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Abstract
This article summarizes the basic cellular and extracellular events in development of the
glomerulus and assembly of the glomerular basement membrane (GBM), paying special attention
to laminin and type IV collagen. Cellular receptors for GBM proteins, including the integrins,
dystroglycan, and discoidin domain receptor 1 (DDR1) are also discussed. Evidence is reviewed
showing that the laminin isoform present in the earliest GBM, LM-111, and final isoform found in
the mature GBM, LM-521, are each derived from both endothelial cells and podocytes. Although
the early collagen α1α2α1(IV) similarly derives from endothelial cells and podocytes, collagen
α3α4α5(IV) found in fully mature GBM is a product solely of podocytes. Genetic diseases
affecting laminin and type IV collagen synthesis are also presented, with an emphasis on
mutations to LAMB2 (Pierson syndrome) and COL4A3, COL4A4, and COL4A5 (Alport
syndrome) and their experimental mouse models. Stress is placed on the assembly of a
compositionally correct GBM for the acquisition and maintenance of glomerular barrier
properties.
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The kidney glomerular basement membrane (GBM) is a specialized extracellular matrix that
supports and informs its’ adherent cells, the glomerular endothelium and podocytes. This is
particularly true during glomerulogenesis, when there is a burst of GBM synthesis, and
during certain glomerular diseases. In both cases, the molecular composition and
morphology of the GBM changes, which undoubtedly affects the developmental programs
and pathobiological behaviors of the endothelium and podocytes. In this brief article, I
review the cellular origins of the major GBM components, and discuss some of the genetic
diseases resulting in GBM abnormalities.

GBM Building Blocks
Like all basement membranes, the GBM is composed of networks of laminin, networks of
type IV collagen, nidogens, heparan sulfate proteoglycans (HSPGs),1 and probably other, as
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yet undefined extracellular matrix molecules. Unlike most basement membranes, however,
the GBM laminin and type IV collagen isoforms change during glomerular development and
maturation, and GBM laminin and type IV collagen composition are also altered in certain
glomerular diseases.1

Laminin is a large (~800 kd) heterotrimer of α, β, and γ glycoprotein chains. Depending
upon the αβγ chain composition, at least 15 different laminin heterotrimer isoforms exist.
Perhaps the most common isoform with the widest distribution in basement membranes
throughout the body is laminin α1β1γ1 (also designated LM-111).2 Laminin heterotrimers
form intracellularly within the secretory pathway, and, once secreted, polymerize with one
another through interactions between globular domains at the N-termini of each of the three
polypeptide chains.3 The laminin polymerization process occurs preferentially on cell
surfaces through interaction of the C-terminus of the laminin α chain with plasma
membrane laminin receptors.4 Upon engaging laminin, the receptors mediate tyrosine
phosphorylation events, reorganization of the internal cytoskeleton and rearrangement of the
external laminin polymer itself.4 The net effect is the assembly of a laminin-rich matrix at
the correct, cell surface microanatomical domain that corresponds with signal transduction
and cell adherence.

Type IV collagen is secreted as a largely triple helical heterotrimer of different collagen IV
α chains. Only 3 heterotrimers are possible: α1α2α1(IV), α3α4α5(IV), or α5α6α5(1V).5

Molecular recognition motifs on the C-terminal NC1 domains of collagen IV α chains
dictate trimer formation.6 Binding interactions between N-terminal, 7S domains on
neighboring heterotrimers, and binding of the three C-terminal, NC1 domains with NC1
domains on adjacent heterotrimers, results in a flexible, three dimensional meshwork of
polymerized collagen IV.

Nidogen-1 and -2 were originally thought to be integral basement membrane proteins that
connect the laminin network to the network of polymerized collagen IV. This may not be the
case, however, as mice deficient for both proteins have what appear to be entirely normal
basement membranes in many organs, including kidney, and embryonic development also
appears to be unaffected (but these animals die shortly after birth with pulmonary and
cardiac failure).7 The full function(s) of the nidogens therefore are yet to be determined.

