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Foot process effacement represents the most
characteristic change in podocyte pbenotype un-
der a great variety of experimental as well as
buman glomerulopatbies. It consists in simplifi-
cation up to a total disappearance of an inter-
digitating foot process pattern. Finally, podo-
cytes affix to the glomerular basement
membrane by outspread epitbelial sheets. Struc-
tural and immunocytochemical techniques were
applied to analyze the cytoskeletal changes as-
sociated with foot process effacement in Masugi
nepbritis. Three days after injection of the anti-
glomerular-basement-membrane serum an inter-
digitating foot process pattern was almost fully
lost; more than 90% of the outer glomerular cap-
illary surface were covered by expanded sheets
of podocyte epithelium that contain a bigbly or-
ganized cytoskeleton adbering to the basal cell
membrane. Structurally, this cytoskeleton con-
sists of an interwoven network of microfilaments
with regularly distributed dense bodies, whbich
obviously serve as cross-linkers within this net-
work. Immunocytochemically, the expression of
actin, a-actinin, and pp44 (a specific podocyte
Drotein normally associated with the cytoskele-
ton of foot processes) were increased in this
structure; a-actinin was especially prominent in
the dense bodies. The results are consistent with
the view that foot process effacement represents
an adaptive change in cell shape including by-
Dertropby of the contractile apparatus, reinforc-
ing the supportive role of podocytes. Several fac-

tors associated with increased distending forces
to podocytes may underlie this pbenotype
change including loss of mesangial support, ele-
vated glomerular pressures, and impairment of
GBM substructure as well as of podocyte-GBM-
contacts. Twenty-eight days after serum injection
a remodeling of the foot process pattern was
seen. It appears that this restitution depends on
a preceding repair of mesangial support func-
tion to glomerular capillaries. (Am J Patbol
1996, 148:1283-1296)

Podocytes when challenged in pathological situa-
tions exhibit a series of stereotyped structural
changes including hypertrophy, cell body attenua-
tion, pseudocyst formation, foot process effacement,
cytoplasmic accumulation of lysosomal elements,
and detachments from the glomerular basement
membrane (GBM). Cell body attenuation and
pseudocyst formation have been shown to result
directly from mechanical overextension.’ Plausible
explanations are available for cell hypertrophy (hy-
perfiltration), accumulation of absorption droplets
and lysosomes (uptake and degradation of filtered
proteins, most dramatically seen in protein overload
proteinuria®), and detachments (impairment of cell
membrane connections with the GBM?®). No convinc-
ing interpretation is at hand for foot process efface-
ment, which represents a most characteristic
change in podocyte cell shape common to a great
variety of glomerulopathies. Foot process efface-
ment consists in the gradual simplification of the
interdigitating foot process pattern. Instead of foot
processes, the outer GBM surface is eventually cov-
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ered by rather expanded sheets of thin podocyte
epithelium.

This study was undertaken to elucidate in more
detail the role of podocytes in the development of
focal segmental glomerulosclerosis in Masugi ne-
phritis. As suggested previously,* our observations
demonstrate that podocytes are decisively involved
in sclerosis development; these results will be pub-
lished elsewhere. The present paper analyzes the
deterioration of the filtration surface from a delicate
foot process pattern into a coarse cover with epithe-
lial sheets. Making use of improved ultrastructural
techniques to display cytoskeletal elements® and of
immunocytochemical techniques, it is shown that
foot process effacement is associated with substan-
tial changes in the cytoskeleton culminating in the
development of a prominent mat of densely intercon-
nected microfilament bundles.

Materials and Methods

Animals

Male Sprague-Dawley rats (weighing 150 to 170 g)
were obtained from Charles River Japan (Kanagawa,
Japan). Animals were kept in an air-conditioned
room and maintained on a commercial stock diet
and tap water ad libitum.

Induction of Masugi Nephritis

Masugi nephritis was induced by a single intrave-
nous injection of rabbit anti-rat-GBM serum (0.1 ml
per 100 g body weight). Rabbit anti-rat-GBM serum
was kindly provided by Yoshio Suzuki and Tadashi
Nagamatsu (Faculty of Pharmacology, Meijo Univer-
sity, Nagoya, Japan). In addition to a control group
(no injection), six experimental groups with animals
sacrificed 4 hours and 1, 3, 7, 10, and 28 days after
the injection were studied. Each group consisted of
six rats; four were used for structural studies and two
were used for immunocytochemistry. The 4-hour and
the 7-day groups consisted of only two rats, which
were used for structural studies. One day before
sacrifice, all rats (except the 4-hour and 7-day
groups) had a 24-hour urine collection to determine
total protein excretion. Urinary protein concentration
was determined by using the Tonein TP kit (Coom-
asie brilliant blue G250; Otsuka Pharmacy, Tokyo,
Japan).

