution within the GBM nor
were the levels of expression of perlecan, agrin, or type XVIII collagen different from that
seen in controls (Morita et al., 2005). Although the anionic sites were shown to be mainly
derived from HS-GAG, immunostaining with monoclonal antibodies directed against CS-
GAG also showed enhanced deposition that particular GAG in the GBM in the Hspg2A3/A3
mutant mouse. Although the amino terminal GAG acceptor site had been deleted in this
model, the possibility remains that alternative acceptor sites, on domain V of perlecan
(Tapanadechopone et al., 1999), could be used in this system in a compensatory manner.
However, when a physiological stressor, i.e., albumin overload, was applied to this
particular model (Morita et al., 2005), microalbuminuria did occur.

The implementation of Cre-Lox technology has recently allowed glycobiologists to bypass
the severe developmental deficits associated with the former global knockout approaches, in
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many cases facilitating the study of tissue-specific effects of the deletion of HS-GAG
assembly (Inatani et al., 2003; Matsumoto et al., 2007, 2010; Chen et al., 2008; lwao et al.,
2009, 2010; Jones et al., 2010; Mundy et al., 2011; Ogata-lwao et al., 2011) or modification
enzymes (Grobe et al., 2005; Fuster et al., 2007; MacArthur et al., 2007; Garner et al., 2008,
2011; Zuberi et al., 2009; Adhikari et al., 2010; Crawford et al., 2010; Stanford et al., 2010)
in vivo.

In the case of the renal glomerulus, experimentation in this area has been facilitated by the
development of transgenic mice expressing Cre-recombinase in a constitutive (Eremina et
al., 2002; Moeller et al., 2003) or inducible (Shigehara et al., 2003; Belteki et al., 2005;
Juhila et al., 2006) tissue-specific manner in glomerular podocytes. Although the pattern of
Cre-recombinase expression was shown to occur in other tissues outside of the kidney in the
Neph-Cre mouse (Eremina et al., 2002), the 2.5-P-Cre construct of Moeller et al. (2003)
appears to have limited the expression of Cre-recombinase to glomerular podocytes.
Expression of Cre-recombinase from the 2.5P-Cre transgene begins in glomerular podocytes
at the capillary loop stage of development as the podocytes begin to differentiate and is
maintained in glomerular podocytes throughout the life of the animal (Moeller et al., 2003).
Using podocyte specific expression of Cre-recombinase, studies have investigated the role
of cell matrix receptors (Pozzi et al., 2008; Jarad et al., 2011), signaling pathways (El-Aouni
et al., 2006; Brukamp et al., 2007; Heikkila et al., 2010; Steenhard et al., 2010), cytoskeleton
(Mollet et al., 2009; Garg et al., 2010), microRNAs (Harvey et al., 2008; Ho et al., 2008),
growth factors (Eremina et al., 2006; Kazama et al., 2008; Dai et al., 2010; Nakagawa et al.,
2011), podocyte depletion (Jia et al., 2008), and lineage tracing/fate mapping (Asano et al.,
2005; Appel et al., 2009)