The two most prominent heparan sulfate proteoglycans within the GBM are agrin (with two
heparan sulfate side chains), and perlecan (with three heparan sulfate side chains), although
agrin appears to be the most abundant HSPG.8, 9 GBM HSPGs were originally thought to
provide the basis for charge selectivity in the glomerular filtration barrier. This is a concept
stemming from classic glomerular perfusion studies in which negatively charged
macromolecules were shown to be less permeable than their neutral or cationic counterparts
of the same size.10 More recently, this concept has been challenged. For example, mice with
a genetic knockout of podocyte-derived agrin show no signs of permeability defects, despite
the loss GBM anionic charge.11 In addition, in doubly mutant mice with a deletion of the
perlecan heparan sulfate attachment domain, and podocyte-derived agrin, glomerular
structure and function are normal, with no signs of proteinuria.12 Perhaps the cell surface
glycocalyx on the glomerular endothelium and podocytes represents the most relevant
charge selective sites in the glomerular permeability barrier.13

Morphogenesis of the GBM
During the earliest stages of nephron formation, metanephric mesenchymal cells aggregating
near tips of ureteric buds convert to a sphere of lumenized epithelial cells called a vesicle.14

Shortly thereafter, an invagination or vascular cleft forms in the vesicle and angioblasts
(forerunners of endothelial cells) and probably mesangioblasts as well, migrate into this
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cleft. As the angioblasts make cell-cell contact and differentiate into endothelial cells, a
layer of columnar epithelial cells below the cleft begin forming cytoplasmic interdigitations,
and these cells subsequently differentiate into podocytes. At this time, there is a double
layered basement membrane between the developing glomerular endothelial cells and
podocytes. As glomerular capillary loops begin to form, the dual basement membrane fuses
to produce a common GBM shared on its inner surface by endothelial cells and on its outer
surface by podocytes. After basement membrane fusion, newly synthesized lengths of
basement membrane material appear beneath developing podocyte foot processes that are
somehow inserted or spliced into the fused GBM as capillaries inflate to their final
dimensions.14 The cellular events taking place during formation of the glomerular capillary
wall are shown schematically in Figure 1.

GBM Binding Proteins – Cementing the Cells in Place
The major cell surface laminin and collagen-binding proteins are the integrins, which are
transmembrane proteins consisting of 18 different α and 8 β subunits that heterodimerize
non-covalently. Their long ectodomains contain binding sites for extracellular matrix ligands
such as laminin or collagen IV, and their comparatively short cytoplasmic tails bind
cytoskeletal proteins and also mediate transmembrane signaling. The major laminin-binding
integrin in the glomerulus is believed to be integrin α3β1, whereas integrin α1β1 and α2β1
are thought to be the chief collagen IV receptors.15

Gene targeting studies have emphasized the importance of integrins in establishment and
maintenance of the glomerular capillary wall. For example, when floxed alleles of integrin
β1 are selectively deleted in podocytes by podocin-Cre (podocin is a podocyte specific, slit
diaphragm associated protein)16 mice are proteinuric at birth with splitting of the GBM,
effacement of foot processes, loss of podocytes, and they die at 1–3 weeks of age with renal
failure.17, 18 Mice with a global loss of integrin α1 are normal at birth with no overt
phenotype.19 However, these animals are more susceptible to adriamycin-induced injury
later in life than wildtype mice, and they produce higher levels of reactive oxygen species
and more glomerular type IV collagen.20 Integrin α2 knockout mice are also normal at birth
but develop mild proteinuria and irregular thickening and protrusions of the GBM by 5
months of age.21 Finally, mice with deletion of integrin α3 die shortly after birth with
defects in kidney and lung branching morphogenesis.22 Glomeruli have abnormally large
capillary loops, disorganized and split basement membranes and podocyte foot processes are
absent.22

Dystroglycan (DG), originally described as part of the dystrophin-glycoprotein complex of
skeletal muscle linking the extracellular matrix to the actin cytoskeleton,23 is comprised of
an extacellular α subunit connected to a transmembrane β subunit. The DG α subunit binds
to laminin-G (LG) modules present at the C-terminus of laminin α chains, and to LG-
modules that are also found in agrin and perlecan.24 Dystroglycan has been
immunolocalized to the apical and basolateral surfaces of podocytes and their foot
processes, indicating that it may play a role not only in adherence to the GBM but also in
maintenance of foot process registration.25 On the other hand, when DG is deleted
specifically from podocytes, or from the entire kidney, there are no obvious glomerular
structural or functional phenotypes and no increased susceptibility to injury.26 These
findings indicate that the integrins are probably the primary laminin-binding proteins in
glomeruli, or at least can fully substitute for the loss of DG .26

Discoidin domain receptor 1 (DDR1), a receptor tyrosine kinase, is also a receptor for type
IV collagen.27 DDR1 knockout mice develop proteinuria, focal bulges in the GBM, and
focal loss of slit diaphragms, but do not progress to renal failure.28
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GBM Laminin and Collagen IV Isoform Substitutions
The earliest GBM within the vascular clefts contains LM-111 and LM-511. Shortly
thereafter, these juvenile isoforms disappear entirely and are replaced by LM-521, which is
the only laminin isoform found in the GBM of fully mature glomeruli.29 As discussed later
however, the juvenile laminin isoforms can be re-expressed in certain glomerular diseases.