Fixation of Kidneys

At the time of sacrifice, the kidneys were fixed by
total body perfusion as described previously.®
Briefly, after anesthesia with Nembutal (100 mg/kg
body weight), the kidneys were retrogradely per-
fused via the abdominal aorta for 3 minutes at a
pressure of 200 mm Hg without prior flushing of the
vasculature.

Light and Electron Microscopy

For structural studies the fixative contained 2% glu-
taraldehyde in 0.1 mol/L sodium phosphate buffer
(PBS) at pH 7.4. After perfusion, slices of the kidneys
were immersed in the same fixative overnight. Tissue
was then processed in a modified postfixation and
staining technigue that minimizes treatment with os-
mium tetroxide and uses tannic acid as a contrast
agent for better visualization of cytoskeletal ele-
ments.>” All samples were finally embedded in Epon
812 by standard procedures. Semi-thin sections (1
wm) stained with toluidine blue were used for light
microscopy and morphometry. Ultrathin sections
stained in uranyl acetate and lead citrate were ob-
served in a Phillips EM 301.

Morphometry

Morphometric analysis was carried out with a semi-
automatic image analysis system (VIDS 1V, Ai Tek-
tron, Duesseldorf, Germany) connected to a Zeiss
photomicroscope. Mean glomerular tuft volume (V;)
was determined according to Weibel.® For each an-
imal, 60 consecutively encountered glomeruli were
analyzed in 1-um sections. Surface area of the glo-
merular tufts (A;) was measured under direct visual-
ization (magnification, X690). V; was calculated ac-
cording to the formula V; = (B/k) (A)*2 where B =
1.38 (a shape coefficient), k = 1.1 (a size distribution
coefficient for spheres), and A = mean A;.

The degree of foot process effacement was esti-
mated as the fraction of outer capillary surface cov-
ered with noninterdigitating podocyte portions. A
multipurpose test system® was overlaid on light mi-
crographs (final magnification, X1280) of four glo-
merular profiles per animal, randomly sampled in
1-um epon sections. Intersections of test lines with a
capillary wall either covered by foot processes or by
noninterdigitating podocyte portions were evaluated.
In each animal, roughly 200 intersection points were
considered.



Damage Index

To estimate the degree of glomerular damage, glo-
merular lesions were scored as follows. In 1-um
epon sections 60 consecutively encountered glo-
meruli per animal were screened. Pseudocysts, tuft
appositions, and tuft adhesion to Bowman'’s capsule
were included in the evaluation in a graded weigh-
ing. Glomeruli with pseudocysts only were scored as
1, glomeruli with appositions as 2 (generally contain-
ing pseudocysts), and glomeruli with adhesions or
segmental sclerosis as 3. The sum of these values in
each animal is considered to reflect the degree of
damage.

Immunocytochemistry

For immunocytochemistry, kidneys were perfusion
fixed (see above) with a fixative containing 2% para-
formaldehyde in 0.1 mol/L PBS (pH 7.4). For immu-
nocytochemistry at the light microscopic level,
pieces of the right kidney were immediately shock
frozen in melting isopentane and stored in liquid
nitrogen until sectioning. Frozen sections (5 um
thick) were cut on a Reichert 2800 Frigocut and fixed
with ice-cold acetone. Immunostaining was done
with the indirect immunofluorescence technique. A
monoclonal mouse anti-pp44 antibody® and a mono-
clonal mouse anti-a-actinin antibody (clone BM-75.2,
Sigma Chemical Co., St. Louis, MO) were used. Rho-
damine phalloidin (Sigma) was used to detect fila-
mentous actin (F-actin). Secondary antibodies were
fluorescein isothiocyanate-conjugated goat anti-
mouse IgG and IgM (Cappel, Denkendorf, Germa-
ny). After blocking with 1% bovine serum albumin in
PBS (15 minutes), sections were incubated with pri-
mary antibodies or rhodamine phalloidin for 1 hour at
room temperature. The antibody against pp44 was
used undiluted; the antibody against a-actinin was
diluted 1:200 in PBS containing 1% bovine serum
albumin. Rhodamine phalloidin was diluted 1:40 in
PBS. After immunostaining, the sections were exam-
ined by epifluorescence in a Reichert Polyvar micro-
scope and photographed using Kodak Tri-X PAN
film.