Three recent reports (Harvey et al., 2007; Chen et al., 2008; Goldberg et al., 2009)
incorporated the use of the 2.5P-Cre expressing mouse to explore the contribution of HS-
GAGs to GBM anionic charge density. In the first two models, GBM anionic charge density
was down-regulated via targeted deletion [exons 6-36 of the agrin core protein (Harvey et
al., 2007)] or, in a subsequent extension of the study, by incorporating an additional
mutation in the agrin deletion model via breeding with the Hspg223/23 (perlecan) mutant
mouse (Goldberg et al., 2009). Podocyte-specific deletion of exons 6-36 of agrin removes
the region of the core protein containing the two known GAG acceptor sites on the agrin
core protein. Although this manipulation potentially generated a “miniagrin” protein, the
protein was incapable of serving as a substrate for the addition of GAG chains (Harvey et
al., 2007). Immunostaining tissue sections from mutant animals with C-terminal antibodies
against the agrin core protein were negative, as was immunostaining with antibody JM-403,
which recognizes an epitope present on HS-GAG chains, thus demonstrating the deletion of
full length agrin core protein and that HS-GAG substitution on the “miniagrin” did not
occur. Although intact agrin secretion was entirely deleted, there was no difference in either
the staining intensity (mainly mesangial staining) or distribution of perlecan core protein in
glomeruli from control and mutant animals. Despite the loss of GBM-agrin, the glomeruli
from mutant animals showed no ostensible glomerular damage at the light microscopy level.
Ultrastructural studies of polyethylenimine (PEI) labeled specimens from mutant animals
demonstrated a significant decrease in anionic charge density in the GBM in the lamina rara
externa and lamina rara interna. Also at the ultrastructural level, no podocyte pedicel (foot
process) effacement was noted; functionally there was no significant difference in
albuminuria in the mutant animals compared to control animals. The study did note,
however, an age-related increase in the presence of “bumps” of GBM protruding from the
lamina rara externa toward the pedicel foot processes.

The subsequent study by the same group explored potential changes on glomerular
architecture and function in a double mutant mouse in which the Hspg223/A3 mutant was
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overlayed on the background of the podocyte—specific agrin mutant mouse (Goldberg et al.,
2009). Although the possibility existed that overlaying Hspg223/A3 mutant phenotype onto
the agrin-deletion mutant might have at least an additive effect of minimizing the overall
contribution to anionic charge density from two basement membrane proteoglycan core
proteins, the study reported no differences in glomerular morphology (with the exception of
GBM “bumps”) or function between control or double mutant animals. Consistent with
previous studies (Morita et al., 2005), no significant differences in anionic charge density
between control and Hspg223/A3 mutant mice were observed, but the anionic charge density
was significantly depleted in the agrin mutant and agrin- Hspg223/A3 double mutant mice
when compared to control or Hspg223/A3 mutant mice. However, there was no significant
difference in anionic charge density in the lamina rara externa seen between the agrin
mutant and agrin- Hspg223/A3 mutant mice. A minor but statistically significant decrease in
anionic charge density was seen in the lamina rara interna in both the Hspg223/23 mutant
and agrin- Hspg223/A3 mutant mice when compared to that seen in the control animals and
in the agrin mutant animals. Overall, the data from both studies strongly suggested that the
loss of GBM anionic charge contributed by HS-GAGs associated with perlecan and agrin
had minimal effect on the overall biology or function of the glomerular filtration barrier.

The Same Story but from a Different Point of View

Yet a third alternative approach to modulate the GBM anionic charge associated with HS-
GAG used the 2.5P-Cre mouse (Moeller et al., 2003) to delete the floxed ExtZ allele (Inatani
et al., 2003) in a podocyte-specific manner (Chen et al., 2008). Extl (McCormick et al.,
1998) is one of the subunits of the HS copolymerase complex (Lind et al., 1998) responsible
for extending the HS copolymeric repeat once the initial pentasaccharide structure has been
assembled on the proteoglycan core protein. Loss of Extl protein component leads to loss of
copolymerase activity and cessation of HS-GAG assembly (McCormick et al., 2000). As
mentioned above, the embryos of animals homozygous for deletion of the £xt7 allele fail to
gastrulate; HS-GAG synthesis heterozygotic animals for £xtZ deletion falls to less than 50%
seen in wild-type cells (Lin et al., 2000). Animals homozygous for deletion of Ext2, which
encodes the other subunit of the HS copolymerase complex, also lack HS-GAG and fail to
gastrulate (Stickens et al., 2005).