Post-fixation immunoelectron microscopy of early developing mouse glomeruli using chain-
specific antibodies against LM-111 shows immunolabel within intracellular biosynthetic
organelles of endothelial cells as well as in podocytes.30 The same approach also shows that
both cell types synthesize LM-521.30 This later point was underscored in a recent study in
which human laminin α5 is expressed in transgenic mice harboring a bacterial artificial
chromosome (BAC) containing the human LAMA5 locus.31 As is the case for native mouse
laminin α5, the human protein also originates from both endothelial cells and podocytes in
BAC transgenics.31

Mechanisms for silencing expression of LM-111 and LM-511, and upregulating LM-521
during glomerular development are not understood. Similarly, how the early laminin
isoforms are removed from the GBM, and the later isoform installed, are not known.
Interestingly, the laminin isoform substitution process appears to rely on the presence of
both endothelial cells and podocytes. For example, routine organ culture of embryonic day
12 mouse kidneys supports the development of avascular glomerular epithelial tufts. Cells
within these tufts express the podocyte-differentiation markers, GLEPP-1 and nephrin, and
assemble epithelial slit diaphragms at the correct microanatomical site between foot
processes.32 These putative podocytes also assemble a basement membrane-like matrix that
ultrastructurally resembles the GBM.32 The basement membranes laid down in organ culture
contain laminin α1, α5, and β1 but not β2. When these organ cultured kidneys are grafted
into the anterior eye chamber of adult mouse hosts, however, many of the glomerular
epithelial tufts of the engrafted kidneys become vascularized by host-derived endothelial
cells. In these cases, laminin β2 is now found within glomeruli.32 Signals derived
specifically from endothelial cells, as well as circulating growth factors and chemokines,
may be critically important for regulating the full laminin isoform substitution program,
although hemodynamic forces associated with vascularization can not be wholly
discounted.32

The immature GBMs found in the vascular cleft and early capillary loop stage glomeruli
contain collagen α1α2α1(IV).33 As glomeruli mature, this network is replaced by collagen
α3α4α5(IV), which is the only collagen IV network found in the fully mature GBM.
Immunoelectron microscopic evidence from developing mouse kidneys shows that both
glomerular endothelial cells and podocytes participate in synthesis of the collagen
α1α2α1(IV) network.34 However, anti-collagen α3α4α5(IV) antibodies immunolabel the
biosynthetic pathway only in podocytes; endothelial cells are negative (Figure 2).34 As is the
case for laminins, the genetic, protein, and cellular mechanisms regulating collagen IV gene
expression, removal of earlier isoforms, and deposition of the final isoform into the mature
GBM, are not known. The composition of the GBM during different stages of glomerular
development and the cellular origins of laminin and type IV collagen chains are diagrammed
in Figure 1.

Reasons for the removal of the juvenile isoforms, LM-111 and collagen α1α2α1(IV), and
replacement with the adult LM-521 and collagen α3α4α5(IV) networks are also not
completely understood. One possibility is that the juvenile laminin and collagen IV isoforms
provide a more compliant or resilient GBM matrix. Conceivably, this may be important for
the spreading of endothelial cells and podocytes on their respective GBM surfaces as the
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glomerular capillary loops inflate. Whether this cell mobility is facilitated by the expression
of different densities or types of basement membrane binding proteins is not known.
Nevertheless, there is genetic evidence from mice and humans that the laminin and collagen
IV isoform substitution may be necessary for the attainment of the highly differentiated state
assumed by glomerular endothelial cells and podocytes and for establishment and
maintenance of the glomerular filtration barrier.