For immunogold labeling, small pieces from the
left kidney were dehydrated in ethanol and embed-
ded in LR-White resin (London Resin Co., Woking,
UK) by standard procedures. Ultrathin sections were
prepared with a Reichert Ultracut E. Sections were
transferred to formvar-coated nickel grids (200
mesh) and processed for postembedding immuno-
electron microscopy. After washing with PBS, non-
specific binding sites were blocked with 10% fetal
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calf serum in PBS containing 10 mmol/L glycine for 1
hour at room temperature. For a-actinin and pp44,
the same antibodies as described above were used:;
to visualize actin, a monoclonal mouse anti-actin
antibody was applied (code N 350, Amersham Inter-
national, Buckinghamshire, UK). Dilutions were as
follows: anti-pp44, undiluted; anti-a-actinin, 1:200;
and anti-actin, 1:500. Incubation was done overnight
at 4°C. After rinsing with PBS containing 0.1% bovine
serum albumin, rabbit anti-mouse immunoglobulin
(Zymed, Aidenbach, Germany) was applied at 1:50
for 1 hour at room temperature as a bridge, followed
by a goat anti-rabbit IgG coupled to 10-nm colloidal
gold (Biocell, Marburg, Germany) at 1:100 in PBS
containing 0.1% bovine serum albumin. The sections
were stained with 2% uranyl acetate for 2 to 5 min-
utes and were observed with a Phillips EM 301.

Statistics

Results are reported as mean + standard deviation
(SD). Group differences were assessed by one-way
analysis of variance followed by Scheffé multiple
range test. Correlation analysis between glomerular
damage (damage index), tuft volume, and urinary
protein excretion was done by Spearman’s rank cor-
relation test. All statistical calculations were per-
formed with the SPSS analysis program (Chicago,
IL).

Results

The development of the disease as seen in the
present experiments was similar to previous studies
of Masugi nephritis™'" and is documented by vari-
ous parameters listed in Table 1. Increase in urinary
protein excretion and in structural damage were sig-
nificantly correlated with each other (r, = 0.7806; P
< 0.01). Up to day 10, a good correlation was also
seen between protein excretion as well as damage
score on the one hand and tuft hypertrophy on the
other hand (ry = 0.669; P < 0.02 and r, = 0.786; P <
0.01, respectively). Thereafter, tuft volume increased
further together with a significant increase in the
incidence of sclerosis, whereas the damage index
(which considers also presclerotic lesions) as well as
proteinuria decreased slightly (although these de-
creases were not statistically significant).

General Histopathology

In accordance with previous studies of Masugi ne-
phritis,"®'2 structural lesions developed quickly in all
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Table 1. Urine and Glomerular Data

Glomerular injury

Vglom
Ugror (Mg/day) (X108 wmd) SGS (%) GDI FPF (%)
Control 11.7+24 1.07 + 0.32 0 05= 1.0 183+ 36
Day 1 290.6 + 60.3* 1.27 +0.12 0 285+ 2.7 87.0 + 6.8*
Day 3 386.1 + 26.6* 1.65 * 0.09 0 96.8 + 5.1 925+ 1.7*
Day 10 486.8 + 112.6* 2.04 + 0.16*" 36*32 111.5 £ 17.1*t 83.0 = 13.9*
Day 28 359.5 + 65.4* 2.65 + 0.28*1 28.8 + 16,51 97.5 + 21.4* 535 + 3518

Values are mean = SD. U, urinary protein excretion; Vo, average glomerular tuft volume; SGS, incidence of segmental glomerular
sclerosis; GDI, glomerular damage index; FPF, fraction of foot process fusion.

*P < 0.01 versus control.
TP < 0.01 versus day 1.
*P < 0.01 versus day 3.
SP < 0.01 versus day 10.

components of the tuft. Already 4 hours after serum
application, widespread mesangiolysis and detach-
ments of the endothelium from the GBM were seen
(Figure 1). This led to an invasion of neutrophils and
macrophages, which were seen sticking to inner
capillary surfaces and in mesangial areas.