The phenotype of the PEXTKO mouse (podocyte-specific £xtZ knockout) (Chen et al.,
2008) corroborate some results outlined in the above studies (Harvey et al., 2007; Goldberg
et al., 2009). At the same time, data from this model once again serve to refocus attention on
the role that HS-GAGs play in the ultrafiltration process, but the function of HS-GAG may
be in a different context (see below). Rather than serving as a passive filtration medium, the
data suggested that HS-GAGs have direct affects on podocyte behavior. Similar to what was
seen in the previous three mutant mice for HS-GAG insufficiency, in routine tissue sections
(H&E) there was no immediate ostensible difference in glomerular morphology. However
glomerular hypertrophy was found in tissue sections from PEXTKO animals when
compared to controls. Immunohistochemistry of tissue sections from PEXTKO animals
showed no change in GBM or mesangium-associated perlecan core protein staining but
enhanced GBM staining for agrin core protein. As seen in the agrin mutant and agrin-
Hspg23A3 mutant mice, there was a significant depletion of GBM anionic charge density
as measured by PEI staining, with significant losses of anionic charge in both the lamina
rara externa and interna. The loss of HS-GAG was also confirmed by the lack of GBM
immunostaining in glomeruli from PEXTKO animals with the phage display antibody,
HS4C3 (Smits et al., 2006; Ten Dam et al., 2006), which binds to 3-O-sulfated motifs
present on HS-GAG chains.

Microsc Microanal. Author manuscript; available in PMC 2012 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McCarthy and Wassenhove-McCarthy Page 9

The PEXTKO mouse, however, does differ from the former models for GBM HS-GAG
insufficiency in several respects (Fig. 3). Although “bumps” of GBM material that protruded
from the GBM as described in the agrin mutant mouse (Harvey et al., 2007) were also seen
in the PEXTKO mouse, the severity of basement membrane distortion was greater and
appeared earlier (1 month postnatal) in the PEXTKO model. Although overt albuminuria/
proteinuria did not develop in this model, a modest (but not statistically significant) increase
in urinary albumin was seen at 2 and 8 months of age (Chen et al., 2008) that continued to
gradually increase over the life of the animal (Chen & McCarthy, unpublished
observations). Concomitant with the increase in urinary albumin excretion, age-related
changes in proximal tubule cells, i.e., the presence of cytoplasmic vacuoles, were seen in
H&E sections beginning at 6 months of age. Recent ongoing studies in the laboratory have
identified the vacuoles as being lysosomal in nature (Fig. 4). Lastly, and perhaps most
importantly, podocyte pedicel (foot process) effacement and microvillous transformation
were seen in podocytes from PEXTKO animals at all ages examined (Fig. 3).

The Function of Gbm Heparan Sulfate Glycosaminoglycans: Possibly a
Matter of Location ... Location ... Location

The latter changes in podocyte morphology discussed above in the PEXTKO mouse were
not reported in the Hspg223/A3 mutant mouse (Morita et al., 2005), the agrin mutant mouse
(Harvey et al., 2007), or the agrin- Hspg223/23 mutant mouse (Goldberg et al., 2009). The
difference from these models, with respect to the observed effects on the development of
podocyte pedicel (foot process) effacement, indicated basement membrane proteoglycan
HS-GAGs were not the mediators of some aspects of the podocyte defect in the PEXTKO
model. This led to the proposal that the functional deficit seen in the PEXTKO podocytes
was mediated by HS-GAGs, but attached to a different proteoglycan species other than
basement membrane proteoglycans.

Immortalized HS-GAG+ and HS-GAG null podocytes were developed to test the
hypothesis, the latter generated by /n vitro deletion of £X71 (Chen et al., 2010). Initial
studies focusing on cell-matrix adhesion, cell spreading, and cell migration showed that HS-
GAG-null podocytes adhered, spread, and migrated less efficiently on a fibronectin
substratum compared to HS-GAG+ podocytes (Chen et al., 2010), providing the initial
evidence that HS-GAGs attached to one or more cell surface proteoglycans were involved in
mediating podocyte-matrix interactions.