Hereditary Diseases of Laminin
When either the Lamb1 or Lamc1 gene, encoding the laminin β1 or γ1 chains, respectively,
are deleted in mice, embryos do not survive beyond day 5.5 post coitum and completely lack
recognizable basement membranes.35, 36 Lama1 knockouts survive until ~embryonic day 7,
apparently because laminin α5 can partially substitute for the absence of laminin α1.35

Interestingly, the deletion in mice of only the nidogen binding domain on the laminin γ1
chain results in death immediately after birth, with renal agenesis and lung development
deficiencies.37 This is surprising in view of the absence of a kidney phenotype in mice
lacking both nidogen-1 and -2,7 suggesting that the nidogen-binding domain on laminin γ1
may have other functions.37 Probably because of the importance of basement membrane
laminins in early embryogenesis, there are no known mutations to the human LAMA1,
LAMB1 or LAMC1 genes.

Mice with a global deletion of the Lama5 gene, which encodes the laminin α5 protein, die
before birth with neural tube closure defects and placental vascular abnormalities, among
other deficits.38 (No LAMA5 mutations have thus far been identified in humans either,
probably because they would also cause embryonic lethality). When embryonic kidneys
from Lama5 knockout mice are examined, glomerular capillaries and GBMs are absent.39

Knowing that the laminin α5 chain normally originates in glomeruli from both endothelial
cells and podocytes,30 we attempted to rescue the Lama5 null glomerular phenotype. Our
approach was to transplant embryonic day-12 laminin α5 knockout kidneys under the renal
capsule of newborn hosts carrying the cell-lineage marker, LacZ, but wildtype for Lama5.
One week after transplantation, LacZ-positive, host-derived endothelial cells had migrated
into engrafted kidney tissue, producing hybrid glomeruli containing wildtype endothelial
cells and Lama5 null podocytes.40 Close examination by confocal immunofluorescence
microscopy shows that GBMs within these hybrid glomeruli are stratified: laminin α5
occupies the inner, subendothelial layer of basement membrane, and laminin α1 is found in
the outer layer beneath mutant podocytes.40 Electron microscopy of these hybrid glomeruli
shows that the GBM is poorly condensed, and podocyte foot processes fail to develop.40

Quantification of the endothelial cell-derived laminin α5 by confocal image analysis shows
that the hybrid GBMs contain ~50% of the normal complement of this laminin chain found
in wildtype glomeruli.40 This signifies that, at least under these conditions, the endothelium
can be a major source for GBM proteins. Further evidence that the laminin α1–α5 transition
is important for podocyte development and maintenance comes from inactivation of Lama5
exclusively in podocytes. Conditional loss of Lama5 in podocytes alone results in
proteinuria, progressive GBM thickening, and podocyte foot process effacement.41

Mice deficient for Lamb2, which encodes the laminin β2 chain, are born with an apparently
intact GBM probably caused by the sustained, compensatory expression of laminin β1.42 A
few weeks after birth, they become massively proteinuric and, subsequently, there is
progressive fusion of podocyte foot processes.42 Albuminuria occurs well before podocyte
foot process effacement, however, emphasizing the importance of a correctly assembled
GBM on establishment of glomerular barrier properties.43 These mice also display
extrarenal defects, including abnormal neuromuscular junctions where there is lack of active

Abrahamson Page 5

Semin Nephrol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



zones and dispersal of synaptic vesicles, intrusion of Schwann cell folds into the synaptic
cleft, and marked reduction of junctional folds in the muscle fiber, and mice die ~3 weeks of
age.42 Mutations to the human LAMB2 gene have been discovered and shown to cause
Pierson syndrome,44 which results in a congenital, familial nephrosis, ocular anomalies, and
life-threatening neonatal respiratory problems,45 which are generally similar to symptoms
seen in Lamb2 knockout mice.

Hereditary Diseases of Type IV Collagen
Unlike the case for LM-111, deletion of much of the mouse Col4a1 and Col4a2 loci
encoding the collagen α1α2α1(IV) network does not result in early lethality, and embryos
survive as late as embryonic day-11.5.46 In earlier stage embryos, the absence of collagen
α1α2α1(IV) also does not affect the expression of laminins or nidogen-1, and these proteins
are assembled into extracellular matrices that ultrastructurally resemble basement
membranes.46 The immunolabeling patterns in these basement membranes show
discontinuities, however, and there are blood vessel dilations and hemorrhaging at
embryonic day 10.5–11.5. Together, these results indicate that although collagen
α1α2α1(IV) is not required for early embryogenesis and initial organogenesis, the network
is necessary to stabilize basement membrane integrity at mid-gestation.46

Mutations in the human COL4A1 gene results in porencephaly and cerebral small vessel
disease, predisposing affected individuals to intracerebral hemorrhage.47 A separate
COL4A1 mutation(s) results in a novel spectrum of symptoms including hereditary
angiopathy with nephropathy, aneurysms, and muscle cramps.48 With respect to renal
defects, patients have hematuria, large cortical and medullary intrarenal cysts, and focal
thickening and splitting of kidney tubular and peritubular capillary basement membranes.48

The GBM in these individuals appears to be unaffected, however, probably because of the
replacement of the collagen α1α2α1(IV) network with collagen α3α4α5 (IV) during
glomerular development.