Beginning 3 days after serum application, endo-
thelial and mesangial lesions were less frequently
seen and were changing in character. The wide-
spread fluid-filled spaces in the mesangium were
replaced by compact extracellular matrices. Mesan-
gial cells, tightly embedded into this matrix, ap-
peared hypertrophied, being equipped with pro-
cesses densely stuffed with microfilaments (best
seen at late stages; see Figure 5). A more detailed
analysis of these lesions will be presented else-
where.

In podocytes, little structural damage was seen 4
hours after serum application. However, after one
day podocyte lesions were widespread (Figure 1b)
and propogated in the following days; finally, every
podocyte appeared to be affected. The lesions in-
cluded cell hypertrophy (also binucleated cells were
observed), pseudocyst formation, and extensive foot
process effacement (see below) as well as detach-
ments from the GBM in varying degrees. The devel-
opment of these lesions to segmental sclerosis will
be described elsewhere. The present paper deals
exclusively with the analysis of foot process efface-
ment and its associated cytoskeletal changes.

Foot Process Effacement

The effacement of foot processes consists in the
gradual simplification up to the total disappearance
of the interdigitating pattern of podocyte foot pro-
cesses paralleled by the shortening of the filtration
slit. Foot process effacement in this model devel-
oped quickly. Compared with controls in which 82%

of the outer capillary surface was covered by inter-
digitating foot processes, as early as 1 day after
serum application only 13% of the outer GBM sur-
face was still kept under cover by interdigitating foot
processes (Table 1); the rest of the GBM was en-
wrapped by sheets of attenuated podocyte epithe-
lium broadly adhering to the GBM. Thus, in only a
small fraction of the outer capillary surface was the
normal filtration route maintained. No significant
changes were found after 3 to 10 days. However, 4
weeks after serum application, a significant improve-
ment was observed; in almost 50% of the outer cap-
illary surface, an interdigitating foot process pattern
was found to be reconstituted.

The outspread portions of podocyte epithelium
may smoothly attach to the outer surface of the GBM
(Figures 1b and 2). Often, however, the interface
between the GBM and the adhering podocyte sheets
was very irregular, frequently exhibiting an undulat-
ing pattern (Figure 3).

The outstretched podocyte portions characteristi-
cally contain a prominent cytoskeleton. It appears to
be fully developed as early as 3 days after injection
of the serum and is best seen at those sites where
these broad-based cell portions are smoothly at-
tached to the GBM (Figure 2). In these cases a thick
darkly stained belt paralleling the contours of cell
attachment to the GBM is seen. This belt predomi-
nantly consists of densely arranged microfilaments
with interspersed “densities.”

In areas with an irregular attachment of the ex-
panded podocyte portions, the cytoskeleton was
also less uniformly arranged (Figure 3). In these
cases the basal podocyte surface that faces the
GBM should be imagined to contain variably shaped
grooves and pits of different size. Microfilaments
were densely accumulated in the prominences at-
taching to the GBM and more loosely arranged over-
lying the concavities. The microfilament bundles
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Figure 1. Glomerular lesions, overviews a: Severe mesangiolysis (asterisks) and endothelial detachments (arrows) with a leukocyte (N, neutrophil)
attaching to a denuded GBM area are observed 4 bours after serum injection. No apparent lesions in podocytes are seen. b:One day after serum
injection, in addition to mesangiolysis (asterisk) and endothelial injury (not seen in this figure), widespread podocyte foot process effacement
(arrows) is prominent. The continuous podocyte portions attaching to the GBM contain a darkly staining layer of microfilaments. Podocyte cell bodies
exhibit numerous slender cytoplasmic projections (arrowheads) Masugi nephbritis (MN). TEM, @ and b X ~ 3600.

within the prominences merge with the densities that
were connected to the inner aspect of the basal cell
membrane. Frequently, at the outer aspect of those
areas, fibrous elements were seen interconnecting
the cell membrane with the lamina densa of the GBM
(Figure 3b).

In grazing sections through this microfilament layer
(Figures 2b and 4) a specific pattern can clearly be
recognized. Microfilaments extend into all directions
establishing a three-dimensional network. At regular
intervals, densities are seen to which the microfila-
ments connect. These densities obviously allow the
interconnection of microfilaments arriving from various
directions. At the interface of this basally located mi-
crofilament layer toward the cell body cytoplasm, close
spatial relationships with intermediate filaments and
microtubules were seen (Figure 4 b).

