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INTRODUCTION

Kidneys are paired structures that lie in the retroperitoneum. Each kidney contains approxi-
mately 1,000,000 glomeruli, which are small balls of capillaries (diameter 0.1 mm) through
which the blood is filtered. Glomeruli are present only in the cortex (Figure 1).

The functions of the kidneys are: 1) excretion of toxins and waste products (urea, cre-
atinine, and many others); 2) maintaining homeostasis (balance) in the body’s volume and
chemistry; 3) production of hormones (erythropoietin, vitamin D, angiotensin). Blood flows
into the glomerulus via the afferent arteriole and out via the efferent arteriole. Approximately
20-25% of the plasma that enters the glomerulus is filtered through the capillary wall into the
urinary space. The capillary wall functions as a filtration barrier allowing the passage of water
and small molecules (toxins, salts) into the urinary space while keeping cells and proteins in
the capillary loop. The glomerular capillary wall is composed of three components: thefenes-
trated endothelium which lines the capillaries; the glomerular basement membrane, a thin
sheet composed of negatively charged extracellular matrix proteins; the visceral epithelial
cells, which are also called podocytes because of their characteristic interdigitating foot pro-
cesses that cover the GBM. The filtered plasma is first collected in Bowman'’s space, covered
by Bowman'’s capsule which is lined by the parietal epithelial cells (PECs), and subsequently
transported via the tubular system to the ureter. The filtration barrier is believed to be a
size-selective and charge-selective filter. Recent studies have made important contributions
to our understanding of the role of the various constituents of this barrier. The fenestrated
endothelium, which lines the capillary wall, is critically dependent on vascular endothelial
growth factor (VEGF), produced by the adjacent podocytes [1;2]. The glomerular basement
membrane is an acellular matrix with a thickness of 300 to 350 nm that provides structural
supportfor the capillary wall. Its main components are type IV collagen, proteoglycans, lam-
inin, and nidogen. Anionic sites in the glomerular basement membrane are believed to be
located on the heparan sulfate and chondroitin sulfate side chains of perlecan and agrin.The
anionic charges have been thought to be important for the restricted passage of negatively
charged proteins. However, genetically engineered mice whose glomerular basement mem-
brane contains heparan sulfate-deficient perlecan or lacks agrin do not have proteinuria but
are sensitive with respect to albumin overload [3]. S-laminin/laminin beta 2 is a major compo-
nent of adult renal glomerular basement membrane (GBM), and mutant mice that lack beta
2, develop massive proteinuria [4]. More recently, the podocyte is being recognized as the
most important determinant of capillary wall permeability. The podocyte is a terminally dif-
ferentiated cell with a complex structure and is composed of primary processes which form
interdigitating extensions that form the characteristic foot processes which rest on the GBM.
The foot processes are connected by a tiny membrane, the so-called slit diaphragm. The slit
diaphragm complex is composed of several proteins that contribute to the structure of the
slit diaphragm, connect the diaphragm to the intracellular actin cytoskeleton,and participate



Chapter 1

-
o

Figure 1. Filtration System of the kidney. The kidneys contain glomeruli in the renal cortex (Panel A). Arterioles enter Bowman's capsule
and form the glomerular tuft; the cappillary wall functions as a filter. The filtered plasma is collected in Bowman's space and then further
transported to the proximal tubules (B). The capillary wall is composed of fenestrated endothelium, the glomerular basement membrane and a
layer of podocytes (C). Panel D shows a cross section through the capillary wall with the fenestrated endothelium at the bottom, the glomerular

basement membrane with overlying podocyte foot processes. In between these processes the slit diaphragm complex is located (D). Reprinted
with permission [5].
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in podocytic signalling processes (Figure 2). Well-known examples of slit diaphragm complex
proteins are nephrin, podocin, a-actinin-4 and CD2AP. Most of these proteins are essential for
a functional slit diaphragm and maintenance of glomerular permselectivity, since mutation
orinactivation of the corresponding genes causes proteinuria [5]. Thus, proteinuria is consid-
ered to be predominantly caused by alterations of the slit diaphragm complex. Proteinuria
is mostly accompanied by disturbances of the architecture of the foot processes, so called

effacement.

Figure 2. The Slit-Diaphragm Complex. Components which form the Filter; From the opposite foot processes nephrin molecules form a
central density with pores, a zipper-like structure which probably maintains the width of the slit. Nephrin also interact with other proteins in
the slit, such as FATT and FAT2. Nephrin interact with the intracellular podocin and CD2-associated protein (CD2AP). These molecules presumably
connect the slit-diaphragm protein complex with Z0-1 and actin strands. Reprinted with permission [5].
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Figure 3. Scanning electron microscopy pictures of
podocytes on glomerular capillaries. The interdigitating
foot processes are nicely illustrated. The inset shows
podocyte effacement.

This can be illustrated by scanning electron microscopy (Figure 3) and by transmission
electron microscopy (Figure 4). Proteinuria is a hallmark of glomerular diseases and an inde-
pendent predictor of renal function deterioration. Histologically, renal insufficiency is charac-
terised by glomerulosclerosis and tubulo-interstitial fibrosis. Focal segmental glomeruloscle-
rosis (FSGS) has become one of the most common glomerular diseases. In its classical form
FSGS is characterized by mesangial sclerosis, obliteration of glomerular capillaries, formation

Figure 4. Transmission electron microscopy
pictures of podocyte foot processes resting on the
GBM. The arrowheads point to the slit diaphragm.
The lower picture illustrates podocyte effacement.




Introduction

of adhesions between the glomerular tuft and Bowman’s capsule, podocyte hypertrophy,
hyalinosis of the vessel wall and intracapillary foam cells. Notably, FSGS is merely a descrip-
tive diagnosis, and not a disease entity. FSGS may be secondary to glomerular hyperfiltration
and thus the result of longstanding and ongoing glomerular injury ending with chronic renal
disease. Recently, various morphological variants have been defined and a classification has
been proposed to better address the diversity of FSGS [6].

Five light microscopic variants of FSGS were defined: the perihilar variant (lesions predomi-
nantly located at the vascular pole), the tip variant (the presence of lesions located at the
urinary pole), the cellular variant (characterized by endocapillary hypercellularity), the col-
lapsing variant (collapse of the glomerular tuft associated with epithelial cell hypertrophy
and hyperplasia), and finally FSGS not otherwise specified (NOS), if lesions do not fitinto one
of the above mentioned categories (Figure 5).

All morphological variants are accompanied by some degree of epithelial cell proliferation,
being minimal or absent in the perihilar variant and often very prominent in the cellular and
collapsing variant (Figure 6). In recent studies the podocytes have received a central role in
the pathogenesis of FSGS [7]. Normal podocytes are unable to proliferate and to compensate
for damaged neighbouring podocytes. Studies by Kriz and co-workers in various rat models
of FSGS indicated loss of podocytes and adherence of the parietal epithelial cell (PEC) to
the naked GBM as the critical event in the formation of FSGS lesions [8;9]. The adhesions
allow filtration of proteins to the periglomerular space and this process is held responsible
for the periglomerular fibrosis and tubulointerstitial fibrosis that typically accompanies FSGS.
These studies can not explain the pathogenesis of the more cellular FSGS lesions. The collaps-
ing variant of FSGS is the prototypical example. Studies in collapsing FSGS have suggested
that the proliferating cells are podocytes that have lost their podocyte markers, and have

Figure 5. FSGS not otherwise specified (NOS).
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Figure 6. Collapsing FSGS.

regained the ability to proliferate [10-14]. This is the concept of the dedifferentiated dys-
regulated podocyte. Based on these findings epithelial hyperplasia, which is also commonly
observed in ‘active’ FSGS lesions other than collapsing lesions, is generally considered to be
the result of proliferation of dedifferentiated podocytes.

AIMS OF THE STUDY

The studies presented in this thesis were aimed at:
1) Unraveling mechanisms of proteinuria
2) Evaluating the role of glomerular epithelial cells in FSGS

Mechanisms of proteinuria

We have used the anti-aminopeptidase-A mouse model to study mechanisms of proteinuria
[15-17]. This model is characterized by a massive and acute albuminuria, induced by a single
intravenous injection of a combination of two mAbs directed against specific epitopes of
mouse aminopeptidase-A (APA). APA (EC 3.4.11.7) is a membrane bound zinc metalloprote-
ase which, in mouse kidney, is expressed on podocytes, epithelial cells of the proximal con-
voluted tubules and, to a lesser extent, on the endothelial cells of the peritubular capillaries
and the smooth muscle cells of the media of arteries. APA is involved in the degradation of
peptides. It's best-known substrate is angiotensin Il (Ang Il), the most active component of
the renin—angiotensin system. APA inactivates Ang Il by hydrolyzing the N-terminal aspartyl
residue, thus forming angiotensin lll (Ang Ill) [18].
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The induction of albuminuria in this model is not related to any of the known systemic
mediators of glomerular injury, such as complement, coagulation factors, monocytes, neu-
trophils, or platelets [15]. In subsequent studies we have shown that injection of the anti-APA
mAbs increased glomerular Ang Il levels [19]. However, in adult mice induction of albumin-
uria was independent from Ang ll, as proven by our studies in angiotensinogen knock-out
mice [17]. We questioned if the effects of anti-APA administration may be dependent in
the developmental stage of the glomeruli. It is well known that Ang Il is important during
nephrogenesis. Most components of the RAS are expressed in the developing kidney. The
role of APA is unknown. We have studied the expression of APA during nephrogenesis and
the effect of APA inhibition in newborn mice (chapter 2).

In the experiments described in chapter 3, we have examined the expression of several im-
portant podocytic proteins in relation to the time course of the albuminuria in our anti-APA
mouse model. We have included cytoskeleton (-associated) proteins, adhesion molecules,
slit-diaphragm proteins and heparan sulfate proteoglycans, all known to affect podocyte
integrity, associated with podocytic injury or proteinuria. In addition, we measured ultra-
structurally the number of foot processes per um GBM and the width of the slit pore be-
tween the podocytes by morphometric methods. In subsequent studies we have improved
the methodology of calibrating the morphometric measurements on electron microscopical

images (chapter 4).

Pathogenesis of focal segmental glomerulosclerosis

In recent years we have used the Thy-1.1 transgenic mouse model for the study of focal seg-
mental glomerulosclerosis [20;21]. Thy-1.1 transgenic mice carry a mouse-human transgene
that causes ectopic expression of the mouse Thy-1.1 antigen on podocytes. Injection of mAbs
directed against the Thy-1.1 antigen induces an acute albuminuria within 10 min and a dose
dependent development of FSGS within 3 weeks. The early stages of FSGS in this model are
characterised by prominent cell proliferation and the lesions clearly resemble human collaps-
ing FSGS. We noted that the proliferating cells were parietal epithelial cells (PECs), rather than
podocytes. Moreover we showed that the extracellular matrix that formed the adhesion was
produced by the PECs [22].

To evaluate the role of the PECs in human FSGS we have used a nephrectomy specimen of a
patient with recurrent FSGS after transplantation (chapter 5). This enabled us to evaluate over
400 serial sections. We could demonstrate that parietal epithelial cells also play an important
role in the formation of the cellular lesions and the scar in human idiopathic FSGS. We subse-
quently have investigated the origin of the proliferating cells in collapsing FSGS associated
with HIV and pamidronate (chapter 6).
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Global glomerulosclerosis

Progressive glomerular injury is eventually characterized by global glomerulosclerosis. Two
types of global glomerulosclerosis can be distinguished: the vascular type (also referred to as
obsolescent type) and the glomerulopathic type (also referred to as solidified type). The latter
type is often observed in patients with FSGS. In biopsies of children with a nephrotic syn-
drome we observed small glomeruli, which somewhat resembled global glomerulosclerosis.
We have coined the term involuted glomeruli to describe them. The involuted glomeruli can
be distinguished from the above mentioned forms of global glomerulosclerosis (chapter 7).
We have evaluated biopsies of a cohort of children with frequently relapsing minimal change
nephrotic syndrome for the presence of involuted glomeruli and have tried to relate their
presence with clinical parameters (chapter 8). Finally, in chapter 9 we describe the long term
follow-up of mice injected twice with the proteinuric anti-APA mAbs. We did not observe
development of FSGS. Intriguing was the observation that these mice developed small dense
glomeruli, clearly resembling the involuted glomeruli in humans.

We discuss and summarize our findings in chapters 10 and 11
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ABSTRACT

Aminopeptidase-A (APA) is a metalloprotease that cleaves N-terminal aspartyl and glutamyl
residues from peptides. Its best known substrate is angiotensin Il (Ang Il), the most active
compound of the renin angiotensin system (RAS). The RAS is involved in renal development.
Most components of the RAS system are expressed in the developing kidney. Thus far, APA
has not been studied in detail.

In the present study we have evaluated the expression of APA at the protein-, mRNA-, and
enzyme activity level in the kidney during nephrogenesis. Furthermore, we have studied the
effect of inhibiting APA enzyme activity by injection of anti-APA antibodies into 1-day-old
newborn mice. APA expression was observed from the comma stage onwards, predominant-
ly in the developing podocytes and brush borders of proximal tubular cells. Notably, APA
was absent in the medulla or the renal arterioles. Inhibition of APA enzyme activity caused
temporary podocyte foot process effacement, suggesting a minimum role for APA during
nephrogenesis.