One of the most extensively studied genetic diseases of the GBM is Alport syndrome, which
in humans is caused by mutations to the COL4A3, COL4A4, and/or COL4A5 genes.49

Alport is a familial nephropathy with hearing impairment and ocular defects and, in most
families, is caused by mutations to COL4A5. In these cases, it is transmitted as an X-linked
dominant trait causing greater disease severity in males than females. More than 300
mutations have been identified in COL4A5, ranging from deletions of various sizes,
duplications and rearrangements, insertions and single base changes.49 Many of these occur
in codons that affect the Gly-X-Y repeats in the type IV collagenous domains, making it
impossible to form a stable collagen α3α4α5(IV) heterotrimer. In kidney there is variable
thickening, thinning, and splitting of the GBM and widespread effacement of podocyte foot
processes, especially in areas overlying irregular projections or outpockets of GBM. This
results in progressive hematuria and proteinuria and, in most individuals eventually, renal
failure.50, 51

Unlike what occurs during normal glomerular development, and because of the absence of
the collagen α3α4α5(IV) heterotrimer, there is retention of the collagen α1α2α1(IV)
network in the Alport GBM. This network is more susceptible to proteolysis than collagen
α3α4α5(IV), and helps explain why the Alport GBM eventually deterioriates.52 In many
affected individuals, however, there is no evidence of kidney malfunction for up to several
decades, indicating that the presence of the collagen α3α4α5(IV) network per se within the
GBM is not required for the initial development and maintenance of the glomerulus and its
barrier properties.
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Alport syndrome can also be transmitted less frequently in humans as an autosomal
recessive disorder involving homozygous or compound heterozygous mutations to COL4A3
and COL4A4.49 Mutations to these genes do not always result in full-blown Alport,
however. Many cases of thin basement membrane nephropathy, also known as benign
familial hematuria, have also been linked to COL4A3 and COL4A4, but these individuals do
not progress to Alport and the expression of collagen IV chains in the GBM is normal.49

These results indicate that this disorder represents a heterozygous condition of autosomal
recessive Alport, and/or that it is genetically heterogeneous.49

There have been several studies on the structure and composition of the Alport GBM from
human patients and in canine and mouse genetic models of the disease.53 We began
studying the Col4a3 knockout mouse model of Alport some time ago, and reported that
LM-111 underwent normal downregulation during initial glomerular development.
However, this isoform was ectopically re-expressed by both endothelial cells and podocytes
in maturing Alport mouse glomeruli.54 Immunoelectron microscopy showed that the
LM-111 was deposited specifically in many of the irregular subepithelial GBM projections
typically seen in Alport disease. We speculated that the presence of this juvenile laminin
isoform, which is more characteristic of immature glomeruli, may have contributed to the
foot process effacement seen in the overlying podocytes.54 Subsequently, we quantified
laminin α1 and laminin α5 chains in Alport mouse GBMs and found both to be significantly
increased over wildtype.55

We also carried out ferritin permeability studies and electron microscopy showed that Alport
mouse GBMs are more permeable than wildtype. These abnormal permeabilities occurred
even in areas of Alport glomerular capillary walls with ultrastructurally normal GBMs,
normal foot process morphologies and slit diaphragms.55 Further, permeabilities are even
greater in those regions of the GBM previously shown to contain ectopic deposits of
LM-111.55 Taken together, we believe that the Alport GBM is defective not only due to an
absence of collagen α3α4α5(IV) and prolonged presence of collagen α1α2α1(IV), but due
also to the dysregulation of the laminins, which may represent a compensatory response.
The abnormal GBM that results likely conveys inappropriate signals to the adherent
endothelial cells and podocytes, which, in turn, causes progressive disease. Interestingly,
loss of the collagen IV receptor, DDR1, results in a milder form of the disease in Alport
mice, and downregulation of the pro-fibrotic cytokines TGFβ and CTGF.56 These results
further implicate a key role for basement membrane receptor proteins in monitoring changes
in GBM composition and transmitting this information to adherent cells.