At day 28, an interdigitating foot process pattern
had recovered at many sites (Figures 5 and 6). Dif-
ferent degrees of restitution were seen. However,
even in areas of the most advanced reconstitution
the interdigitating pattern was much less regular
than the one seen in controls. Individual foot pro-
cesses were quite different in width and irregular in
shape but clearly separated by filtration slits of ap-
parently normal width (Figure 6). They contained
microfilaments in variable density and arrangement;
dense bodies located in the midst of microfilament
bundles as well as associated with the basal cell
membrane were still prominent. In addition, numer-
ous multivesicular bodies were encountered within
these irregularly shaped foot processes.

The interface of these newly established foot pro-
cesses to the underlying GBM was quite irregular, as
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Figure 2. Foot process effacement in an area of smooth podocyte astachment to the GBM. (a) Overview of glomerular capillary wall. The basal
podocyte cytoplasm contains a prominent dark staining belt made up of a microfilamentous network with interspersed dense bodies (arrows).
Elsewbere, the podocyte cytoplasm includes abundant microtubules and intermediate filaments (asterisks). Note the intact endotbelium. (b) Grazing
section through the basal microfilament layer. Microfilament bundles extending into virtually all directions are interconnected at dense bodies
(arrows). MN, day 30. TEM, (@) X~ 23000, (b) X~ 38000.

well. The interposed spaces (probably correspond-
ing to former disconnections) were filled with extra-
cellular matrices in variable amounts similar in ap-
pearance and density to lamina densa material. At
some places the newly formed material appeared as
a second dense layer arranged on top of the original
lamina densa, whereas at other places a fairly ho-
mogenous elaboration including the merging with
the original lamina densa of the GBM was seen.lt
appeared that a more complete filling of these
spaces with such material was associated with a
more advanced reconstitution of an interdigitating
foot process pattern.

Immunocytochemical Results

The distribution of F-actin, a-actinin, and pp44 was
examined by immunofluorescence techniques. Con-
trol rats revealed the well known distribution of these
proteins®'® (Figure 7). The staining for F-actin was
more intense in the mesangium than in the peripheral
capillary wall (reflecting at the latter site the occur-
rence in podocyte foot processes). Staining for a-ac-
tinin was seen in the mesangium and the capillary

wall, exhibiting a dotted pattern at the latter site.
pp44 staining was recognized only in the capillary
wall with enhancements in the angle regions be-
tween neighboring capillaries.

In Masugi nephritis, the distribution and density
of these proteins were changed. There was a dras-
tic increase of F-actin staining in the peripheral
capillary wall (reflecting podocyte staining), most
remarkable on day 3 and day 10 but clearly main-
tained up to day 28 (Figure 7a). In contrast, F-actin
staining in the mesangial regions was markedly
decreased or almost absent in the early phase of
the disease (day 1 and day 3); thereafter a mes-
angial staining recovered and was quite prominent
on day 28. Thus, on day 28, F-actin staining was
strong in both mesangium and podocytes (Figure
7a).

Compared with controls, staining for a-actinin in-
creased considerably in Masugi nepbhritis (Figure
7b). The capillary wall stained brightly in a dotted-
line pattern throughout the course of the disease.
The pattern of pp44 staining (paralleling the capillary
wall) did not change, but its intensity was consider-
ably enhanced up to day 28 (Figure 7c).
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Figure 3. Foot process effacement in an area with irregular cell-GBM-interface. (a) Overview of capillary wall. The basal podocyte cytoplasm contains
a prominent skeleton consisting of microfilaments that are accumulated in the cell protrusions connected to the lamina densa (LD) of the GBM.
Within the cytoplasm overlying the concavities microfilaments are less densely arranged. In other parts of the podocyte cytoplasm (asterisks) the
cytoskeleton is quite differently composed of microtubules and microfilaments. The endothelium is intact. (b) Enlarged area of (a). The dense
microfilamentous cytoskeleton within the protrusion attaches to densities associated with the basal cell membrane (arrow). The ample space between
the basal podocyte surface and the lamina densa of the GBM is quite irregular in width and contains connections between basal podocyte protrusions
and the lamina densa (arrowheads); otherwise this space appears mostly empty. MN, day 10. TEM, (a) X~ 14000, (b) X~ 37000.