Keywords: podocyte, nephrogenesis, aminopeptidase-A, albuminuria, monoclonal anti-
bodies, inhibition, enzyme activity, mouse
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INTRODUCTION

Angiotensin Il (Ang ll) is the most active component of the renin angiotensin system (RAS).
The RAS is involved in the regulation of vascular tone and maintenance of blood pressure.
Ang Il is also involved in the regulation of cell growth. In adult life Ang Il contributes to renal
injury by increasing the blood pressure, initiating glomerular injury and inducing fibrosis [1].
These effects of Ang Il are predominantly mediated by activation of the angiotensin type
1a receptor (AT1a). Indeed, overexpression of the AT1a receptor in rat podocytes resulted in
focal glomerulosclerosis [2]. Inhibitors of the RAS system thus have become important tools
in the treatment of patients with renal diseases [3]. In contrast, in the fetal kidney an intact
RAS system is essential for a normal development [4,5]. Treatment of newborn mice or rats
with angiotensin converting enzyme (ACE) inhibition resulted in abnormal development of
the kidney characterised by papillary atrophy and severe wall thickening of the cortical arter-
ies and arterioles. Similar abnormalities were observed in mice with a targeted disruption of
genes involved in the RAS system such as angiotensinogen, ACE and the AT1 receptor (re-
viewed in Guron and Friberg, 2000). Most components of the RAS system are expressed in the
developing kidney in a time and site specific manner. Detailed studies have demonstrated
expression of angiotensin, renin, ACE and the AT1 and AT2 receptor (reviewed in Guron and
Friberg, 2000). Thus far little attention has been given to aminopeptidase-A (APA).

APA (EC 3.4.11.7) is a membrane-bound metalloprotease that cleaves N-terminal aspartyl
and glutamyl residues from peptides. Its best known substrate is angiotensin Il [6]. APA has
a wide-spread organ distribution suggesting that this enzyme has a role in many diverse
biological processes [71].

Investigators have suggested that APA may be involved in blood pressure regulation
and the pathogenesis of preeclampsia [8]. In the adult mouse kidney APA is expressed on
podocytes and brush borders of proximal tubular epithelial cells, and to a lesser degree on
juxtaglomerular (JC) cells, endothelial cells of peritubular capillaries (PTC) and in pars media
of arteries. In our studies on membranous nephropathy we have developed a panel of an-
tibodies directed against APA [9]. Injection of a combination of antibodies that inhibit APA
enzyme activity, increased renal All levels and induced an acute and profound albuminuria
[10]. The mAbs are highly specific for APA since we observed no binding upon injection into
APA-deficient mice [10]. These monoclonal antibodies have provided us with tools to study
the tissue distribution of APA [7]. In the present study we have evaluated the expression of
APA at the mRNA -, protein -, and enzyme activity level during nephrogenesis in mice. In ad-
dition we examined the effect of APA inhibition during nephrogenesis.
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MATERIALS AND METHODS

Animals

Female BALB/c mice in late pregnancy, aged 2 to 3 months, were purchased from Charles
River, Sulzfeld, Germany. E18 old BALB/c mouse embryos or newborns, day 1 (E18-19 days
post coitum (d.p.c.)), were used to study the nephrogenesis of the mouse kidney. In mice
nephrogenesis starts at E11-12 (forming metanephros) and continues for 7-10 days (P1-2)
after birth. In mice, 80% of the glomeruli form after birth. Microscopic examination of kidneys
from E18 old embryos allows studying glomeruli at various developmental stages, ranging
from the earliest developmental stage (vesicle formation) in the outer cortex to mature
glomeruli in the inner cortex. 1-day-old mice were used to study the effect of inhibiting APA
enzyme activity during nephrogenesis. All procedures involving mice were approved by the
Animal Care Committee of the University of Nijmegen and conformed to the Dutch Council
for Animal Care and National Institutes of Health guidelines.

Animal experiments

For the distribution study kidneys from E18 old embryos were removed from BALB/c mice,
snap frozen in liquid nitrogen for immunofluorescence, enzymehistochemistry and mRNA in
situ hybridization, or immersion fixed for light microscopy (LM) and immunoelectron micros-
copy (IEM).

To study the effect of APA inhibition during nephrogenesis we injected combinations of
anti-APA antibodies in 1-day-old mice. The characteristics of the three rat mAbs used in this
study (ASD-3, ASD-37 and ASD-41) have been described previously [9]. The anti-APA mAbs
have been propagated in vitro by hollow fiber culture (Nematology Department, Agriculture
University Wageningen, The Netherlands). Injection of the combination ASD-37/41 inhibited
the APA enzyme activity completely and induced a massive acute albuminuria at day 1. In
contrast, the combination ASD-3/41, which did partly inhibit APA activity on the podocyte
and completely inhibited the enzyme activity of the brush border (BB), did not induce pro-
teinuria. We have used a single intravenous injection of a total dose of 0.8 mg of the nephri-
togenic combination ASD-37/41 or the non-nephritogenic combination ASD-3/41 (both with
1:1 weight ratio). Groups of mice (n=5) were studied 9, 21 days and 3 months after injection.
Urinesamples were collected via spontaneously voiding at day 1 and via bladder puncture
at days 9, 21 and 3 months, after which mice were killed and the kidneys processed for light
microscopy, immunofluorescence, enzymehistochemistry and electron microscopy.

Morphologic studies

To study the expression of APA by immunofluorescence (IF), we have used the mAbs ASD-3,
an anti-APA mAbs of subclass IgG1. All the three rat mAbs used in this study (ASD-3, ASD-37
and ASD-41) give the same staining pattern of APA. Kidneys from E18 old embryos were snap
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frozen in liquid nitrogen. Two um-thick, acetone fixed sections were incubated for 60 minutes
atroom temperature. Binding of the mAbs was visualized with FITC-labeled rabbit anti-rat IgG
containing 4% normal mouse serum (Dako, Glostrup, Denmark) as described before [9,11].

The enzyme activity of APA was visualized by enzyme histochemistry according to Lojda and
Gossrau, as described before [12], with the APA-specific substrate L-glutamic acid-4-methoxy-
B-naphtylamide (Bachem, Bubendorf, Switzerland). The intensity of the developed colour was

recorded semi quantitatively on a scale from 0 to 4+ [13].

APA mRNA was detected by RNA in situ hybridization using both a sense and an antisense
344 bp digoxigenin-labeled cRNA probe, as described before [9].

For light- and electronmicroscopy (LM / EM) the kidneys were immersion-fixed in 2.5% glutar-
aldehyde dissolved in 0.1 M sodium cacodylate buffer, pH 7.4, overnight at 4°C and washed
in the same buffer. The tissue fragments were post fixed in palade buffered 2% OsO4 for
1 hr, dehydrated, and embedded in Epon 812, Luft’s procedure (Merck, Darmstadt, Germany).
Semithin (1um) and ultrathin sections were cut on an ultratome, Reichert Ultracut S (Leica
Microsystems). The semithin slices were stained with toluidine blue and examined using light
microscopy. Ultrathin sections were stained with 4% uranyl acetate for 45 min and subse-
quently with lead citrate for 4 min at room temperature. Sections were examined in a JEOL
1200 EX2 electron microscope (JEOL, Tokyo, Japan).

For IEM the kidneys were immersion-fixed in a mixture of 10 mM periodate, 75 mM lysine and
2% paraformaldehyde, pH 6.2 (PLP) for 3 hr. After rinsing several times in PBS, the embryonic
kidneys were cryoprotected by immersion in 2.3 M sucrose, pH 7.2, for 1 hr, and then frozen
in liquid nitrogen. Twenty pm-thick sections were incubated with ASD-3, for 18 hr at 4°C.
Binding of the mAbs was visualized with peroxidase-labeled rabbit anti-rat IgG containing
4% normal mouse serum (Seralab/Sanbio, Uden, The Netherlands), as described before. For
IEM ultrathin sections were cut on an ultratome (Leica, Reichert Ultracuts, Wien, Austria). The
sections were examined in a Jeol 1200 EX2 electron microscope (JEOL, Tokyo, Japan).

RESULTS

In mice nephrogenesis starts at E11-12 (metanephros formation) and continues for 7-10 days
after birth. Formation of the kidney epithelium involves reciprocal inductive interactions be-
tween two mesoderm-derived structures, the uretic bud, an outgrowth of the Wolffian duct,
and the adjacent metanephric mesenchyme. The bud branches into collecting ducts, and the
mesenchyme differentiates into nephrons [14,15]. In mice, 80% of the glomeruli form after
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€ Figure 1. Developmental stages: kidneys from E18 old embryos show glomeruli at various developmental stages ranging from the
earliest developmental stage (vesicle formation) in the outer cortex to glomerular maturation in the inner cortex (A, overview toluidine blue
staining). The APA mRNA expression during nephrogenesis could be demonstrated during all stages, especially in the S-stage (B) the developing
podocytes could be nicely recognized, in massive amounts in some proximal tubules (B, insert) and in developing podocytes in the capillary
stage (D). In addition, APA enzyme activity could already be demonstrated in these early stages (C), (arrow developing podocytes) and was
continuously demonstrable and increased in the more advanced capillary stage (). In the proximal tubules APA enzyme activity could also be
demonstrated in the brush border membranes, arrow (E). In mature kidney the immunohistological presence of glomerular APA in the podocytes
and brush borders of the proximal tubules stain for APA, faint APA expression can also be observed in the granular juxtaglomerular cells and on
the endothelial cells of the peritubular capillaries (F). IEM (G) illustrates the membranous podocytic pattern (A x150, B-Cx600, D x1000, E x600,
Fx300, G x5000).

birth. Microscopic examination of kidneys from E18 old embryos reveals glomeruli at vari-
ous developmental stages ranging from the earliest developmental stage (vesicle formation)
in the outer cortex to mature glomeruli in the inner cortex, a low magnification overview
shows several stages (Figure 1a). The various stages of glomerular development can be nicely
distinguished by transmission electron microscopy. Figure 2 illustrates a typical example of a
developing glomerulus in the comma stage (Figure 2a), the S-stage (Figure 2b) and the early
capillary stage (Figure 2c).

Histology and immunofluorescence

In the earliest histologically definable glomerular stage, the comma stage, (Figure 3a) there
was only trace staining for APA by immunofluorescence (Figure 3b). Controls for background
were completely negative. Its morphological shape and the presence of the earliest ingrowth
of capillaries, recognized by using our antibody ASD-13, which is specific for glomerular en-

dothelium, identified the comma stage.

In the next stage, the S-stage (Figure 3c), there was staining for APA of the cells lining the
vascular cleft destined to become podocytes and with lower intensity also of the epithelial
cells destined to become parietal epithelial cells. In addition cells that will develop into the
proximal tubule stained faintly positive for APA without a clear polarity (Figure 3d, arrow). In
the more advanced early capillary stage (Figure 3e), the staining of cells destined to become
podocytes is more intense (Figure 3f). Staining is membranous and strongest nearest to the
capillary tuft. At this stage there is luminal staining of the proximal tubules, restricted to
the brush border (Figure 3f, arrow). In addition there is still weak staining of the developing
parietal epithelial cells. Finally, in the mature glomerulus (Figure 3g), APA staining shows a
homogeneous podocytic pattern. In addition the brush borders of the proximal tubules stain
for APA (Figure 3h). In the mature kidney, faint APA expression can also be observed in the
granular juxtaglomerular cells and on the endothelial cells of the peritubular capillaries (PTC)
(Figure 1f), whereas no expression is observed in the efferent and afferent arterioles, the

distal tubules, the loops of Henle or the collecting ducts.
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Figure 2. At the electronmicroscopical level the differtent stages and the developing podocytes could be nicely distinguished, the comma-stage
(A), the S-stage (B) and the more advanced early capillary stage (C) (A-B x900, C x2500).
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G

Figure 3. Expression of APA in the developing glomeruli studied by immunofluorescence: APA (demonstrated with the mAbs ASD-3)
could already be detected in the earliest histological definable glomerular stage, the comma stage and proximal tubular stages in the cortex but
not in the medulla. In the comma stage the vascular cleft, arrowhead (A), could be nicely distinguished (also the capillaries could be recognized
via ASD-13, a specific antibody for glomerular endothelium, data not shown). APA staining could be seen in the developing podocytes and in a
somewhat stronger degree in the center of the earliest developing proximal tubules, arrow (A,B). In the S-stage there was staining for APA of the
cells lining the vascular cleft that are destined to become podocytes (arrowhead) (D). In addition cells that will develop into the proximal tubule
stained faintly positive for APA without a clear polarity (arrow) (C,D). In the more advanced early capillary stage, several capillary loops start to
develop within the glomerulus. These capillary loops are positively stained for APA (E,F). In the proximal tubules expression is now polarised, with
predominant localization at the apical site in the brush border (arrow) (F). In the capillary stage APA was present in the glomerular capillary loops
and in the brush borders of the proximal tubules (G,H) (A—H x600).
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Expression and Effect of Inhibition of Aminopeptidase-A during Nephrogenesis

€ Figure 4. Immunoelectron microscopy on day E18 old embryos: In the comma stage APA was faintly observed on the membranes of
the early epithelial cells. APA was only seen on those epithelial cells that first came in contact with the ingrowing endothelial cells of the vascular
cleft (A). In the more advanced S-stage the APA staining on the membranes of the epithelial cells was much more pronounced. Furthermore, APA
on these epithelial cells was only stained on the membranes lining the earliest developing Bowman'’s space (C). APA was present on the early
apical membranes of the parietal epithelial cells lining Bowman's capsule and on the top membranes and early foot processes of the developing
podocytes. The occluding junctions were located between the visceral epithelial cells (CE). In the developing proximal tubules APA was first
observed on the apical/lateral membranes (B) and predominantly in the cytoplasm in distinct vesicles of these early proximal tubular epithelial
cells (D). Later in development the formation of the proximal tubular brush borders becomes more pronounced and APA was found in massive
amounts on the brush border membranes, then the strong cytoplasmic staining of APA was absent (F) (A x900, B x25000, C x3500, D x12000,
Ex5000, F x2500).