Although there are several species of cell surface proteoglycans, members of the syndecan
family of cell surface proteoglycans are known to participate in cell-matrix interactions and
signaling (for reviews, see David & Bernfield, 1998; Woods & Couchman, 1998, 2001;
Bernfield et al., 1999; Zimmermann & David, 1999; Park et al., 2000; Couchman et al.,
2001; Rapraeger, 2001; Woods, 2001; Humpbhries et al., 2005; Tkachenko et al., 2005;
Morgan et al., 2007). Syndecans are single pass transmembrane proteins, the ectodomain of
the protein capable of bearing one or more GAG chains. Syndecan-4 is ubiquitously
expressed in most tissues and has been shown to be present in the glomerulus (Yung et al.,
2001) and in glomerular podocytes (Bjornson Grangvist et al., 2006). Despite the fact that
syndecan-4 functions as an adhesion co-receptor alongside integrins (Oh et al., 19974,
19975, Couchman & Woods, 1999; Saoncella et al., 1999; Woods et al., 2000; Simons &
Horowitz, 2001; Woods & Couchman, 2001; Tkachenko et al., 2005; Bass et al., 2007), the
renal phenotype is apparently normal in syndecan-4 knockout mice not subjected to
physiologic stressors (Ishiguro et al., 2001; Wilcox-Adelman et al., 2002; Cevikbas et al.,
2008).
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Using the distribution of syndecan-4 staining as a readout, syndecan-4 immunostaining
studies of HS-GAG+ and HS-GAG null podocytes showed differences in the size and
pattern of syndecan-4 aggregates at the cell surface (Chen et al., 2010). In HS-GAG+
podocytes, syndecan-4 staining appeared as large aggregates at the point of cell-matrix
contact; in the HS-GAG null podocytes, the syndecan-4 staining was associated with
numerous small clusters around the circumference of the cells. Accordingly, differences in
the actin cytoskeleton were seen, the HS-GAG+ cells having prominent stress fibers whereas
the HS-GAG null cells had cortical actin distribution (Fig. 5). This latter observation is
consistent with previous reports where syndecan-4 engagement to matrix ligands was
hindered due to lack of HS-GAG substitution (Saoncella et al., 1999; Gopal et al., 2010).

In tissue sections from control animals, syndecan-4 antibodies stained the perimeter of
glomerular capillaries (Fig. 6A), the staining colocalizing with synaptopodin (Fig. 6C), an
actin binding protein found in podocytes. In the glomeruli from PEXTKO animals, the
pattern of syndecan-4 staining was altered; the regular pattern of staining around the
perimeter of the glomerular capillaries lost (Fig. 6B). The staining for synaptopodin (Fig.
6D) was also altered in a similar fashion.

The function of the syndecan family members as mediators of cellular behavior and cell-
matrix interactions has been well described in the literature (see above reviews). When one
explores the renal literature over the past three decades, with regard to the study GBM
biology and function, the primary focus of the entire renal field has centered on the role of
basement membrane proteoglycans. Yet, when one revisits the same body of literature in the
context of what is known about syndecan biology in their role as modulators of cell-matrix
adhesion, there are data present in earlier studies that are consistent with the premise that
cell surface proteoglycans could play an important role in podocyte biology. Early studies in
perfused kidneys that neutralized anionic charge using the polycation, protamine,
demonstrated broadening and flattening of podocyte pedicels (foot processes), which was
reversible by the adminstration of heparin (Seiler et al., 1975). Subsequent studies
demonstrated that these changes were associated with altered cell surface anionic charge, the
findings remarkably similar in morphology to puromycin aminonucleoside nephrosis (PAN)
(Seiler et al., 1977; Andrews, 1978). Kanwar and Farquhar (1979), in their seminal paper in
this field, may have first demonstrated the existence of cell surface proteoglycans extending
from the basal surface of the podocyte pedicels (foot processes) in ruthenium red stained
tissue sections. However, since their work preceded the first reports of cell surface-
associated HS-GAGs (Woods et al., 1984, 1985; David & Van den Berghe, 1985; Jalkanen
etal., 1985; Koda et al., 1985; Rapraeger & Bernfield, 1985; Rapraeger et al., 1985), the
anionic charge at that time was assumed to be associated with basement membrane
proteoglycans. Whiteside and co-workers (1993) later demonstrated the existence of the
similarly appearing fibers extending from the pedicel base into the GBM and showed that
these fibers are lost in the PAN model, along with concomitant collapse of the podocyte
cytoskeleton in these processes. Interestingly in this same report, the authors speculated that
syndecans might be associated with the fibers connecting the basal surface of the pedicels to
the GBM. Rada and Carlson (1991) showed that in the PAN model there was no significant
loss of GBM HSPG (agrin), but podocyte pedicel effacement still occurred in the model,
demonstrating that pedicel effacement does not coincide with the loss of basement
membrane proteoglycans.