By immunogold techniques labeling for actin,
a-actinin and pp44 were found in controls in patterns
known from previous work® '3 (Figure 8). In Masugi
nephritis gold labeling for actin in podocytes was
diffusely distributed throughout the hypertrophied
microfilament network (Figure 9a),whereas a-actinin
was found to accumulate in dark areas of the net-
work (Figure 9b) corresponding to the densities seen
in TEM. Gold labeling for pp44 was intense through-
out the cytoskeletal belt (Figure 9c) complemented
by focal enhancements.

Discussion

The terms foot process effacement or foot process
fusion designate a phenomenon consisting in the
simplification and, eventually, in the almost total dis-
appearance of an interdigitating pattern of podocyte
foot processes. Concomitantly, the filtration slit is
drastically shortened, reduced to the serpentine cell
borders between neighboring podocytes. Experi-

mentally, fusion of foot processes has been ob-
served to occur very quickly in response to infusion
of highly cationic compounds™ that destroy the neg-
ative surface charge of podocytes. Cytochalasins’®
as well as removal of Ca**'® have been shown to
interfere with this process, suggesting that the fusion
of foot processes depends on the contraction of the
microfilament system in the foot processes.

The present study does not deal with these acute
events. Instead, this study analyzes foot process
effacement in its accomplished elaboration as it is
generally encountered in a variety of experimental as
well as human glomerulopathies. These include pu-
romycin aminonucleoside nephrosis,’”'® Heyman
nephritis,2°2" DOCA-salt hypertension,?223 5/6 ne-
phrectomy,242% FSGS development after UNX in
young rats," after long-term treatment with FGF-22°
and in Milan normotensive rats.2” In human biopsies
as well as autopsies, effacement of foot processes is
especially common in minimal change nephropa-
thy,28-3% membranous nephropathy,®' and focal glo-
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Figure 4. Cytoskeleton in basal podocyte cytoplasm. (@) Grazing sec-
tion through capillary wall: the lamina densa (LD) of the GBM is cut
at two sites. The dense microfilament network appears as a homoge-
nous layer sharply separated from the adjacent pale staining cyto-
plasm elsewbere in the cell (asterisks). The basal cell surface is irreg-
ular with grooves (arrows) and protrusions extending into the space
that may be considered as a widened lamina rara externa of the GBM.
The microfilament network contains regularly distributed dense bod-

merulosclerosis.?*3233 Thys, foot process efface-
ment represents a stereotyped change in cell shape
on which podocytes fall back when challenged in
certain pathological situations.

When comparing the elaboration of the outspread
sheets of podocyte epithelium in the present study
with that in most other models (just mentioned
above) a difference must be mentioned. In those
models the expanded podocyte portions generally
attach smoothly to the outer surface of the GBM,
whereas in Masugi nepbhritis the interface between
the GBM and the outspread podocyte portions is
frequently very irregular with variably shaped prom-
inences and concavities in the basal surface of the
adhering cell portions. In early stages of the disease
these concavities appear empty; later they are filled
with basement membrane-like material (see below).
It is known that anti-rat-GBM sera (used to induce
Masugi nephritis) contain antibodies that react with a
Bi-integrin on podocytes.®** Thus, compared with
other models of FSGS (mentioned above), a partic-
ular component of foot process effacement in Ma-
sugi nephritis apparently is that the attachment of
podocytes to the GBM may be impaired by antibod-
ies that interfere with interconnecting integrins.®® The
pattern of incomplete disconnections of podocytes
from the GBM as seen in this study would fit with
partial but widespread impairments of the integrin
connections.

Cytoskeletal Changes

Foot process effacement is regularly associated with
conspicuous changes in the cytoskeleton, quantita-
tively as well as qualitatively. The increase in micro-
filaments together with the elaboration as a broad
belt attaching to the basal cell membrane has pre-
viously been noted'-2330:36.37. however, a detailed
analysis is so far lacking. This newly established
cytoskeletal mat consists of densely arranged micro-
filaments and exhibits a high degree of organization.
Within this mat, microfilaments, frequently elabo-
rated as stress fibers, run in virtually all directions. At
regular intervals, densities are interspersed, which
obviously serve as anchor points for the microfila-
ment bundles; a-actinin staining is most intensive in
these densities. Thus, from their structural appear-

ies. (b) Enlarged area of (a). Within the basal microfilament layer
individual filaments (6-8 nm thick) can easily be distinguished. They
are anchored in dense bodies, which are either located in the midst of
the network (&IToW) or are associated with the basal cell membrane
(arrowhead). At the interface to the cell body cytoplasm an association
of microfilaments with intermediate filaments (IF) and microtubules
(MD) is seen. MN, day 10. TEM, (@) 9300, (b) X~47500.