To obtain more insight in the exact sub cellular localization of APA during nephrogenesis I[EM
on E18 old embryos was carried out (Figure 4). In the comma stage there was only a faint APA
expression (Figure 4a). In the S-stage there was strong membrane staining of both develop-
ing podocytes and parietal epithelial cells. Staining was predominantly seen on surfaces
lining Bowman'’s space (Figure 4c). In the S-stage proximal tubular epithelial cells showed
some expression of the apical/lateral membranes, arrows (Figure 4b) and strong staining of
cytoplasmic vesicles close to the luminal surface of the epithelial cells (Figure 4d). In the early
capillary stage membranes lining Bowman'’s capsule were still strongly positive, probably api-
cal BB staining. In addition the early podocytes showed staining of apical, lateral and basal
membranes and sometimes carried cytoplasmic vesicles (Figure 4e). At this later stage the
epithelial cells of the proximal tubules showed merely brush border staining and no longer
staining of cytoplasmic vesicles (Figure 4f). In the mature kidney IEM confirmed the membra-
nous staining pattern of the podocytes (Figure 1g).

Enzyme histochemistry with a specific APA substrate on frozen sections of E18 old embry-
onic kidneys showed that APA enzyme activity could already be demonstrated in early stages
(Figure 1c) and further increased in glomeruliin a more advanced developmental stage, early
capillary stage (Figure 1e). In the proximal tubules APA enzyme activity could be demon-
strated in the brush border (Figure 1e, arrows).

We also determined APA mRNA expression during nephrogenesis by non-radioactive RNA in
situ hybridization. Glomerular APA mRNA could be demonstrated in all developmental stages.
Nicely the expression is seen in cells destined to become podocytes (Figure 1b, S-stage). In
addition we could demonstrate APA mRNA in developing proximal tubules (Figure 1b, inset).
In the early capillary stage expression is restricted to the podocytes (Figure 1d). In the mature
kidney APA mRNA expression was restricted to the perinuclear zone of podocytes, expression
in other compartments could not be detected or was very low [9].
Table 1 summarizes our findings.
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Table 1: Expression of APA during kidney development.

APA APA APA APA
Developmental phase IF IEM mRNA EA.
Comma phase (E18-P1)!
Tubular + + + +
Epithelial * + + +
Endothelial - - - -
S-phase: (E18-P1)
Tubular (proximal); Cytoplasm + + ++ +
Apical (BB) + +
Bas. Lateral -
Epithelial (podocyte) ++ ++ ot o
Endothelial - - - _
Pre-/Capillary phase: (E18-P1)
Tubular (proximal); Cytoplasm - ++
Apical (BB) + + ++
Bas. Lateral - -
Epithelial (podocyte) +++ +++ ++ o+
Endothelial - - . _
Adult phase: P3?
Tubular (proximal); Cytoplasm - +
Apical (BB) ++ ++ +++
Bas. Lateral - +
Epithelial (podocyte) ++ ++ + S
Endothelial ® - - - _

1) Embryonic day 18-postnatal week 1.

2) Postnatal week 3.

3) APA expression was observed on endothelial cells of peritubular capillaries and in the pars media of arteries.
IF, immunofluorescence; IEM, immunoelectronmicroscopy; EA, enzyme activity; BB, brush border.

Injection of the nephritogenic APA antibody combination ASD-37/41 in 1 day-old mice com-
pletely blocked enzyme activity (Figure 5a) and cause albuminuria at day 1 (60,000 + 4,000
pg/ml) whereas the combination ASD-3/41 albuminuria only partly blocked enzyme activity
(Figure 5b) and did not induce albuminuria (140 + 21 ug/ml). APA enzyme activity was still
absent at day 9 after injection of ASD-37/41 and was normalized at day 21 (Figure 5¢). Partial
foot process effacement was present at day 1 and persisted at day 9 and 21(Figure 5e). These
abnormalities were not accompanied by albuminuria (day 9 ASD-37/41 (240 = 47 ug/ml);
ASD-3/41 (120 20 pg/ml); day 21 ASD-37/41 (180 = 25 pg/ml); ASD-3/41 (120 + 20 pg/ml);
mice were followed for 3 months after injection of antibodies. At 3 months there were no
abnormalities either by light microscopy (Figure 5d), electronmicroscopy (Figure 5f) or en-
zymehistochemistry.
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2,
Figure 5. Blocking APA enzyme activity: Injection of the nephritogenic APA antibody combination ASD-37/41 in 1 day-old mice, blocked
enzyme activity completely for 9 days (A). In mice treated with the combination ASD-3/41 enzyme activity was partly blocked in the glomeruly
and completely in the proximal tubular brush borders (B). Total blocking of the renal APA activity did not led to abnormal development of the
kidney. In kidneys removed at days 9 and 21 after injection of the combination ASD-37/41, we observed partial podocyte foot-process effacement
(E). At day 21 enzyme activity was completely returned at normal levels (C). After 3 months foot-process effacement disappeared (F) and no
morphological abnormalities were observed at either the light microscopical (D) or electron microscopical level (F) (A-D x300, E-F x5000).
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DISCUSSION

From our study it is evident that APA is expressed in the kidney during nephrogenesis. APA
was detectable from the earliest stage of glomerular development, the comma stage, on-
wards. In later stages APA expression was confined to the podocytes and the brush border
membranes of the proximal tubular epithelial cells. The subcellular localisation of APA was
confirmed by IEM [7]. We have confirmed the activity of APA by enzymhistochemistry. Of
note, APA was not expressed in the medulla nor in the endothelium of the renal arteries or
arterioles. Only in the mature glomerulus faint expression was observed in the juxtaglomeru-
lar cells (JC), the peritubular capillaries (PTC) and pars media of arteries.

We were interested in APA since this enzyme is involved in the degradation of Ang Il, the
most active compound of the RAS system. Ang Il is a cytokine that participates in renal dam-
age and has vasoactive and profibrotic properties and contributes to kidney injury by causing
hypertension and glomerulosclerosis. Impairment of Ang Il degradation may influence Ang Il
action and indeed animal studies have suggested a role for APA in blood pressure regulation
[8,16]. Ang Il components of the renin-angiotensin system (RAS) are highly expressed in the
developing kidney. A role for angiotensin Il in renal development has been suggested. The
cellular distribution of angiotensin Il type 1 (AT1) and type 2 (AT2) receptor mRNA in mouse
kidneys at several embryonic stages and up to three weeks after birth by in situ hybridization
is widespread. The expression is extra high at E18-P1 and is localised in tubular-, epithelial-,
endothelial cells and in the papilla. In support of this notion, pharmacological interruption of
angiotensin Il type-1 (AT(1)) receptor signalling in animals with ongoing nephrogenesis pro-
duces specific renal abnormalities characterized by papillary atrophy, abnormal wall thicken-
ing of intrarenal arterioles, tubular atrophy associated with expansion of the interstitium, and
a marked impairment in urinary concentrating ability, suggesting a role for angiotensin Il in
renal development. Similar changes in renal morphology and function develop also in mice
with targeted inactivation of genes encoding renin, angiotensinogen, angiotensin-convert-
ing enzyme, or both AT(1) receptor isoforms simultaneously. Taken together, these results
clearly indicate that an intact signalling through AT(1) receptors is a prerequisite for normal
renal development [5]. So an intact RAS system is important for a normal development of the
kidney. However, in our experiments blockade of APA enzyme activity for 9 days only led to
temporary effacement of foot processes, with no morphological abnormalities present after
3 months. Our findings are in line with studies demonstrating normal renal development
in APA-knockout mice [17] or in rats with an increased expression of the AT1a receptor on
podocytes [2]. In view of the dependence of normal kidney development on Ang Il, adverse
effects of impaired Ang Il degradation by blockade of APA might not be expected. Of note,
we observed no APA expression in the areas of the kidney which are most dependent on in-
tact Ang Il for development i.e. the papilla, the collecting ducts and the intra renal arterioles.
We observed APA expression in the podocytes and the brush borders of the proximal tubules.
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The expression partly overlaps with the expression of the AT1 receptor. In the fetal kidney
high circulating levels of Angll are present. It has been demonstrated that the expression
of APA increases upon stimulation by Angll [8]. Upregulation of APA is directed by the AT1a
receptor [18].

Therefore, it is possible that the expression of APA in the developing kidney follows and is de-
pendent on the local Ang Il levels. We cannot exclude that APA is becoming more important
after birth when Ang Il exerts negative effects. These negative effects are shown via short-
term infusion of Ang Il in rats which causes renal injury leading to the development of salt
dependent hypertension in these rats in later life [19]. Furthermore, Ang Il is involved in the
development of hypertension in the spontaneously hypertensive rat, since ACE-inhibitors
administered at young age prevented hypertension. The development of hypertension has
been attributed to an increased expression of the AT1a receptor in the proximal tubules [20].
Thus, future studies should evaluate the effects of APA inhibition in young mice on long-term
blood pressure regulation.

CONCLUSION

APA is highly expressed in the developing kidney. Complete inhibition of APA enzyme activ-
ity during nephrogenesis for 9 days after birth, only led to podocyte effacement at day 9 and
day 21 which disappeared after 3 months, suggesting a minimum role for APA in embryonal
development.
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ABSTRACT

Administration of a specific combination of anti-aminopeptidase-A (APA) mAbs (ASD-37/41)
in mice induces an acute albuminuria, which is independent of angiotensin Il, a well known
substrate of APA. In the present experiments, we examined whether binding of the mAbs
initiated changes in the podocytic expression of cytoskeleton (- associated), adhesion and slit
diaphragm proteins in relation to the time-course of albuminuria. In addition, we measured
ultrastructurally the extent of foot process retraction (the number of foot processes per um
GBM) and the width of the slit pore between the podocytes by morphometric methods. An
injection of the mAbs combination ASD-37/41 induced a massive but transient albuminuria
that started at 6 hr, and peaked at 8 hr after which it declined. However, even at day 7 after
injection of the mAbs some albuminuria was present. Injection of the combination ASD-3/41
or saline did not induce an albuminuria. Notably, we observed changes in the staining of
CD2AP and podocin, two slit-pore associated proteins, that coincided with the start of the
albuminuria. Nephrin staining was reduced and podocytic actin staining became more gran-
ular only at a time albuminuria was declining (24 hr). The number of foot processes per um
GBM was already decreased at 4 hr with a further reduction thereafter. The width of the slit
pore was unchanged at the time of peak albuminuria and gradually decreased thereafter. At
day 7 podocytic foot process effacement was even more prominent althought albuminuria
was only slightly abnormal. Expression of CD2AP was still granular. We observed however a
change toward normal in the expression of podocin. Injection of saline or ASD-3/41 had no
effect on the expression of podocytic proteins, the number of foot processes or width of the
slit pore. Our data show that the onset of albuminuria in the anti-APA model is related to
alterations in CD2AP and podocin, proteins that are important for maintaining slit diaphragm
structure and podocytic function. Extended studies at day 7 demonstrated uncoupling of
albuminuria, podocytic foot process effacement and CD2AP staining. Changes in podocin
more closely parallelled changes in albuminuria.

Keywords: podocyte, slit-diaphragm, aminopeptidase-A, albuminuria, mouse



Podocyte changes and albuminuria in mice
INTRODUCTION

In recent years we have described a mouse model of podocytic activation or injury charac-
terized by a massive but transient acute albuminuria, and induced by a single intravenous
injection of a combination of two mAbs directed against specific epitopes of mouse ami-
nopeptidase-A (APA) [1]. Induction of the albuminuria is not dependent on systemic me-
diators, such as inflammatory cells, complement, or the coagulation system [1,2,7]. Recently
we have demonstrated that the induction of albuminuria is not dependent on the presence
of angiotensin Il [2]. Thus it is unlikely that systemic factors or hemodynamic changes are
involved in our anti-APA model and evidence for a local mechanism must be sought. APA
has a widespread organ distribution, but in the mouse kidney it has a high expression on the
cell membranes of podocytes and brush borders of proximal tubular epithelial cells [3,7]. It is
therefore hypothesized that the enhanced glomerular permeability in this model is initiated
by the binding of anti-APA mAbs to at least two pathogenic domains on glomerular APA
resulting in an altered morphology and physiology of the podocyte and maybe the release of
mediators that are involved in the albuminuria.

In the present experiments, we have examined the expression of several important podo-
cytic proteins, in relation to the time course of the albuminuria. We have included cytoskel-
eton (-associated) proteins, adhesion molecules, slit-diaphragm proteins and heparan sulfate
proteoglycans, all known to affect podocyte integrity, associated with podocytic injury or
proteinuria in several experimental and human forms of glomerulonephritis [4]. In addition
we have quantitated the degree of foot process retraction and the width of the slit pore.

MATERIALS AND METHODS

Animals

BALB/c mice, aged 6 to 10 weeks and weighing 20-25 gr, were purchased from Charles River,
Sulzfeld, Germany. All procedures involving mice were approved by the Animal Care Commit-
tee of the University of Nijmegen and conformed to the Dutch Council for Animal Care and
National Institutes of Health guidelines.