As we had done before with the partial rescue of the laminin α5-null glomerular
phenotype,40 we grafted mouse embryonic day-12 Col4a3 knockout kidneys into wildtype
hosts carrying a transgenic lineage marker.34 Hybrid glomeruli containing wildtype
endothelial cells and mutant (Alport) podocytes develop within grafts. Unlike the outcome
with the laminin α5 grafts, however, there is no expression of collagen α3α4α5(IV) within
graft glomeruli containing wildtype endothelial cells.34 In addition, confocal microscopy of
developing Alport glomeruli shows that collagen α5(IV) immunolocalizes specifically
intracellularly within developing podocytes but, in the absence of one of its usual GBM
binding partners, collagen α3(IV), it is not deposited in the GBM (Figure 3).34 These results
provide additional evidence that collagen α3α4α5(IV) originates solely from podocytes,
and that glomerular Alport disease is caused by a genetic defect manifest specifically within
this cell.34
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Construction completed; home repairs
Once the normal GBM has been fully assembled and has assumed its mature status, the
endothelial cells and podocytes engaged in secretion of the various GBM constituents
downregulate their GBM biosynthetic programs. Indeed, the normal GBM appears to be a
remarkably stable structure. For example, classic metabolic labeling studies published 35
years ago show that the in vivo loss of basement membrane protein radioactivity from adult
rat GBM collagen is as slow as that for tail tendon collagen (with a half life of more than
100 days).57 As is the case for regulation of the different laminin and collagen IV isoforms
during glomerular development, however, details regarding the suppression of basement
membrane protein gene transcription and/or message translation after glomerular maturation
are almost completely lacking. Nevertheless, in almost every example of primary glomerular
disease (including postinfection glomerulonephritis, immunoglobulin A nephropathy, anti-
GBM disease, minimal change nephrotic syndrome, focal segmental glomerulosclerosis,
mesangial proliferative disease, hereditary nephritis) and metabolic or hematologic diseases
affecting the kidney (including hypertension, diabetes mellitus, lupus, HIV), the normal
architecture of the glomerular capillary wall is affected. In many cases, these changes may
either be caused by, or result in, alterations to the GBM, including renewed biosynthesis of
GBM proteins that can then progress to glomerular fibrosis and eventually, end stage renal
disease. To slow or prevent fibrosis, we urgently need to understand controls that silence
GBM protein gene expression and prevent matrix deposition. Similarly, we need to learn
how to selectively repair laminin and type IV collagen genes to restore normal protein
expression patterns in hereditary diseases affecting the GBM.
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Figure 1.
Diagram showing stages of glomerular capillary wall development and cellular origins of
different laminin and collagen IV isoforms. A: During vascular cleft and early capillary loop
stages, a double basement membrane is located between the endothelium and podocyte and
this dual structure fuses. This immature GBM contains LM-111 and collagen α1α2α1(IV),
both of which originate in endothelial cells and podocytes. B: During intermediate stages of
glomerular development, newly synthesized segments of basement membrane are seen
beneath developing podocyte foot processes. LM-521 can now be detected, and originates
from both endothelial cells and podocytes. Collagen α3α4α5(IV) is also seen for the first
time at this stage, but this isoform derives solely from podocytes. C: As glomeruli mature,
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the glomerular capillary loops achieve their final dimensions. The GBM contains only
LM-521 (derived from endothelial cells and podocytes) and collagen α3α4α5(IV) (derived
only from podocytes). Reprinted with permission.34
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Figure 2.
Post-fixation immunoperoxidase electron microscopy of developing mouse glomerular
capillary wall using anti-collagen α3α4α5(IV) IgG. Peroxidase reaction product appears
within the GBM and intracellular biosynthetic organelles (arrowheads) of podocytes (Po).
Labeling is absent in the glomerular endothelium (En). Reprinted with permission.34
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Figure 3.
Section of immature Alport mouse glomerulus double labeled with (A): podocyte-specific
anti-GLEPP1 and (B): anti-collagen α5(IV). Merged image (C) shows intracellular
immunolabeling for collagen α5(IV) (arrows) exclusively within podocytes. Reprinted with
permission.34
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