Figure 5. Reconstitution of an interdigitating foot process pattern.
Overview of a peripheral part of a lobule with four capillary profiles.~*
The center between the capillaries is made up of solidified mesangial
tissue consisting of extensively branched mesangial cells (asterisks)
and a compact matrix. The peripberal capillary wall is decorated bya
coarse pattern of interdigitating foot processes that are quite irregular
in shape. Podocyte cell bodies contain many dark staining granules
(star), probably lysosomal in character. MN, day 28. TEM, X~ 2000.

ance as well as from the accumulation of a-actinin it
may be concluded that these densities correspond
to the dense bodies in smooth muscle cells,38 which
serve as crosslinkers for microfilaments.3® Such a
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function would make sense here as well. Microfila-
ments approach these dense bodies from all direc-
tions. If we assume that the direction of a microfila-
ment bundle reflects a possible tension line,
mechanical strain from virtually all directions would
be interconnected in these dense bodies.

In a recent study of PAN-nephrosis*® the dense
and uniform distribution of actin labels seen by im-
munogold labeling in the basal podocyte cytoplasm
has been interpreted as showing an increase in
available epitopes on disaggregated actin due to a
direct toxic effect of PAN to podocytes. In our mate-
rial in Masugi nephritis, the increased actin labeling
corroborates with increased phalloidin staining (spe-
cific for filamentous actin) and remodeling of the
cytoskeleton microfilaments into a highly organized
texture. In addition, labeling for pp44 (which repre-
sents a characteristic cytoskeletal protein of differ-
entiated podocytes®) was maintained and increased
in intensity. Thus, foot process effacement in Masugi
nephritis appears as an adaptive process associ-
ated with hypertrophy and reorganization of the
basal cytoskeleton. As indicated from cytoskeletal
changes at other sites,*" impairments of the integrin
connections might play an important role in the reor-
ganization of the podocyte cytoskeleton in Masugi
nephritis.

The pattern of foot process interdigitation has
been interpreted as serving for two functions:*? first,
like pericytes elsewhere, to counteract the elastic
distension of the capillary wall making use of con-
tractile apparatus of the foot processes and second,
to provide a paracellular route for convective water
flow by leaving a filtration slit between the foot pro-
cesses. In Masugi nephritis, as well as in other situ-
ations going along with foot process effacement (see
above) the challenge to podocytes to counteract the
distension of the capillary wall is probably increased.
Such an increase may be due to various factors
including a rise in glomerular capillary pressure
(known to occur in Masugi*®44), impairment of the
GBM decreasing its inherent stability and the
strength of its contacts to podocytes, and loss or
impairment of mesangial support; all three factors
might be effective in Masugi nephritis. From this
point of view, hypertrophy of the contractile appara-
tus in foot process effacement may be seen as an
adaptive change to allow a more effective counter-
action of the distending forces exerted to the capil-
lary wall. On the other hand, based on the loss of
filtration slits, foot process effacement comprises the
specific permeability of the filtration barrier as indi-
cated by observations that foot process effacement
strongly correlates with reductions in glomerular fil-
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Figure 6. Capillary wall with reconstituted foot process interdigitation. (@) Peripheral capillary wall decorated by coarse  foot processes. Individual foot
processes filled by a densely arranged cytoskeleton are quite irregular in shape, but separated by filtration slits of apparently normal width (arrows).
The interface between the sole plates of the foot processes and the lamina densa of the GBM consists of an irregular space, which at some places is
Jfilled by an extracellular matrix corresponding in its density to lamina densa material (arrowheads). (b) Grazing section through the podocyte-
GBM-junction of a capillary wall. The GBM is touched at several sites (asterisks). Irregularly shaped Dprocesses (representing intermediates in the
remodelling process of foot processes) make contact with the GBM. They contain coarse plaques of microfilament assemblies and many multivesicular
bodies (arrowheads). MN, day 28. TEM, (a) X~ 10800, (b) X~ 10800.

tration rate underlain by reductions of the ultrafiltra-
tion coefficient, Kf.#5:46

decorated with interdigitating foot processes. Thus,
the repair process clearly had begun but was far
from being complete.