Animal experiments

The characteristics of the three rat mAbs against different epitopes of mouse APA used in this
study (ASD-3, ASD-37 and ASD-41) have been described previously [5]. The anti-APA mAbs
have been propagated in vitro by hollow fiber culture (Nematology Department, Agricul-
ture University Wageningen, The Netherlands). Injection of the combination ASD-37/41 into
BALB/c mice induced a massive acute albuminuria at day 1, whereas the combination ASD-
3/41 had no effect.The administration of ASD-37/41 almost completely inhibited the APA
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enzyme activity in vivo, whereas ASD-3/41 did not alter the enzyme activity [5]. Mice received
a single intravenous injection of a total dose of 4 mg of the nephritogenic combination ASD-
37/41 or the non-nephritogenic combination ASD-3/41 (both with 1:1 weight ratio). Groups
of mice (n=3) were studied at defined time-points after injection of mAbs (see results). Urine
was collected via bladder puncture, after which mice were killed and the kidneys processed
for light microscopy, immunofluorescence and electron microscopy. The amount of albumin
in the urine samples was determined by radial immunodiffusion [6].

MORPHOLOGIC STUDIES

Immunofiuorescence

For immunofluorescence, kidney fragments were snap frozen in liquid nitrogen and two-um
acetone fixed cryostat sections were stained with Alexa 488-labeled goat anti-rat Ig (Molecu-
lar Probes, Eugene, OR) for 60 min at room temperature to investigate the presence of the
injected anti-APA mAb. Glomerular APA expression was analyzed using the anti-APA mAbs
ASD-38 followed by incubation with FITC-labeled sheep anti-rat IgG2b (Serotec, Oxford, UK)
as described before [2]. The expression of important podocytic proteins and GBM was exam-
inedat0, 1,2,4,6,8,16,24,48 hr and 7 days using unlabeled primary mAbs and FITC-labeled
secondary antibodies as listed in Table 1. The sections were analysed by a confocal system,
the Leica TCS NT (Leica lasertechnik GmbH, Heidelberg, Germany).

Light microscopy and electron microscopy

For light microscopy pieces of kidneys were fixed in Bouin’s solution overnight at room tem-
perature, dehydrated and embedded in paraplast (Amstelstad Amsterdam The Netherlands).
Two um-thick sections were stained with periodic acid Schiff and methenamine silver [7].
For electron microscopy small pieces of kidneys were fixed in 2.5% glutaraldehyde dissolved
in 0.TM sodium cacodylate buffer, pH 7.4 overnight at 4° C and washed in the same buffer.
The tissue fragments were postfixed in cacodylate-buffered 1% OsO, for 2 hr, dehydrated,
and embedded in Epon 812 (Merck, Darmstadt, Germany). Ultrathin sections were cut on an
ultratome (Leica, Reichert Ultracuts, Wien, Austria), and contrasted with 4% urany| acetate
for 45 min and subsequently with lead citrate for 4 min at room temperature. Sections were
examined in a Jeol 1200 EX2 electron microscope (JEOL, Tokyo, Japan).

Measurements of foot processes, slit pores and GBM

Negatives of electron micrographs (magnification x6000) were scanned at 600 dpi resolution
using a flatbed scanner (Epson Perfection 1200 Photo, Epson Europe, Amsterdam), resulting
in a specimen-level pixel size of approximately 7x7nm?2 Measurement of resulting images
was performed using Leica QWin Pro V2.4 (Leica Imaging Systems Ltd, Cambridge, UK) under
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Microsoft Windows NT 4.0. The system was calibrated using the marker bar on the electron
micrographs. For five open random capillary loops in each of five randomly selected glom-
eruli per specimen, the GBM was indicated interactively using a graphic tablet. The image
analysis software was used to measure the length of the GBM for each loop. Also, for each
loop the number of podocytic foot processes was manually counted and expressed as the
number of foot processes per um GBM length; resulting in 25 measurement points for each
specimen. Using QWin, the width of 100 individual slitpores was measured interactively for

each specimen in the same set of digitized electron micrographs.

Statistical analysis

Group comparisons were performed using Anova with Tukey post-hoc testing. For the num-
ber of podocytes per um GBM, glomeruli were taken as a random factor to study the effect
of heterogeneity within individual mice. P-values less than 0.05 were considered significant.
All statistics were performed using SPSS statistical software (SPSS 9.0 for Windows, SPSS Inc.,
Chicago, IL)

RESULTS

Albuminuria

In mice injected with 4 mg of the nephritogenic combination ASD-37/41 albuminuria was
first noted at 6 hr, and peaked at 8 hr at values of 58,667 + 3,771 ug/ml. As shown in Figure 1,
the albumin excretion decreased thereafter reaching a value of 8,056 + 6,764 ug/ml at day 1,
1,739 = 1,061 ug/ml at day 2, and 2,249 + 1,447 ug/ml at day 7. Mice injected with the non-ne-
phritogenic combination ASD-3/41 did not develop significant albuminuria (102 + 24 ug/ml
at 8 hr).

Expression of podocytic and GBM components
By immunofluorescence we investigated at 0,1,2,4,6,8,16,24,48 hr and 7 days the binding of
the injected mAbs in the glomeruli and the presence of APA. In addition we examined at
these timepoints the expression of several podocytic and GBM proteins that may be involved
in the induction of albuminuria in this model. The proteins investigated are listed in Table 1.
After injection of ASD-37/41 we observed initial binding of the mAbs to capillary loops in a
homogeneous pattern that changed into a fine granular pattern at 6 hr, and a more granular
pattern at 24 hours. We also noted a similar change in the glomerular APA expression from
a homogeneous staining pattern into a fine granular one (Figure 2). As described before, we
observed binding of antibodies to the brush borders of the proximal epithelial cells as early
as 2 hr after injection [8].
Interestingly we also observed changes in the expression pattern of the slit diaphragm
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Figure 1. Albuminuria at different time points after injection of 4 mg of a combination of two mAbs against aminopeptidase-A (ASD-37/41;
weight ratio 1:1) into BALB/c mice (mean = SD).

components podocin, CD2AP, and nephrin as well as the cytoskeleton protein actin. The
normal homogeneous staining along the capillary loops of podocin became more granular
at 6 hr with evidence of a recovery at day 7 (Figure 3). At the same time CD2AP expression
changed from a normal fine granular into a granular pattern at 6 hr that persisted unchanged
until day 7 (Figure 3). At the early time point no changes in the expression of nephrin were
noted. The staining for nephrin at 24 hr was slightly less than in previous hours (Figure 2).
Glomerular actin aggregated into a more granular pattern at 24 hr when albumin excretion
was already declining (Figure 2). The expression of the other components listed in Table 1 did
not change during the first 24 hr after injection of the mAb.

ASD-3/41 mAbs bound homogeneously to the periphery of the glomerular loops and this
binding pattern remained the same during the first 24 hr. Also the expression of APA and all
the components listed in Table 1 did not change upon injection of ASD-3/41 mAb.

Light and electron microscopy

By light microscopy we did not see any changes in glomerular or tubular morphology in the
BALB/c mice injected either with ASD-37/41 or ASD-3/41 during the time of the experiment.
By electron microscopy we observed segmental fusion of podocytic foot processes during
the experiment which was quantitated (see below).

Morphometric Measurements

In mice that received the non-nephritogenic combination ASD-3/41 or saline, morphometry
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Figure 2. The immunohistologic presence of glomerular APA after injection of the mAbs into BALB/c mice. Panel A shows the normal
homogeneous presence of APA at the periphery of the capillary tuft (corresponding to a podocytic pattern). After injection of the antibodies the
expression pattern of APA changed from 6 hr onward into a fine granular one that persisted until day 7(B; x700). The immunologic localization of
the slit diaphragm associated protein nephrin and glomerular actin at 2 and 24 hr after injection of anti-APA mAb. The mild nephrin staining (C)
at the periphery of the glomerular tuft was less intense at 24 hr (D). Glomerular actin as shown by TRITC-labeled phalloidin is present in mesangial

cells and podocytes. The homogeneous staining for actin at 2 hr in podocytes (E, arrow) became more granular 16-24 hr after administration of
the anti-APA mAbs (F, arrow) and persisted until day 7 (A-F x500).
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Figure 3. The immunologic localization of the slit diaphragm associated proteins podocin and CD2AP at 2 hr, 6 hr and 7 days after
injection of anti-APA mAb. The prominent homogeneous staining for podocin along the capillary wall at 2 hr (A) became more granular and
less intense from 6 hr onward (B). At day 7 the expression of podocin changed toward normal (C; x500). The immunologic localization of the slit
diaphragm associated protein CD2AP changed from normal faint fine granular staining along the capillary wall at 2 hr (D) into a more granular
and more intense staining at 6 hr (E), that persisted until day 7 (A-F x500).
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was done on tissue samples obtained at 24 hr, and in mice that received the nephritogenic
combination ASD-37/41 studies were done at 4, 8, 24 hr and 7 days. The slit pore width
was unchanged at 4 hr and 8 hr after administration of ASD-37/41 (Table 2). We observed
a decrease of the slit pore width only at 24 hr. In contrast, a reduction in the number of
foot-processes occurred early and was already apparent at 4 hr after administration of ASD-
37/41, at a time point that albuminuria was not detectable (Table 2). Foot process effacement
progressed from 4 hr onward. As evident from the data in Table 2 foot process effacement

was even more prominent at day 7.

Table 2: Slit pore width and number of foot processes as measured on electron microscopical sections.

saline ASD-3/41 ASD-37/41

Slit pore width (nm)

4hr 4111

8hr 3710

24 hr 39+7 40+8 285
Foot process (n / pum GBM)

4hr 1405

8hr 12+04°

24 hr 17203 1904 0903

Day7 05+03%2

BALB/c -mice were injected with saline, the non-nephritogenic combination of two anti-APA mAbs (ASD-3/41), or the nephritogenic
combination ASD-37/41 (see Methods section). At the indicated time points small pieces of renal cortex were processed for electron microscopy.
Mean = SD

3 p<0.001 vs saline and ASD3/41

U p<0.001vs ASD-37/41 at 4 hr

2 p<0.05 vs ASD-37/41 at 24 hr and p<0.001 vs others

DISCUSSION

Injection of the combination of the anti-APA mAbs ASD-37 and ASD-41, which act synergisti-
cally on two nephritogenic epitopes of APA, induced an early massive albuminuria which
started at 6 hr, reached its maximum at 8 hr and declined thereafter. In previous studies we
have excluded complement, coagulation factors, inflammatory cells, and angiotensin Il as
mediators of proteinuria [1,2]. Therefore, in the present study we have evaluated the potential
role of podocytic alterations in the development of albuminuria. Our anti-APA model in mice
has some resemblance to an antibody mediated model in rats, in which a single injection of
antibodies against podoplanin, a 43-kD protein on the podocytic cell membrane, leads to a
transient proteinuria and effacement of foot processes that is independent of complement
and inflammatory cells [9].

The GBM was for long considered the main size and charge selective filter. Recent studies
have provided evidence that the podocyte and especially the slit diaphragms are important
in maintaining the glomerular filtration barrier [4,10,11]. The slit diaphragm may function
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as the size-selective barrier, while the negative charges of the GBM are responsible for the
charge-selective barrier [12,13,14].

Theoretically proteinuria may be the result of loss of GBM negative charge, detachment
of the podocyte from the GBM, cytoskeleton rearrangements of the podocyte that influence
podocyte and slit diaphragm geometry, or functional abnormalities of the slit diaphragm
complex or the GBM secondary to podocytic injury. Our study provided no arguments for
one of the first three possibilities. The expression of JM403, an antibody against heparan
sulfate used to characterize GBM negative charge [15,16], remained normal, thus suggesting
that the acute albuminuria is not related to a defect or reduction of GBM negative charge.
We also did not observe reduced expression of a3-integrin or dystroglycan, arguing against
changes in podocyte-GBM adhesion. Of note, detachment was never observed by electron
microscopy. An important role for primary cytoskeletal rearrangements is also unlikely. We
only noted aggregation of podocytic actin at 24 hr, at a time point albuminuria was declining.
Therefore, these changes are probably a consequence of podocytic foot process effacement
or related to preceding changes in podocin and CD2AP.

Our data point to the slit diaphragm complex as the culprit of the increased permeability
in our model. We observed changes in the expression pattern of CD2AP and podocin as early
as 6 hr after administration of the antibodies, the earliest time point that albuminuria was
noted. At this time point foot process density had decreased.

CD2AP and podocin are proteins that are involved in maintenance of the slit diaphragm.
The important role of the slit diaphragm constituents in the functioning of the glomerular
filtration barrier has been demonstrated by the proven relation between abnormalities of
the slit diaphragm and podocytic specific proteins and the development of proteinuric renal
diseases [4]. Nephrin was the first protein to be discovered as an essential component of
the slit diaphragm. Nephrin, a protein product of the gene NPHS1, is a 1241 amino acid long
plasma membrane protein that is exclusively expressed in the podocytes [17,18]. Mutations
in nephrin are the cause of congenital nephrotic syndrome of the Finnish type [19]. Nephrin
knock-out mice do not develop foot processes and are proteinuric [20]. Intravenous injection
of the mAbs 5-1-6, which was recently discovered specific for rat nephrin, induces an acute,
transient proteinuria in rats with effacement of foot processes and displacement of nephrin
and slit diaphragm along the capillary loops [21,22]. Nephrin may function as a structural
component of the slit diaphragm, although recent studies also have disclosed signalling
properties [23]. Podocin, a product of the NPHS2 gene, is a member of the stomatin family of
proteins and forms hairloop structures with both the C and N terminal of the protein situated
in the cytoplasm of the podocytes [24]. Mutations in podocin are associated with familial
autosomal recessive forms of focal glomerulosclerosis in humans [25]. CD2AP (CD2-associ-
ated protein) was originally discovered in lymphocytes as an SH3 domain containing adaptor
protein of the CD2 receptor. CD2AP is also present in podocytes, and CD2AP knock-out mice
showed identical clinical and morphological features as nephrin knock-out mice [26]. Recent
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studies have provided evidence that nephrin, CD2AP and podocin are closely linked; podocin
interacts with nephrin and CD2AP [27,28], a cytoplasmic binding partner of nephrin. Neph-
rin and CD2AP are being linked to the actin cytoskeleton [29] and podocin augmenting the
signalling properties of nephrin [23]. Normal functioning of each component is necessary for
maintaining normal glomerular permeability.