The role of cell surface proteoglycans in serving as adhesion co-receptors in podocytes
needs further exploration. Reports in the literature investigating this area show that
expression of syndecan-4 in glomeruli in renal disease can be variable and dependent on the
underlying disease pathophysiology. Bjornson Grangvist et al. (2006) demonstrated in the
PAN model that the mRNAs encoding Extl and NDST1 were significantly decreased
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compared to control but no significant changes in the level of expression for the mRNAs or
protein for syndecan-1 or -4. In patients with 1gA nephropathy, a proliferative disease, a
sixfold level of expression syndecan-4 mRNA over that seen in specimens from patients
with thin membrane disease, was found; an ostensible increase in immunostaining in
glomeruli from patients with IgA nephropathy was also seen (Yung et al., 2001). In the KK/
Ta mouse model of type 2 diabetes mellitus, a 26-fold increase in the mMRNA expression of
syndecan-4 was seen in kidneys from diabetic animals with albuminuria compared to
controls. In the unilateral nephrectomized (UNX-a model of mild glomerular hyperfiltration)
syndecan-4 knockout (Sdc4~/")mice, mesangial expansion and nodular accumulation of
mesangial matrix material were seen, but podocyte pedicel effacement was not reported
(Cevikbas et al., 2008). A compensatory up-regulation of glomerular syndecan-2 expression
was seen in the UNX-Sdc4™/~ mice; a similar response was not seen in the glomeruli from
UNX-wild-type mice (Cevikbas et al., 2008).

Although it is appealing to conclude that syndecan-4 is the pivotal proteoglycan in podocyte
cell-matrix interactions, the data from the PEXTKO mouse model cannot conclusively or
exclusively assign this role to syndecan-4. Podocytes express at least three species of cell
surface proteoglycans (two syndecans and one glypican) (Bjornson Grangyvist et al., 2006;
Cevikbas et al., 2008), all of which could facilitate some degree of cell-matrix interactions
with the GBM via engagement of their HS-GAGs with heparan-binding domains present in
those members of the GBM “matrisome” family. Since all of these proteoglycan core
proteins are capable of bearing HS-GAG attachment, it is highly likely that a combinatorial
approach—i.e., generating mice having podocytes, specific deletions of several of these
proteoglycan core proteins—will have to be done to obtain a similar phenotype to the
PEXTKO mouse.