Several aspects of these reconstitution processes

Reconstitution of a Foot Process Pattern are worth discussion. First, the newly established

The reconstitutive process begins late; at day 10
after planting the injury, no signs of foot process
recovery were encountered. At the end of the study,
on day 28 the beginning of a reorganization of an
interdigitating foot process pattern is clearly seen.
Roughly 50% of the outer capillary surface was re-

pattern of interdigitating foot processes is much less
symmetrically organized than the pattern seen in
controls. The foot processes are quite variable in
size and shape and contain variable amounts of a
cytoskeleton. It appears as if the hypertrophied cy-
toskeleton of the outspread podocyte portions has

Figure 7. Immunostaining for F-actin (), a-actinin (b), and pp44(C) In controls, F-actin stains dominantly in mesangial areas (a1). In Masugi
nephritis, at day 3 F-actin staining is prominent in capillary walls (a2). In later stages of MN (day 10 and 28) the capillary wall as well as the
mesangium are strongly positive for F-actin, the mesangium is most densely stained at day 28 (a4). Staining for a-actinin (b)) is already drastically
increased at day 3 (b2) when compared to control (b1). A prominent a-actinin staining is maintained at later stages of MN (b3 and b4). Staining
Jor pp44 (C) is exclusively seen in capillary walls and is considerably increased in MN (c2-c4) compared to controls (¢1).1) Control, 2) MN day 3,
3) MN day 10. and 4) MN day 28. LM, X~ 150.
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Figure 8. Immunogold labeling for actin, a-actinin and pp44 in con-
trols Gold labels for actin (@), a-actinin (b) and pp44 are found in
podocyte foot processes. More beavy labelling with pp44 is seen in
larger processes filling the niches between neighboring capillaries
thereby interconnecting opposing parts of the GBM (C). These distribu-
tions fully correspond to findings in previous studies® '3 Control rats.
P, podocyte. TEM, (a-€) X~ 20000.

been partitioned into the newly developing pro-
cesses and is now undergoing dissolution. The many
multivesicular bodies seen in these areas may indi-
cate an increased catabolism. Thus the reestablish-
ment of an interdigitating foot process pattern ap-
pears to include quite extensive decomposing
processes.

Second, podocytes synthesize new extracellular
material (appearing identical to lamina densa mate-

Figure 9. Immunogold labelling of podocytes in Masugi nephritis (a)
Labelling for actin. The basal skeletal belt of fused podocyte portions
exhibits a dense and regular distribution of gold particles. (b) Labelling
Jor a-actinin. Gold particles are accumulated in the densities of podo-
cyte protrusions attached to the GBM. (C) Labelling for pp44. A dense
pattern of particles is seen throughout the basal cytoskeletal network,
demonstrated bere in a grazing section. MN. day 10. E, endothelium;
P, podocyte. TEM, (a) X~ 15000, (b) X~ 19000 and (c) X~ 16000.

rial) with which the defects between the podocytes
and the GBM are filled. A similar process has previ-
ously been described in heroin-associated nephrop-
athy.®2 The synthesis of such material is reflected in
the apparent enrichment of endoplasmic reticulum
and Golgi fields in the podocyte cytoplasm. This
process may be interpreted as to restore fixation of
podocytes to the GBM. Because the attachment of
foot processes to the GBM is critically based on
integrin connections (which probably had been di-
rectly impaired by antibodies contained in the “Ma-
sugi serum”; see above), repair of integrin connec-
tions appears pivotal for reaffixation. Thus, as a very
first precondition of foot process restitution podo-
cytes need firm contacts to the GBM.

Third, the damaging effect of the serum was ini-
tially seen at the mesangium and the endothelium
(widespread mesangiolysis and endothelial detach-
ments). At day 28 these lesions had undergone
widespread repair. Newly produced mesangial ma-
trices have apparently re-established firm connec-
tions between mesangial cells and the GBM (as seen
in Figure 5). As discussed previously,*” this solidi-
fied form of mesangial expansion may be regarded
as successful repair in the sense that the GBM has
been reattached to the mesangium. Recovery of a
foot process pattern was generally seen at those
sites. Thus, in addition to intact podocyte-GBM con-
nections reconstitution of an interdigitating foot pro-
cess pattern appears to be dependent on a preced-
ing re-establishment of mesangial support function.
Further studies are necessary to understand this
process in more detail.
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