Our data suggest that binding of the anti-APA mAbs cause alterations in the CD2AP-podo-
cin-nephrin complex with resulting changes in the permeability. We did not observe early
changes in the expression of nephrin. This might be explained by the relatively low specificity
of our anti-nephrin antibody. Alternatively, we must conclude that the changes in podocin
and CD2AP are most important. In this respect the recent studies in the Lmx1b knockout
mouse seem relevant [30,31]. Lmx1b knock-out mice show phenotypic abnormalities in the
glomeruli, with immature podocytes, a reduced number of foot processes and absent slit-
diaphragms. In these mice mRNA and protein levels of podocin are greatly reduced. Also,
changes in CD2AP expression were noted in one study [30]. Of note, expression of nephrin
was normal in these knock-out mice [30,31].

We have extended our studies in order to find more convincing evidence for the relation-
ship between albuminuria and alterations of the slit-pore complex. At day 7 albuminuria
had decreased more than 20 fold, although values were still abnormal. The expression of
CD2AP was unaltered, whereas the expression of podocin had slightly changed toward nor-
mal. These observations indicate an uncoupling between albuminuria and the expression
of CD2AP and podocin, and question the role of alterations in these slit-pore proteins in the
pathogenesis of albuminuria. The initial changes in expression of CD2AP and podocin may be
an epiphenomenon, possibly related to alterations in foot process morphology i.e. foot pro-
cess effacement. However, our morphometric analyses point to clear discrepancies between
podocin and CD2AP staining and foot process morphology. Despite the enormous reduction
in albuminuria foot process effacement was more prominent at day 7. If the observed altera-
tions in podocin and CD2AP were merely epiphenomena, one would have expected an even
more granular expression pattern. In contrast, the expression of CD2AP remained unchanged
and the expression of podocin changed toward normal. How can we reconcile the above
mentioned findings? We suggest the following sequence of events: binding of anti APA mAbs
to podocytic APA results in injury or activation of the podocyte, with ensuing changes in
slit-pore structure. As a consequence albuminuria occurs. Antibody binding is present for 7
days and more. The slit-pore structure remains altered, which explains ongoing albuminuria.
However, progressive effacement of the podocytic foot process leads to a reduction in the
number of slit-pores and thus attenuates alouminuria.
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CONCLUSION

We have found that albuminuria in the anti-APA model started 6 hr after injection of the
nephritogenic combination of mAb, ASD-37/41. Albuminuria reached its peak at 8 hr, and
decreased rapidly thereafter. Foot process effacement occurred before the onset of albumin-
uria and increased until day 7. We also noted early changes in the staining pattern of two slit
diaphragm associated components, i.e. podocin and CD2AP. The data suggest that injection
of anti-APA mAbs results in albuminuria by causing podocytic alterations at the level of the
slit-pore.
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ABSTRACT

The magnification factor in transmission electron microscopy is not very precise, hampering
for instance quantitative analysis of specimens. Calibration of the magnification is usually
performed interactively using replica specimens, containing line or grating patterns with
known spacing. In the present study, a procedure is described for automated magnification
calibration using digital images of a line replica. This procedure is based on analysis of the
power spectrum of Fourier transformed replica images, and is compared to interactive mea-
surement in the same images. Images were used with magnification ranging from 1,000x to
200,000x. The automated procedure deviated on average 0.10% from interactive measure-
ments. Especially for catalase replicas, the coefficient of variation of automated measurement
was considerably smaller (average 0.28%) compared to that of interactive measurement
(average 3.5%). In conclusion, calibration of the magnification in digital images from transmis-
sion electron microscopy may be performed automatically, using the procedure presented
here, with high precision and accuracy.

Keywords: Transmission electron microscopy, calibration, digital image analysis, pattern rec-
ognition, geometry.
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INTRODUCTION

Transmission electron microscopy (TEM) is widely used for the ultrastructural study of cells
and tissues. At present, traditional photography of EM images is increasingly replaced by
digital techniques, capturing a digital image directly from the microscope. Digital image
acquisition also facilitates stereological techniques, which enable reliable measurement
of microscopic features such as length, area and diameter of particles. To perform stereol-
ogy in an accurate and reproducible way, geometrical calibration of the imaging device is
critical. Unfortunately, TEM magnification is not very precise. Even when adjustments have
been made using standardized procedures [1], magnification aberration may be as high as
5% with modern TEMs, increasing with equipment age [2,3]. The calibration options found
on modern TEMs are aimed at calibration of the viewing console, of which the magnifica-
tion may deviate from digitally acquired images. Internal (inside the specimen of interest) or
external (using a separate calibration specimen) reference standards are required to calibrate
the magnification of digitally acquired images with each recording session. For this purpose,
replica specimens may be used, which show a line or grating pattern with a known number
of lines per unit area. For moderate magnifications up to 25,000x (25K), an external shadow-
cast carbon replica may be used, typically containing 2160 lines/mm (line spacing 463 nm).
Higher magnifications may be calibrated with an internal line replica, e.g. a replica based
on catalase crystals (line spacing 8.75 nm) [1,2]. Alternatively, the MAG*I*CAL™ calibration
specimen may be used [4]. This specimen consists of an ion milled cross section of a silicon
single crystal consisting of a series of atomically flat layers of Si and SiGe, resulting in different
layer spacings which may be used to calibrate the entire TEM magnification range (1,000x to
1,000,000x). Next to these replica specimens, colloidal particles [5] and for higher magnifica-
tions spherical virus diameters may be used as internal calibration standards [3].

Using the line or grating pattern of a replica for magnification calibration in digitally ac-
quired images is usually performed manually, by interactively indicating the distance be-
tween a manually counted number of lines. If the average distance between replica lines
in pixels is known, the specimen level pixel size (in nm) can easily be calculated using the
replica specifications. Interactive calibration is laborious and may lack precision. The aim of
the present study was development of an automated procedure for calibration of digital TEM
images, using a line replica image. The automated method was evaluated against interactive
calibration using the same replica images.
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MATERIALS AND METHODS

Electron microscopy

All images were produced using a JEM-1200EX Il (Jeol Europe B.V., The Netherlands). The TEM
was aligned and adjusted (column alignment, depolarization of magnification forming lens-
es, tilt axis alignment [6]) according to manufacturer’s instructions. Image acquisition was
performed using digital imaging plate technology for TEM via the Dibis Micron Vario (Ditabis,
Pforzheim, Germany). This system uses reusable image plates which are exposed in the TEM
identical to classical photo negatives. Plates were read out digitally in a separate system (read
out pixel size 17.5x17.5um?). Resulting images (size 4910x4340 pixels) were stored as uncom-
pressed tiff files. In this study, a carbon replica of 2160 lines/mm (line replica; EMS, Hatfield,
UK) and a catalase replica (inter line distance 8.75 nm; EMS, Hatfield, UK) were used.

Digital image analysis
Image analysis was performed using custom written macros for KS400 software (Carl Zeiss
GMBH, Germany). Calculation of the average distance between replica lines was based on the
fact that the repetition of replica lines is represented by local maxima in the power spectrum
of the Fourier transformed replica image (Fourier image). Figure 1A shows an example of
a digitally acquired replica image at magnification 1200x. A subimage of this image (white
frame in Figure 1A) was Fourier transformed (power spectrum of the result is shown in Figure
1B).The local maxima in the Fourier image correspond to the base frequency of the replica
lines and multiples of this frequency (higher order moments; Figure 1B). Because the input
image is real valued (as opposed to complex valued), the Fourier transformed image is fully
symmetric. To simplify the analysis, the left half of the Fourier image is cleared.
Segmentation of local maxima in the power spectrum of the Fourier transformed image
was performed using a dynamic segmentation: the Fourier image was filtered using a low
pass filter (mean filter, size 45x45 pixels) and the result was subtracted from the Fourier im-
age. Pixels with difference >25 were considered to be part of a local maximum and were
labeled “object” pixels. If the distance d between replica lines (in pixels) is small (e.g. when a
low magnification is used, relative to the replica line spacing), the local maxima in the Fourier
image are relatively far apart. In these cases, segmentation of a single local maximum in the
Fourier image sometimes resulted in multiple small objects, located very close together. In
these cases, a binary closing was performed on the resulting binary image (structuring ele-
ment 8-connected neighborhood). The number of iterations for the binary closing (1 or 2)
depended on the combination of magnification and replica line spacing. Object pixels result-
ing after the binary closing were grouped together to form (8 connected) binary objects. The
binary object at the Fourier image origin (centre of the image) was removed. In cases with
local maxima very close to each other, this resulted in removal of the first one or two maxima

as well.
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Figure 1. Example of a TEM image of a carbon line replica (A) at 1200x magnification. The sub image indicated by a white frame was Fourier
transformed, of which the power spectrum was calculated (B). The location of the local maxima in the Fourier power spectrum (C) may be used

to calculate the distance between replica lines in the original replica image (D). To increase precision, the two most distant maxima were used in
the present study (E).

The local maximum in the Fourier image closest to the origin corresponds to the base fre-
quency of replica lines in the original image (Figure 1C). The distance between Fourier origin
and first local maximum (fx, fy) is the reciprocal of the distance between replica lines (dx, dy)
in the original image (Figures 1C, D). From the measured (fx, fy) the distance d between rep-
lica lines can be calculated [7] (Appendix A). To decrease the error caused by the imprecision
of locating the local Fourier maxima, and because in some cases the first local maximum has
erroneously been erased together with the centre of origin, the two detected local maxima
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most distant from the origin were used instead of the first local maximum (Appendix B). The
centre of mass was determined for each detected binary object. Polar coordinates were cal-
culated describing the distance of the object centre of mass to the Fourier image origin and
the angle with the positive x-axis. In some cases, local maxima were present in the Fourier
image which were not a representation of the replica pattern. To distinguish between these
maxima and the maxima representing the replica line pattern, a histogram was calculated
of the angles of all objects to the positive x-axis (bin size 0.025 radians). All higher order
moments of the maxima representing the replica pattern are located on a line through the
Fourier image origin. Therefore, the histogram bin with the highest number of maxima (his-
togram mode) was considered to contain the maxima representing the replica line pattern.
Of all local maxima within this histogram bin, the two maxima with the largest distance to the
image origin were selected (Figure 1E). The distance between replica lines was calculated us-
ing the equations in Appendix A and B. The KS400 macro developed in this study is available
on request, please contact the corresponding author.

Interactive calibration

Interactive calibration was performed using standard KS400 functions. The digitally acquired
replica image was shown on a computer screen and the user interactively indicated one rep-
lica line near the edge of the image by drawing a straight line segment along the (left or
right) side of the replica line in the image overlay. Next, a second replica line, as far distant
from the first as possible, was interactively defined by clicking on the side (identical side
as for the first replica line) of this line with the computer cursor. The system automatically
calculated the shortest distance between the indicated line and point (Appendix C). The user
manually counted the number of lines in between the two indicated lines. From these, the
average distance between replica lines in pixels was calculated.

Experiments

Digital TEM images of the carbon line replica (inter line spacing 463 nm) were acquired at 1K,
2K, 3K, 4K, 6K, 7.5K, 10K, 12K, 15K, 20K and 25K magnification. Digital TEM images of the cata-
lase replica (inter line spacing 8.75 nm) were acquired at 50K, 100K, 150K and 200K magnifica-
tion. Digital images were produced with 4910x4340 pixels resolution. Inter line spacing was
manually measured in all carbon line replica images by two observers (JAWMvdL / HBPMD),
using the procedure described above. Measurements were made in the centre of the images,
with a software zoom factor (on the computer screen) which was determined by the observer
for each individual case. To study intraobserver variability, one observer also performed the
interactive measurement in 5 manually selected sub-images of different parts of all (carbon
and catalase) replica images.

The automated procedure was used to measure the inter line spacing in all replica images.
To ensure that the entire analyzed images were filled with the replica line pattern, and to
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speed up the Fourier transform, subimages were taken from the originally acquired images.
Subimage size was chosen such that enough replica lines were present in the image for accu-
rate analysis: 1024x1024 pixels for the image acquired at 1K magnification, 2048x2048 pixels
for magnifications 2K to 15K and 50K, and 4096x4096 pixels for magnifications 25K and 100K
to 200K. The number of iterations for the binary closing was related to the distance between
local maxima in the Fourier image. Two iterations were used for magnifications 10K and 50K
to 200K, 1 iteration for magnification 15K and no binary closing at all for magnifications 20K
and 25K. To study the variability of the automated procedure, the same analysis was per-

formed 5 times for sub-images taken from different parts of each replica image.