“From Bench to Inside” —Future Directions and Conclusion

In light of the discussion of the renal phenotypes of the mutant mice described in the above
narrative, one would logically beg the question “so what is happening with regard to
ultrafiltration in the mouse models?” Of the large, encapsulated organs within the abdominal
cavity, the kidney is relatively easy to surgically exteriorize and immobilize for specialized
microscopy-based imaging. Over the past five years, several renal biology research groups
have taken advantage of this minimally invasive surgical approach and, using fluorescently
labeled probes and multiphoton (two-photon) microscopy, have begun to ask specific
questions about renal cell behavior and renal function in rodent models (Dunn et al., 2003;
Peti-Peterdi, 2005; Molitoris & Sandoval, 2006, 2007; Peti-Peterdi et al., 2009; Russo et al.,
2009; Tanner, 2009; Peti-Peterdi & Sipos, 2010). The majority of the studies using this
approach have been done in the Munich-Wistar rat (or subspecies thereof). In these animals,
many of the outer cortical glomeruli reside in close proximity to the superficial cortex
directly adjacent to the subcapsular zone in the kidney. In the previous 40 years, these
animals were the “workhorse” models that were used to initiate/facilitate the classical renal
micropuncture studies (Blantz et al., 1975, 1976; Blantz & Wilson, 1976; Schor et al., 1981;
Frommer et al., 1982, 1984; Anderson et al., 1986), which provided much of the baseline
information with regard to the nephron physiology. The superficial placement of these
glomeruli is within the penetration range of an 800 nm wavelength laser, allowing reliable
imaging to a depth of 150 xm in kidney, the depth of resolution being limited by the degree
of light scattering and spherical aberration encountered due to the heterogeneity of the renal
parenchyma (Young et al., 20114, 20115).

Although the Munich-Wistar rat model is the current gold standard for renal multiphoton
imaging, the number of rat mutant lines having significant renal phenotypic/functional
changes is extremely modest when compared to the number of available mutant mouse lines
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with specific renal functional deficits. Ironically, the application of the multiphoton
approach to renal imaging in the murine system has met with limited success (Camirand et
al., 2011), due primarily to the fact that there is no murine model having superficial
glomeruli of similar placement and numbers to those seen in the Munich-Wistar rat. The
overall paucity of glomeruli in close proximity to the outermost cortical regions presently
relegates /n vivoimaging of murine glomerular processes more toward the realm of
serendipity rather than routine as in the Munich-Wistar rat model. Thus, at present, there is
“mismatch” in melding two very powerful technologies—there are many mutant mice
having significant glomerular phenotypes, but the technology to easily image in a high-
resolution, minimally invasive fashion is not within easy grasp. In the very short term,
systematic mapping of glomerular position within the regions of murine renal cortex from
the currently available murine strains would allow for investigators using the multi-photon
approach to increase their probability for imaging superficial (< 150 zm) glomeruli. Over
the longer term, it will become important to identify and phenotypically characterize
nonmutant murine strains whose kidneys show enriched/enhanced distribution of surface
glomeruli. Although this may not be an easy task to begin with, in the context of renal
research the development of such a murine strain may be even more complicated by the fact
that the renal response to diseases such as diabetes mellitus is well known to be strain-
dependent (Breyer et al., 2005).

In line with multiphoton microscopy, there is the need for the continued development of
fluorescent probes that will permit identification/localization of glycoconjugates /n vivo
along the length of the nephron. Although there are fluorochrome-labeled lectins currently
available that are capable of targeting a wide variety of glycoconjugates, there are relatively
few labeled probes having specificity for HS or CS GAGs or sulfation motifs along the
GAG chain. Granted there are several commercially-available monoclonal antibodies that
recognize HS or CS that could be potentially conjugated with fluorochromes, but the cost of
obtaining enough antibody for use in large-scale /n vivo studies is prohibitive, placing these
types of studies outside of the budgets of most investigators. Glycosaminoglycan-specific
antibodies generated using phage-display technology (van Kuppevelt et al., 1998, 2001;
Jenniskens et al., 2000; Dennissen et al., 2002; Smits et al., 2006; Thompson et al., 2007)
could be one potential alternative large-scale source of fluoroconjugates for /n vivo
multiphoton imaging studies.