Statistics

For statistics and production of graphs, SPSS for Windows was used (version 11.0.1; SPSS Inc,
Chicago, IL). The interobserver effect for manual measurements was studied using a one-
sample t-test for the relative difference between observers. The difference between manual
and automated measurements was evaluated using Wilcoxon signed ranks test. Strength of
the relationship between variables was tested using Spearman rank correlations. P-values

below 0.05 were considered to be statistically significant.
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Figure 2. The relative difference between automated and manual measurement of the inter line distance in replica images of different
magnifications. Magnifications are shown on a logarithmic axis.
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RESULTS

The interobserver effect for manual measurement of the replica inter line distance was found
to be small (mean 0.20%, range 0.028% - 0.47%) but significant (p<0.005). Results from the
automated procedure were on average 0.10% (range -1.46 to 2.97%) below manual mea-
surements (Figure 2). This difference was not statistically significant. The largest differences
between manual and automated measurement were seen for the two highest magnifica-
tions. No significant correlation was found between magnification and difference between
automated and manual measurement.

For each magnification the expected inter line distance in pixels can be calculated from
the imaging and replica parameters. Figure 3 shows measured distances as compared to this
calculated distance. Intraobserver variability and the variability in the automated procedure
were small for the carbon replica (Figure 3A), with average coefficient of variation (CV) 0.45%
(maximum 0.7%) for manual and 0.56% (maximum 1.0%) for automated measurements. The
largest deviation from the calculated inter line distance was seen for 1K magnification, which
TEM setting is known to be less precise. For the catalase replica (Figure 3B) the intraobserver
CV was on average 3.5% (maximum 5.3%), for the automated measurements the average CV
was 0.28% (maximum 0.43%). For this replica, manual assessment of the inter line spacing is
hampered by low image contrast and the presence of noise (Figure 4). No significant correla-
tion was found between CV and magnification.

DISCUSSION

Digital image acquisition has become the standard in transmission electron microscopy. It
is well known that the magnification factor given by the microscope is in general not very
precise. If precision of the magnification in digitally acquired TEM images is of importance,
e.g. when performing measurements, image calibration is required. Traditionally, interactive
manual calibration is performed to determine the specimen level pixel size, using replica
images with known inter line spacing. In the present study, a fully automated procedure is
described for use with replica images to perform magnification calibration in digital TEM im-
ages. This procedure, which is based on analysis of the power spectrum of the Fourier trans-
form, was found to give results comparable to those obtained by manual calibration. When
using a catalase replica, the automated procedure was superior to manual calibration in
terms of measurement precision. The catalase replica images show considerably less contrast
and more noise than the carbon replica images, making manual calibration less reliable.

In general, accuracy is considered to be of higher importance than precision in stereology
[8]. Measurement lacking precision may be improved by increasing the number of samples,
whereas poor accuracy leads to biased data. However, imprecise calibration of an entire set
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TEM image of catalase replica
100K magnification 200K magnification

Figure 4. TEM image of the catalase replica at 100K and 200K magnification. Clearly, the line patterns in these images suffer from low contrast
and noise, resulting in imprecise manual magnification calibration. The automated calibration procedure was capable of measuring the inter
line spacing with high precision.

of images (e.g. comprising a patient data set) may lead to biased measurement results on
patient level. Therefore, precision and accuracy are equally important for magnification cali-
bration.

The automated procedure is widely applicable, as it is insensitive to local image artifacts,
and to image contrast and brightness to a large extent. Also, the procedure is insensitive to
mechanical rotation of the replica image, as rotation of an image causes rotation of the corre-
sponding Fourier transform over the same angle, resulting in the same distances between lo-
cal maxima. In this study a commonly used carbon line replica with 2160 lines/mm was used,
as well as a catalase replica with inter line spacing of 8.75 nm. The procedure, however, will
work with any replica containing a fixed number of repeating lines with constant spacing. For
example, the general purpose MAG*I*CAL™ specimen [4] can be used with the automated
procedure, enabling magnification calibration over a large range of magnifications. Also, this
procedure may be applied to a grating replica, for which minor adaptations will be required
to handle the different pattern of local maxima in the Fourier image. Use of jpeg compression
should be avoided, as this compression causes multiple false maxima in the power spectrum
of the Fourier transform.
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The size of the subwindow and the number of iterations for the binary closing step have
to be selected to match the images used. Subimages should be selected which are filled as
much as possible with the replica line pattern. Optimal parameters for taking subimages and
binary closings have to be determined for each setup, as these depend on the used replica,
magnification and also on the parameters of the digital imaging procedure.

CONCLUSION

This paper describes a procedure for accurate automated calibration of TEM magnification in
digital replica images. Next to be less labor intensive, the procedure is also more reproducible

than manual calibration using a replica specimen.

Appendix A

The distance d between replica lines (Figure 1D) can be expressed as:
d=sina-d,

with:

d,

Sina = ——=—
\Jdy+d;
with d, d the distance between replica lines in x respectively y direction (Figure 1D). Therefore:
d.-d,

\Jd} +d;

The location (f,, ) of the first Iocal maximum in the Fourierimage (Figure 1C, see also Materi-
als and Methods) equals: f = s and f s with (X, ) the size of the Fourier
image in pixels. Therefore: x dy

U
/ / [ f+yf'fx2

In case of a rectangular Fourierimage (y, = X ) [7]:

xS

d=—=
fx +fy
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Appendix B

Instead of using the first local maximum in the Fourier image, higher order moments may be
used, decreasing the imprecision caused by determination of the location of local maxima.
Higher order moments are found at multiples of (f, f). In the present study, all local maxima
with similar orientation (in relation to the Fourier imége origin) were detected (see Materials
and Methods). The two local maxima most distant from the origin were used for calculation
of (f, f). The most distant local maximum detected by the automated segmentation will
be calle.d (F, f’y) and the second most distant local maximum (f”, f”_v) (Figure 1E). The most
precise estimation of (f, f)is:

A

)
n n

fx’fy =

with n the number of maxima detected.

Because the segmentation procedure is not always capable of discriminating between
the Fourier origin and the first few local maxima, n can not reliably be determined directly.
Instead, the number of maxima detected can be calculated by:

. Y
S =S

The value of n has to be rounded to the nearest integer.

Appendix C
The smallest distance d between a line through points (x, y) and (x,, y,) and a point (xp, yp)
can be expressed as:

d=[(x,-X)" +(y, -¥)

with:
X=xp-A2+x1-Bz+(yp -y,) 4B
4> + B?
B .
Y= Z~(X—xl)+y1 if A=0

Y, if A=0

A=(x,=x,);B=(,-»,)
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ABSTRACT

Focal segmental glomerulosclerosis (FSGS) is one of the most common patterns of glomeru-
lar injury encountered in human renal biopsies. Epithelial hyperplasia, which can be promi-
nent in FSGS has been attributed to dedifferentiation and proliferation of podocytes. Based
on observations in a mouse model of FSGS, we pointed to the role of parietal epithelial cells
(PECs). In the present study we investigated the relative role of PECs and podocytes in human
idiopathic FSGS.

We performed a detailed study of lesions from a patient with recurrent idiopathic FSGS by
serial sectioning, marker analysis and 3D reconstruction of glomeruli. We have studied the
expression of markers for podocytes, PECs, mesangial cells, endothelium and myofibroblasts.
We also looked at proliferation and composition of the deposited extracellular matrix.

We found that proliferating epithelial cells in FSGS lesions are negative for podocyte and
macrophage markers, but stain for PEC markers. The composition of the matrix deposited by
these cells is identical to Bowman's capsule.

Conclusion; Our study demonstrates that PECs are crucially involved in the pathogenesis
of FSGS lesions.

Keywords: parietal epithelial cell, podocyte, epithelial cell proliferation and glomerulosclerosis.
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INTRODUCTION

Focal segmental glomerulosclerosis (FSGS) has become one of the most common glomeru-
lar diseases [1]. FSGS is characterized by focal and segmental occurrence of lesions with
mesangial sclerosis, obliteration of glomerular capillaries with hyalinosis and intracapillary
foam cells, formation of adhesions between the glomerular tuft and Bowman'’s capsule, and
podocyte hypertrophy [2]. FSGS is not a disease entity, but rather a pattern of injury with
quite diverse clinical behaviour, morphology, and possibly also pathogenesis [3]. Recently,
various morphological variants have been defined and a classification has been proposed to
better address the diversity of FSGS [4]. Five light microscopic variants of FSGS were defined:
the perihilar variant (lesions predominantly located at the vascular pole), the tip variant (the
presence of lesions located at the urinary pole), the cellular variant (characterized by endo-
capillary hypercellularity), the collapsing variant (collapse of the glomerular tuft associated
with epithelial cell hypertrophy and hyperplasia), and finally FSGS not otherwise specified
(NOS) if lesions do not fit into one of the above mentioned categories. All morphological vari-
ants are accompanied by some degree of epithelial proliferation, being minimal or absent in
the perihilar variant and sometimes very prominent in the cellular and collapsing variant.

The pathogenesis of FSGS has been the subject of recent studies. Many investigators have
focussed on the visceral epithelial cell, the so-called podocyte. Normal podocytes are con-
sidered terminally differentiated, post-mitotic cells, which are unable to proliferate and to
compensate for damaged neighbouring podocytes. Studies by Kriz et al [5;6] in various rat
models of FSGS indicated loss of podocytes and adherence of the parietal epithelial cell (PEC)
to the naked GBM as the critical event in the formation of FSGS lesions. Studies on the patho-
genesis of the more cellular FSGS lesions have focused on the collapsing variant of FSGS [7].
From these studies the concept of the dedifferentiated and dysregulated podocyte emerged
[8-12]. Dysregulated podocytes are characterized by loss of podocyte markers, and are no
longer growth restricted and have regained the ability to proliferate. Based on these findings
epithelial hyperplasia, which is also commonly observed in ‘active’ FSGS lesions other than
collapsing lesions, is generally considered to be the result of proliferation of dedifferenti-
ated podocytes. Recently, we have reported on FSGS in Thy-1.1 transgenic mice (a model of
collapsing FSGS) and have provided evidence that proliferating epithelial cells in lesions are
of PEC origin and that these cells deposit the extracellular matrix that eventually forms the
scars [13].

We now investigated the role of PECs in human idiopathic FSGS by detailed analysis of
FSGS lesions in a nephrectomy specimen of a patient with recurrence of idiopathic FSGS in

his renal allograft.
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METHODS

Patient and methods

Our patient developed a steroid-resistant nephrotic syndrome in 1994, at the age of 8 years. In
1995 bilateral nephrectomy was performed because of untreatable nephrotic syndrome and
deteriorating renal function. He was treated by peritoneal dialysis. In October 1996 patient
received a renal transplant. The postoperative course was characterized by an early recur-
rence of proteinuria, which persisted despite plasma filtration. Approximately 6 months after
transplantation the allograft was removed and peritoneal dialysis was resumed. In August
2002 a second transplant was performed, with a 3-mismatched kidney from a cadaveric do-
nor. In view of the previous experience pre-emptive plasma filtration was performed. The ini-
tial immunosuppressive regimen consisted of the anti-CD25 antibody daclizumab, mycophe-
nolate mofetil, prednisone and cyclosporine. The kidney functioned immediately, and serum
creatinine decreased to values of 1.4 mg/dl. The patient was treated with plasma filtration
three times weekly, and only mild proteinuria was noted (0,2 - 1,0 g/day). In October 2002,
while reducing the number of plasmpheresis sessions and lowering the immunosuppressive
dose, proteinuria gradually increased reaching values between 3-4 g/day in November 2002.
Switching form cyclosporine to tacrolimus was ineffective. A renal biopsy was performed in
December. Light microscopically we found 13 glomeruli. One glomerulus showed advanced
sclerosis, the others had a normal aspect. Ultrastructural analysis showed particular podocyte
effacement and microvillous transformation, compatible with a recurrence FSGS.

In view of the reported efficacy in a French study, the patient was treated with added cy-
clophosphamide for 8 weeks and more intensive plasmapheresis [14]. There was no major
effect, although after ending this treatment a definite increase of proteinuria was observed.
Over the next months, proteinuria remained severe, patient was frankly nephrotic and finally
developed moderate renal insufficiency, which did not respond to replacement of tacrolimus
by rapamycin. After lengthy discussions, and in view of the clinical and psychological condi-
tion of the patient, it was decided to perform a nephrectomy, and resume renal replace-
ment therapy with haemodialysis. Nephrectomy was performed October 2003, one year after

transplantation.

Preparation of the kidney specimen for Light microscopy, Immunohistochemistry and Electron Microscopy

The nephrectomized kidney measured 13 x 7 x 6 cm and weighed 290 grams. The outer as-
pect of the kidney was normal, the vessels contained no thrombi nor were there any macro-
scopical abnormalities when dissecting the kidney. Some pyramid-shaped segments were
dissected and separately fixed in bouin, buffered formalin and snap frozen in liquid nitrogen.
For electron microscopy we divided the cortex in five equal parts.
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Light microscopy

For light microscopy, kidney fragments were fixed in Bouin’s solution and formaldehyde,
dehydrated, and embedded in paraplast (Amstelstad, Amsterdam The Netherlands). 2 pm
sections were stained with periodic acid-Schiff, and with silver methenamine [15].

Immunohistochemistry

Immunohistochemical staining was performed on kidney sections fixed in 4% buffered form-
aldehyde for 24 hr and embedded in paraffin. 4 um sections were incubated with monoclonal
antibodies (mAb) and polyclonal antibodies (pAb) directed at various markers for podocytes,
PECs, macrophages and myofibroblasts as detailed in table 1. As secondary antibody we
used powervision Poly-HRP-anti Mouse/Rabbit/Rat IgG (Immunologic, Klinipath, Duiven, The
Netherlands). Detection was carried out with the use of peroxidase as label and diaminoben-
zidine as substrate. For the doublestaining, first the polyclonal antibody (pAb) was detected
and completed. As detecting antibody we used Envision AF-anti Rabbit IgG (Immunologic,
Klinipath, Duiven, The Netherlands), detection was carried out with the use of alkaline phos-
fatase as label and FastBlue as substrate. Thereafter samples were incubated with the second
antibody, as detecting antibody we used powervision Poly-HRP-anti Mouse/Rabbit/Rat IgG
(Immunologic, Klinipath, Duiven, The Netherlands). Detection was carried out with the use of
peroxidase as label and AEC/red as substrate.

Immunofluorescence microscopy

Kidney fragments were snap-frozen in liquid nitrogen, and 2 pm acetone fixed cryostat sec-
tions were used. Kidney sections were incubated with antibodies directed against synaptopo-
din, collagen IV chains, and heparan sulfate species (Table 1). Detection of the anti-collagen
antibodies was done using goat anti-mouse Alexa™ 488 antibodies (Molecular probes Inc,
Leiden, The Netherlands). We have performed double staining for synaptopodin (a marker of
differentiated podocytes) and heparan sulfate species with exclusive presence in either Bow-
man’s capsule or the GBM. Synaptopodin was detected using an anti-synaptopodin mAbs
(Progen Biotechnik, Heidelberg, Germany), followed by a FITC labelled sheep anti-mouse
IgG1 (Nordic Immunologicals, Tilburg, The Netherlands). The single chain antibodies used
for staining of heparan sulfate species [16;17] were detected via a rabbit antibody directed
against the VSV-g epitope tag (ICL, Oregon, USA) and finally detected with a goat anti-rabbit
Alexa™ 568 antibodies (Molecular probes Inc, Leiden, The Netherlands). The sections were
examined with a confocal laser scanning microscope (CLSM) (Leica lasertechnik GmbH, Hei-
delberg, Germany).
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Table 1: Antibodies used for the detection of glomerular antigens

Antigen Primary antibody Dil. Supplier / Reference
Podocyte components
Synaptopodin Mouse anti-synaptopodin 1 Progen, Heidelberg, Germany
cb10 Mouse anti human CD10 50 Monosan, Caltag lab.Burlinggame
Vimentin Mouse anti human Vimentin 800 Biogenex, Ramon, CA
VEGF ISH m-RNA Probe (*ng/ml) 100* [18]
PEC components
PAX-2 Rabbit anti human PAX-2 50 Zymed laboratories Inc. San Francisco, USA
Cytokeratin Mouse anti human CAM 5.2 (CK8) 50 BD Biosciences, San Diego, CA
Pan cadherine Mouse anti human Pan cadherin 500 Sigma, St. Louis, USA
Proliferation
Kl 67 Mouse anti human MIB-1 200 Dako, Glostrup, Denmark
Miscellaneous
Macrophage Mouse anti human CD68 2000 Dako, Glostrup, Denmark
o smooth muscle actin Mouse anti human SMA 15000  Sigma, St. Louis, USA
Bouwman's Capsule
Collagen IV a1 Mouse anti-a 1 collagen 10 Wieslab, Lund, Sweden
Heparan sulfate Single chain  Single chain antibody HS4E4 1 [16]
GBM
Collagen IV a3 Mouse anti-a 3 collagen 10 Wieslab, Lund, Sweden
Heparan sulfate Single chain  Single chain antibody HS4C3 1 [17]
In situ hybridisation

Kidney sections were fixed in 4% buffered formaldehyde for 24 hr and embedded in paraf-
fin. 4 um sections were incubated and subjected to VEGF in situ hybridization (ISH) using a
digoxigenin-labeled VEGF-A antisense RNA probe [18]. The corresponding sense probe was
used as a control. This ISH was followed by Immunohistochemical staining with the monoclo-
nal antibody (mAb) CK8. As secondary antibody we used powervision Poly-HRP-anti Mouse/
Rabbit/Rat IgG (Immunologic, Klinipath, Duiven, The Netherlands). Detection was carried out
with the use of AF as label and AEC as substrate.

Three-dimensional reconstruction of infiltrating PECs

The nephrectomy specimen gave us the opportunity to cut serial sections of a relatively large
area segment (containing more then 250 glomeruli). At least 400 serial sections were cut and
incubated for CK8 as described under Immunohistochemistry of the Patient and Methods
section. In a selected set of sections covering 300 microns we digitized 40-50 serial images
of each glomerulus. These section Images visualized by DAB staining were directly digitized
from a light microscope into the KS400 Universal Image Processing and Analysis software via
a CCD color camera; binary images of the structures were created and the binary images were
exported into 3D reconstruction software ‘3D doctor’ (Able software corperation, Lexington,
USA) to reconstruct and to view still and rotating 3D images on a computer monitor, enabling
us to produce a 3D model of the glomerulus. 3D reconstruction was performed to reconstruct
3D models of 14 glomeruli showing early to more advanced lesions.
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Transmission Electron Microscopy

For electron microscopy, we used immersion fixation, small fragments of cortex were fixed
in 2.5% glutaraldehyde dissolved in 0.1 M sodium cacodylate buffer, pH 7.4, overnight at 4°C
and washed in the same buffer. The tissue fragments were postfixed in palade-buffered 2%
0s04 for 1 hr, dehydrated, and embedded in Epon 812, Luft’s procedure (Merck, Darmstadt,
Germany). Ultrathin sections were contrasted with 4% uranyl acetate for 45 min and subse-
quently with lead citrate for 5 min at room temperature. Sections were examined in a Jeol
1200 EX2 electron microscope (JEOL, Tokyo, Japan).

Analysis of glomeruli in consecutive tissue sections

A pyramid-shaped segment in paraffin was cut and provided over 400 serial sections. Exami-
nation glomerular profile: Assessment of glomeruli for FSGS lesions was performed using a
stack of 145 micron. Seven PAS-stained tissue sections equal divided over this stack were
completely scanned. Of each glomerulus 3 - 5 PAS-stained cross sections were evaluated.
In total 137 whole glomeruli were evaluated. Images were acquired using an AxioCam MRc
(Carl Zeiss, Germany) connected to an AxioPlan 2 Imaging microscope (Carl Zeiss, Germany).
The microscope was equipped with a computer controlled scanning stage (8 specimen stage,
Marzhduser GmbH, Wetzlar, Germany controlled by a Ludl MAC5000 controller, Ludl Elec-
tronic Products Ltd., Hawthorne, NY). Images were acquired using a 20x objective (Plan Apo-
chromat, NA=0.6), resulting in a specimen level pixel size of 53x.53um?. Image acquisition
was performed using custom written macros in KS400 image analysis software (version 3.0,
Carl Zeiss, Germany). For each tissue section, a user-defined region of interest was automati-
cally scanned and consecutive individual microscopic fields were stitched together into large
24 bit RGB TIFF images. Each individual microscopic field was autofocussed, and grabbed
images were shading corrected.

Pairs of images of consecutive tissue sections were opened in Aperio ImageScope (v.4.14;
Aperio Technologies, Vista, CA) and ‘synchronized; i.e. both tissue sections could be viewed
simultaneously and a change of the view position (location or magnification) in one ‘virtual’
section automatically caused an identical movement in the view of the second section. All
glomeruli were numerically labeled in the image overlay, so that a single glomerulus could
be followed in each section in which it was present. Each glomerular profile was examined.
For the scoring of FSGS lesions each glomerular cross-section was subdivided into four quad-
rants. The position of the vascular pole was defined in this way; data were obtained with
respect to the location and extent of lesions in each of 137 whole glomeruli contained in the
kidney segment. For each glomerulus 3 to 5 PAS-stained sections could be studied. Lesions
were categorized in four different groups. The first group contained only normal or ischemic
quadrants sometimes associated with wrinkling or even collapse of the capillaries of the glo-
merular tuft, without cellular hypertrophy or hyperplasia. Second group showed early lesions
defined by collapse of the capillaries, accompanied by hypertrophy and epithelial prolifera-
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tion (hyperplasia) of glomerular epithelial cells and early adhesions between the glomerular
tuft and Bowman'’s capsule. The third contained more advanced lesions, characterized by
collapse of the capillaries of the glomerular tuft, with foam cells, ECM accumulation, sclerotic
segments and various degrees of hypercellularity. The last group consisted of quadrants of
glomeruli with advanced sclerosis.

To analyze the distribution of the various marker proteins and to determine the cellular
origin, consecutive sections were used for incubations with the various antibodies as de-
scribed in Table 1. Using our system, two consecutive profiles of the same glomerulus could
be viewed simultaneously. In addition, we have performed doublestaining using different
sets of marker proteins to strengthen our findings.

RESULTS

Histopathology

We have evaluated 137 whole glomeruli. Of each glomerulus 3 - 5 PAS-stained cross sec-
tions were scored. A total of 2232 glomerular quadrants were each assigned to one of the 4
categories normal, collapsing lesion, ‘typical’ FSGS and advanced sclerosis (Figure 1). In 1541
quadrants we saw a normal glomerular tuft (69%), 30 quadrants showed pure collapse with
epithelial cell proliferation (hyperplasia) (1.5%), 588 quadrants showed ‘typical’ FSGS lesions
with segmental collapse, adhesions, foam cells, ECM accumulation and variable epithelial
cell swelling and hyperplasia (26%), and 73 quadrants were affected by advanced sclerosis
(3.5%). Lesions of all categories could be located anywhere in the glomerulus (perihilar, at the
tubular pole, or elsewhere). Within a single glomerulus affected quadrants were sometimes
assigned to different categories. In these cases it often turned out that in such a glomerulus
there was one confluent lesion with different morphology depending on the plain of section-
ing. Glomeruli in the juxtamedaullary half of the cortex were more frequently affected (38.4%
of quadrants demonstrating FSGS lesions) than the more peripherally located glomerli
(23.9% involved). Overall, lesions showed a wide morphological spectrum with at the one
end collapse and prominent epithelial cell proliferation and at the other end sclerosis with-
out prominent hypercelularity. Morphological appearance of lesions was presumibly related
to the age/developmental stage of the lesions. We focussed on the lesions with prominent
epithelial cell proliferation to study the relative role of podocytes and PECs.

We studied the phenotype of epithelial cells in Bowman'’s space using consecutive sections
and double stainings. We investigated the expression of markers specific for podocytes; (syn-
aptopodin, CD10, vimentin and VEGF), PECs; (CK8, Pan-cadherin and PAX-2) macrophages;
(CD68) and myofibroblasts; (a smooth muscle actin). In both normal and affected glomeruli
we observed a uniform staining of the PECs lining Bowman’s capsule for PAX-2 and Pan-cad-
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Figure 1. Glomerular histology: The morphology of the FSGS lesions was highly variable, ranging from segmental collapse of a few capillaries
to advanced global sclerosis. Panel A shows an early lesion with segmental capillary collapse and epithelial hyperplasia (arrows). Some of
the epithelial cells have prominent resorpsion droplets. The upper part of the glomerulus appears unremarkable. Glomeruli in panels B and
( show more extensive abnormalities with on top of collapsed capillaries with epithelial hyperplasia more advanced (‘typical’) FSGS lesions
(arrowheads) with sclerosis, adhesions, epithelial hyperplasia and mild endocapillary hypercellularity with endocapillary foam cells. Panel D
shows a hypocellular globally sclerotic glomerulus covered with a single layer of epithelial cells, which do not appear, activated (x450).

herin. In glomeruli of normal control kidney tissue and in non-affected glomeruli of our pa-
tient CK8 staining was generally faint or absent (not shown). In our patient, in all glomeruli
with FSGS lesions cells lining Bowman’s capsule were segmentlly CK8 positive. Notably, in
our patient also in some glomeruli without FSGS lesions (serial sections were examined) we
observed strong CK8 positivity of PEC's with a segmental and pachy distribution. Thus, CK8
staining appears to be a marker of early PEC activation. In collapsing lesions synaptopodin
expressing podocytes were seen covering the collapsed tuft (Figure 2A, synaptopodin).
These synaptopodin expressing podocytes were covered by synaptopodin negative but CK8
and PAX-2 positive epithelial cells (Figure 2A, CK8). This finding was confirmed via double
staining for synaptopodin and PAX-2 (Figure 2B, C). We did an additional double staining for
VEGF mRNA and CK8. VEGF mRNA is specifically expressed by podocytes [19]. Again we ob-
served VGEF positive cells and CK 8 positive cells but never double positive cells (Figure 2D,
E, VEGF/CKB8). In FSGS lesions with significant ECM accumulation (the ‘typical’ FSGS category),
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Figure 2. Phenotype of proliferating epithelial cells: Panel A shows serial sections of a glomerulus with a collapsing lesion. The epithelial
cells (asterisk) that cover the collapsed segment are strongly CK8 positive. Also most of the PECs lining Bowman's capsule are CK8 positive. Some
PECs are (K8 negative (arrowheads). Podocytes covering the collapsed segment stain positive for synaptopodin. Panel B,C show a double staining
for synaptopodin (red) and PAX-2 (blue). Sometimes PAX-2 positive cells were located on top of synaptopodin expressing podocytes (panel B),
whereas in lesions with more sclerosis synaptopodin expression in affected segments was lost. Double positive cells were not present. Panel D,E
shows a double staining for VEGF mRNA and CK8. Podocytes are VEGF positive and PECs and epithelial cells that are part of an FSGS lesion are CK8
positive. Double positive cells were not present (A x200, detail x800, B,C x600, D x400, E x600).
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Figure 3. Phenotype of epithelial cells in Bowman’s space in lesions with sclerosis (‘typical’ FSGS lesions): Two sections through the
same glomerulus are shown in panel A and B. For each plain of sectioning consecutive sections were stained for CK8, synaptopodin and PAX-2.
Epithelial cells in Bowman’s space are positive for CK8 and PAX-2, but negative for synaptopodin. In affected segments synaptopodin positivity
is lost (x375).
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Figure 4. Parietal epithelial cells ‘invade’ the glomerular tuft: 3D reconstruction of glomeruli demonstrated that CK8 positive cells (red)
are always in continuity with CK8 positive cells lining Bowman'’s capsule (green). The glomerular tuft is shown in blue and was deleted from panel
B to better visualize the deep penetration of CK8 positive cells. Panel B and C show the same glomerulus as panel A but from a different angle. For
clarity 6 of the sections used for the 3D reconstruction are also shown. CK positive cells, whether positioned at the outer aspect of the collapsed

segment or even within the central areas, are always connected to the CK8 positive layer of PECs lining Bowman's capsule. The 3D images can best
be appreciated in the Supplementary Material (Compact Disc).
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we observed a decreased expression or even a total loss of expression of podocyte markers,
while the non-affected-segments still did expres podocyte markers (Figure 3, synaptopodin).
Epithelial cells in Bowman'’s space were negative for synaptopodin (Figure 3, synaptopodin)
and all other tested podocyte markers (not shown) but stained positive for PAN-cadherin,
CK8 (Figure 3, CK8) and PAX-2 (Figure 3, PAX-2). We also observed PAN-cadherin, CK8 and
PAX-2 positive cells in the central areas of the glomerular tuft (Figure 3 and 4). The 3D images
demonstrated that these CK8 positive cells were always in continuity with the CK8 positive
layer of PECs lining Bowman'’s capsule (Figure 4). MIB-1 staining showed positive cells along
Bowman'’s capsule near affected segments of the glomerulus (Figure 5), whereas MIB-1 stain-
ing was only sporadically observed in normal kidney tissue. Notably, we did not observe cells
that stained positive for either vimentin or CD68 in Bowman'’s space or the lumens of the
proximal or distal tubules.