In terms of glomerular biology, a second key element that needs development is a murine
system that expresses Cre-recombinase specifically in glomerular mesangial cells. The
process of “mesangial expansion,” i.e., the gradual enlargement of mesangial volume
relative to the volume of the glomerular tuft, has long been associated with the progression
of glomerulosclerosis (Mauer et al., 1984; Steffes & Mauer, 1984; Osterby, 1986; Steffes et
al., 1989; Lane et al., 1990), especially in human diabetic nephropathy and animal models of
diabetic nephropathy. Currently two of three resident glomerular cells are capable of being
targeted using tissue-specific Cre-recombinase drivers, but there have been no reports of the
development of a mesangial cell-specific Cre-recombinase expression construct. One could
propose that it would be feasible to use a Cre-recombinase expression construct driven by
the smooth muscle a-actin promoter because it is well known that mesangial cells express
this protein in culture (Elger et al., 1993; Kitamura et al., 1996; Stephenson et al., 1998).
However, /n vivo, normal mesangial cells usually do not make this actin isoform until they
become activated as a result of pathophysiological processes (Couser & Johnson, 1994).
That and the consideration of the potential for Cre-mediated excision occurring in other
smooth muscle beds throughout the organism severely limit this approach to a subset of
relatively few genes. One potential candidate construct that remains to be thoroughly
explored in the realm of renal biology is the Tcf21-driven inducible Cre line recently
reported by Acharya and co-investigators (Acharya et al., 2011). The power of this
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particular model is that it is driven by a tamoxifen-inducible Cre-expression system that
potentially, in the right context, is capable of mesangial-specific deletion of floxed alleles.

The glycobiology field has begun to move at an ever-accelerating pace from the classical
approaches of molecular characterization studies that laid the groundwork for the field
during the last century to now asking highly specific questions with regard to how these
molecules participate in systems physiology. This transition has been facilitated in part by
the rapidly-increasing inventory of available rodent models having genetic mutations in the
alleles encoding glycosaminoglycan assembly/modification enzymes and proteoglycan core
proteins. However these, along the growing number of mutant rodent models that use Cre-
Lox technology (both constitutive or inducible systems) to delete targeted alleles in a tissue
specific manner, are only one set of elements in the process of discerning the /n vivo
functions of GAGs/proteoglycans. To accomplish the latter task, there are key elements
extrinisic to the genetic approaches that now need to be melded into the investigative
mixture—i.e., the development of non- or minimally invasive methods of detecting
functional changes in tissues between wild-type and mutant mice and a repetoire of
biomarkers/tracers that permit measurement of such differences.
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Figure 1.

A diagram of the basic organization of heparan sulfate glycosaminoglycans, indicating all of
the carbohydrate elements and basic sulfation patterns that occur along a portion of the
length of a glycosaminoglycan chain.
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Figure2.

A panel of micrographs of a paraffin section of a rat glomerulus (C, triple label) that had
been immuno-stained with a polyclonal antiserum directed against a basement membrane
HSPG core protein (B, red) and a monoclonal antibody against a basement membrane
chondroitin sulfate proteoglycan (A, green) and a Hoechst 33242 nuclear counterstain as
described in McCarthy and Couchman (1990). The glomerular basement membrane is
almost exclusively stained for the heparan sulfate proteoglycan whereas the yellow color
indicates where the two proteoglycans colocalize, which is the mesangial matrix. Bowman’s
capsule stains more intensely for the chondoitin sulfate proteoglycan. Final magnification,
400x; scale bar = 100 pm.
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Figure 3.
An electron micrograph of a glomerular capillary from an adult PEXTKO mouse. The

glomerular basement membrane is pseuodocolored green, Bowman’s capsule gold, and an
adjacent proximal tubule purple. The cell bodies of three podocytes (P) extend into
Bowman’s space, two of the podocytes show abnormal connections between the glomerular
basement membrane and Bowman’s capsule; in some areas (black arrows), the podocytes
appear to be forming pedicels on the capsule itself. The pedicels of all three podocytes show
some degree of effacement at the point of contact with the glomerular basement membrane.
All three podocytes exhibit microvillous transformation. The glomerular basement
membrane is irregular in outline, and numerous “bumps” of basement membrane material
that extend from the outer border can be found throughout its entire length. The glomerular
endothelial cell (E) also shows some degree of abnormality; in some areas there appears to
be lost of fenestrae. Final magnification, 2,950x; scale bar = 10 gm.
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Figure 4.
A fluorescence micrograph of a 500 um thick slice of renal cortex from an adult PEXTKO

animal. The cortical slice was incubated for 30 min in Lysotracker™ (Invitrogen, Carlsbad,
CA, USA) prior to whole mounting on a microscope slide. An image stack (2 pm steps) was
acquired and the image stack processed by digital deconvolution and shown as an extended
focus image (I-Vision™, Biovision, Exton, PA, USA). The micrograph shows two proximal
convoluted tubules whose epithelial cells show large, rounded vacuoles that are positive for
Lysotracker™ . As described in Chen et al. (2008), in H&E stained paraffin sections of adult
PEXTKO mice, these vacuoles appear as empty structures that almost fill the entire cell
body of the epithelial tubule cells. Final magnification, 200x; scale bar = 200 zm.
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Figurebs.

A series of fluorescence micrographs of HS-GAG+ podocytes (A, C) or HS-GAG null
podocytes (B, D) that were grown on tissue culture plastic (A, B) or a derivatized silicon
substratum (Young’s modulus approximately 1.0 kPa) to which fibronectin had been
coupled prior to cell plating. The cells were stained with Alexa-488 phalloidin to
demonstrate actin fibers and counterstained with Hoechst 33242 nuclear counterstain
(Invitrogen). The HS-GAG+ cells (A) grown on plastic are well spread and show prominent
stress fibers (arrows) that span the length of the cells. The HS-GAG null cells (B) show
prominent bands of actin that travel around the perimeter of the cell (cortical actin pattern).
The insets in panels A and B are enlargements of the cells indicated with arrows in their
respective figures that better show the distinct cytoskeletal organization of these cells. In
some areas on the flexible silicon substratum, the HS-GAG+ podocytes (C) appear to
contract the surface bringing the cell bodies and nuclei closer together, as shown by the
areas of nuclear (blue) piling (arrows). The HS-GAG null podocytes (D) cultured on the
same substratum still have a morphology similar to that shown for the HS-GAG null
podocytes in panel B and still maintain a cortical actin cystoskeletal organization. The cells
do not appear to contract the surface to any significant extent. Final magnification, 40 x;
scale bar = 40 zm.
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Figure®6.

A series of fluorescence micrographs of glomeruli from control (A, C) or PEXTKO (B, D)
mice immuno-stained with monoclonal antibodies against syndecan-4 (A, B; Becton
Dickinson-Pharmigen, Sparks, MD, USA\) or a polyclonal antiserum against synaptopodin
(C, D; Synaptic Systems, Goettingen, Germany), an actin binding protein present in
podocytes. These micrographs are similar to those reported in Chen et al. (2010). In control
glomeruli syndecan-4 staining can be found outlining the perimeter of the glomerular
capillaries as well as being present on mesangial cells within the mesangial matrix. Both
syndecan-4 (A) and synaptopodin (C) colocalize in the glomerular capillary walls in control
animals. In the PEXTKO animal, the regular linear pattern of syndecan-4 (B) is lost from the
perimeter of the capillaries. The pattern of synaptopodin expression is also lost in a similar
fashion (D), suggesting a potential interaction between the two proteins. Moreover the
intensity of synaptopodin expression in PEXTKO glomeruli is decreased because the
exposure time for panel C was 408 ms and for panel D was 1.025 s. Final magnification,
400x; scale bar = 100 pm.
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