A B

Figure 5. KI-67 staining: Most proliferating cells are seen along Bowman'’s capsule in segmental lesions or elswhere in the glomerulus. A
minority of positive cells is located more centrally in the glomerulus (x375).

We analysed the composition of the extracellular matrix deposited in lesions by staining se-
rial sections with antibodies directed against the a1 (Figure 6A), and a3 (Figure 6B) chains of
collagen IV. In addition, we have used an anti-HS single chain antibody (HS4E4) that in normal
kidney tissue predominantly stains Bowman'’s capsule and not the GBM, and HS4C3, which
stains the GBM and mesangial matrix. The ECM in adhesions stained for collagen a1 (IV) (Fig-
ure 6C) and HS4E4 (Figure 6D), and was negative for collagen a3 (IV) and HS4C3. Thus, the
staining properties of the newly formed ECM were identical to those of Bowman’s capsule,
indicating that the deposited matrix was produced by PECs rather than podocytes.

This conclusion was strengthened by double immunostaining of kidney sections using
anti-synaptopodin antibodies and the single chain antibody HS4E4 (Figure 7A, control). In
glomeruli with collapsing lesions we observed expression of synaptopodin underneath a
layer of newly formed, HS4E4 positive ECM (Figure 7B, arrow white). In lesions with more
sclerosis there was loss of the synaptopodin expression (Figure 7C, white asterisks).
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Figure 6. The ECM deposited by proliferating epithelial cells has the same staining characteristics as Bowman's capsule: Serial
sections were stained with collagen IV a 1 (panel A, C) and collagen IV a 3 (panel B). Collagen IV a 1 strongly stains Bowman’s capsule, the newly
deposited matrix forming the adhesions (arrows panel A, C) and the mesangial matrix. There is weak GBM staining for Collagen IV a 1 (panel A),
Collagen IV a 3 (panel B) stains the GBM and not Bowman's capsule. Panel D shows positive staining of an adhesion for the single chain antibody
HS4E4 (arrowhead). In control kidney, this antibody directed against a heparan sulphate species only stains Bowman's capsule and not the GBM
(A,B x450, C,D x900).

Ultrastructural analysis by transmission electron microscopy showed that in hypercellular le-
sions without prominent ECM deposition podocytes appeared activated with foot process ef-
facement and microvillous transformation. In these non-sclerotic lesions we never observed
podocyte detachment nor areas of denuded GBM. In contrast, denuded segments of Bow-
man’s capsule were frequently observed and podocytes were sometimes positioned against
these naked segments of Bowman'’s capsule (Figure 8A) or against activated appearing cells
lining Bowman'’s capsule, presumably PECs (Figure 8C). These latter cells resembled parietal
epithelial cells as defined by Gaffney et al [20] i.e. enlarged cells with a somewhat cubical
appearance with round and enlarged nuclei. In most cells the cytoplasm was vacuolated and
more appreciable than in normal PECs. Some of these cells had swollen mitochondria and

disrupted cell membranes consistent with injury. Sometimes the number of nuclei along
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Figure 7. Newly formed extracellular matrix is deposited on top of the GBM and sometimes on top of synaptopodin expressing
podocytes: Double staining for HS4E4 (red) and synaptopodin (green) is shown for a normal glomerulus (panel A), a segmental lesion (panel
B) and a glomerulus with advanced global sclerosis (panel C). In control glomeruli HS4E4 stains Bowman’s capsule and not the GBM. Adhesions
stain for HS4E4 and sometimes HS4E4 positive ECM is deposited on top of synaptopodin positive podocytes (arrow panel B). In glomeruli with
advanced sclerosis synaptopodin expression is lost (asterisk panel C). In panels D and E transmission electron micrographs show that in a segment
with prominent sclerosis podocytes are absent and newly formed ECM (asterisk panel E) is deposited on top of the GBM (arrowhead panel E).
Hyperplastic cells lining Bowman’s capsule cover this matrix (asterisk panel D) (A,Cx300, B x700, D x1200, E x7000).

Bowman'’s capsule was increased and occasionally mitotic figures were observed, indicating
proliferative activity. Deposition of ECM-like material between the tuft and epithelial cells in
Bowman'’s space was sometimes observed (figure 8B-asterisk). In lesions with more advanced
sclerosis we did see areas of denuded GBM, indicating loss of podocytes at this stage. In
such denuded areas we sometimes saw deposition of newly formed ECM directly on top of
the GBM (Figure 7D-E, black asterisks). We have looked for evidence of podocyte apoptosis.
However, we did not see apoptotic bodies in affected glomerular segments (there was also

no caspase-3 positivity, data not shown).
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Figure 8. Transmission electron microscopy: Panels A to C show glomerular segments with an increase of epithelial cells in Bowman's space
without prominent sclerosis (early lesions). Podocytes appear activated with extensive foot process effacement, microvillous transformation and
enlarged nuclei (panel A). Locally, the parietal epithelium appeared damaged and denuded segments Bowman’s capsule were present (arrow
panel A). Segmentally, there appeared to be an increased number of nuclei along Bowman's capsule (panel B). We sometimes observed bridging
epithelial cells between activated podocytes and Bowman's capsule (panel C). The insert shows the cell contact between the podocyte and the
bridging cell with apparent fusion of cell membranes. Amorphous extracellular matrix was sometimes present surrounding the epithelial cells
in Bowman’s space (asterisk panel B). In lesions with more advanced sclerosis (panel D) we did see denuded GBM segments and sometimes
remnants of podocytes (arrowhead) appeared to be present. Amorphous extracellular matrix was sometimes deposited on top of the naked GBM
(asterisk) (A,B x7000, C,D x5000).
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DISCUSSION

Our patient suffered from recurrent FSGS after transplantation, and the etiology of the glo-
merular lesion in this condition is considered identical with that of primary FSGS. The FSGS
lesions in our patient were morphologically diverse, ranging from recent collapse with promi-
nent epithelial hyperplasia to advanced sclerosis. Based on the classification of FSGS variants
proposed by D’Agati and co-workers [4], FSGS in our patient would have to be classified as
collapsing type FSGS, although only a small proportion of glomerular segments showed pure
collapse. Within a single glomerulus, we often observed large confluent lesions which in one
plane of sectioning could appear hypercellular and in another plane of sectioning could ap-
pear mostly sclerotic. We therefore postulate that the different morphology of the lesions
reflects differences in the developmental stage of the FSGS lesions. In the present manuscript
we focussed on the origin of the proliferating epithelial cells in early hypercellular lesions.

Our study indicates that parietal epithelial cells are critically involved in the development
of FSGS lesions in humans. We have demonstrated that the epithelial cells that for a large
part constitute the early hypercellular lesions stained positively for PAX-2, CK8 and PAN-cad-
herin, were connected to cells lining Bowman’s capsule and did not express podocyte mark-
ers synaptopodin or VEGF. Obviously, the validity of markers to determine a cell type can be
questioned in view of the prospect of (de-)differentiation. For instance It has been shown that
in developing kidney immature podocytes are PAX-2 positive, making it hardly possible to
differentiate between mature PECs and dedifferentiated podocytes. Therefore we have used
many other markers (CK8, PAN-cadherin, synaptopodin,VEGF) and performed double staining
experiments (PAX-2/synaptopodin, VGEF/CK8) and results were always in perfect agreement:
proliferating cells were positive for all PEC markers and negative for the podocyte markers.
It is worth mentioning that a recent study showed that PAN-cadherin is not expressed on
activated podocytes after injection of puromycin [22]. In our study CK8 proved a marker of
activated PECs. In normal kidney PECs are negative or stained only faintly positive for CK8. In
some of the normal appearing glomeruli in our patient there was strong CK8 staining of cells
lining Bowman’s capsule in a segmental distribution. By serial sectioning we could show that
in these glomeruli adhesions between the glomerular tuft and Bowman's capsule were absent,
thus providing a strong argument that PECs acquire the CK8 positive phenotype upon activa-
tion. Additional evidence supporting the PEC origin of the proliferating epithelial cells comes
from the finding that the staining characteristics of the extracellular matrix that is produced
by these cells are identical to those of Bowman’s capsule. Finally, 3D analysis confirmed that
all CK8 positive cells within a glomerulus are in continuity with cells lining Bowman'’s capsule.
Taken together, these data argue that proliferating epithelial cells in early FSGS lesions are
PECs and question the contribution of the so called dedifferentiated podocyte.
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The findings in our patient are very similar to our previous observations in the Thy-1.1 trans-
genic mouse. In this mouse model of collapsing FSGS we observed that the proliferating
epithelial cells strongly expressed CD10 (a specific PEC marker in mouse). In addition we
noted that the composition of the newly formed ECM resembled Bowman'’s capsule and thus
was produced by PECs [13]. Double staining for the podocytic transgene Thy-1.1 and the
proliferation marker Ki-67 proved that there was no proliferation of the podocytes during the
development of early FSGS lesions.

How do our findings relate to those of other authors? The early hypercellular lesions we
studied are classified by many authors as collapsing FSGS lesions although in the earliest
description by Valeri, it was suggested that the term collapsing FSGS should be restricted to
biopsies in which any glomerulus contained global collapse or at least 20% of the glomeruli
showed segmental collapse [22]. Nonetheless, the histology observed in our patient is very
similar to the glomerular profiles shown in papers by Schwartz [23], Bariety [9], and Othaka
[11;12], and were defined as cellular or collapsing lesions. The latter authors have used im-
munostaining to identify the cell types and concluded that the proliferating epithelial cells
were dedifferentiated podocytes, since these cells showed no expression of mature podo-
cyte markers. In contrast, these cells stained for PEC markers such as PAX-2, hence the idea
of dedifferentiation. It is evident that immunostaining of unknown cells has limitations in
judging their cellular origin, since in fact during nephrogenesis in the S-shaped body stage,
podocytes have features comparable to mature PECs [24]. Therefore, the authors have used
the localization of the cells to define their origin and since the hyperplastic epithelial cells
covered the glomerular tuft and often lacked an apparent connection to Bowman’s capsule,
these cells were identified as podocytes. However in a recent review it was clearly pointed
out that the absence of a connection between the epithelial cells and Bowman’s capsule is

not a very good criterion without proper three dimensional (3D) analysis [25].

In seminal studies of Nagata et al [26;27] and Kihara et al [28] it has already been suggested
that PECs do contribute to the cellular lesions. These authors however proposed that PECs
proliferate and cover the capillary tuft as a consequence of denudation of the GBM due to
detachment and loss of podocytes. In our patient we never observed podocyte detachment
in early lesions, nor did we note podocytes in the urinary space. Rather, we observed pro-
liferating PECs directly on top of podocytes. We can only speculate about the stimulus for
PEC proliferation. Possibly, the interaction between activated/injured podocytes and acti-
vated/injured PECs or between activated/injured podocytes and denuded areas of Bowman'’s
capsule plays a role.

It is important to empasize that our data do not dispute the fact that in the chain of events
that leads to full blown FSGS lesions it is the podocyte that is initially injured, causing pro-
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teinuria. However, we do challenge the concept that ensuing epithelial cell proliferation,
which is important for progression of the FSGS lesions, is due to proliferation of dedifferenti-
ated podocytes. An exception may be HIV-induced collapsing FSGS which is characterized
by global collapse in many glomeruli and by the absence of adhesions. It is therefore likely
that podocyte proliferation does occur in this condition, probably related to incorporation of
viral genome in podocytic DNA [29;30]. In some forms of FSGS there is little or no prolifera-
tion of epithelial cells and the mechanism of FSGS development may be different in these
conditions. For example studies by Kriz et al have pointed to the role 