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Podocytes constitute the outer layer of the glomerular filtration bar-
rier, where they form an intricate network of interdigitating foot
processes which are connected by slit diaphragms. A hitherto unan-
swered puzzle concerns the question of whether slit diaphragms are
established between foot processes of the same podocyte or between
foot processes of different podocytes. By employing focused ion
beam-scanning electron microscopy (FIB-SEM), we provide unequiv-
ocal evidence that slit diaphragms are formed between foot processes
of different podocytes. We extended our investigations of the filtration
slit by using dual-axis electron tomography of human and mouse
podocytes as well as of Drosophila melanogaster nephrocytes. Using
this technique, we not only find a single slit diaphragm which spans
the filtration slit around the whole periphery of the foot processes but
additional punctate filamentous contacts between adjacent foot pro-
cesses. Future work will be necessary to determine the proteins
constituting the two types of cell-cell contacts.

podocyte

PODOCYTES REPRESENT THE OUTERMOST cell layer of the glomer-
ular filtration barrier. Based on results obtained with conven-
tional imaging techniques, the current model pictures the
podocyte cell body as floating in Bowman’s space while being
anchored to the glomerular basement membrane via its arboriz-
ing cellular extensions. The finest branches, the foot processes,
are arranged in an interdigitating pattern on the outer surface of
the basement membrane (11). Neighboring foot processes are
connected by a slit diaphragm which supposedly contains the
integral membrane proteins nephrin, Nephl, FAT-1, and P-
cadherin. These proteins are linked to the actin cytoskeleton
through the adapter proteins podocin, CD2AP, and zonula
occludens (ZO)-1 (17). It has been suggested that the urinary
space between the podocyte and the glomerular basement
membrane, the subpodocyte space, impedes the flow of the
primary filtrate into Bowman’s space and that therefore the
subpodocyte space contributes to the filtration properties of
the renal glomerulus (8, 9, 13). Hereditary and acquired podocy-
topathies lead to the destruction of the intricate cytoarchitecture of
podocytes and consequently to a failure of the renal filter. The
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hallmark of such podocytopathies is the disappearance of foot
processes and ultimately a detachment of affected podocytes
into the urine, thus causing albuminuria (7, 15).

The current view on the structural basis of the renal filtration
barrier was derived from classic transmission and scanning
electron microscopy. While these techniques have provided
valuable information, they also suffer from intrinsic limitations
and therefore leave open fundamental questions: /) What is the
dimension of a single podocyte? 2) How are podocytes ar-
ranged on the glomerular basement membrane? and 3) Does a
podocyte form slit diaphragms between its own foot processes?
To answer these questions, we applied novel electron micro-
scopic techniques, i.e., focused ion beam-scanning electron
microscopy and dual-axis electron tomography, to podocytes
from several species. This made it possible to obtain detailed
information on the spatial arrangement of an entire podocyte in
its intact environment including visualization of the subpodo-
cyte space.

MATERIALS AND METHODS

Scanning electron microscopy. Preparation of the kidneys for
scanning electron microscopy was done according to Tanaka et al.
(16) with modifications. Mice were perfusion-fixed with 4% parafor-
maldehyde/1 X PBS through the distal abdominal aorta for 3 min.
Kidneys were cut in half and incubated for 2 h in 2% glutaraldehyde/
0.1 M Na cacodylate, pH 7.4, followed by overnight impregnation
in 30% dimethylformamide at 4°C. Freeze fracturing was per-
formed with a cold knife under liquid nitrogen followed by
immersion in dimethylformamide at room temperature for 2 h.
Finally, image data were acquired on a Zeiss LEO 1530 Gemini
scanning electron microscope using the SE2 detector (Carl Zeiss
Microscopy, Oberkochen, Germany).

Focused ion beam-scanning electron microscopy. Perfusion-fixa-
tion of adult mice was done as described for scanning electron
microscopy. Kidneys were stored at 4°C in 2% glutaraldehyde/0.1 M
Na cacodylate, pH 7.4, overnight. Then, the tissues were incubated
with 0.1 M cacodylate-buffered 1% OsO4 for 4 h, followed by
dehydration in an ethanol series at room temperature and Epon
embedding.

Acquisition of tomographic data sets was performed on a Zeiss
Auriga 60 dual-beam workstation (Carl Zeiss Microscopy). Slicing of
the Epon block was set to a step size of 15 nm and a focused ion beam
milling current of 1 nA with a Ga-emitter voltage at 30 kV. Scanning
electron microscopic data were recorded in the high-current mode at
1.5 kV of the in-lens EsB detector with an aperture of 60 pm. The
dimensions of the recorded images were 2,048 X 1,536 pixels, with a
pixel size of 15 nm. The slice and view process was repeated 1,652
times to obtain the 3-dimensional dataset. Raw data were binned and
aligned using the open source software package ImageJ (14). Seg-
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Fig. 1. Scanning electron micrograph of a normal glomerulus. The micrograph was taken from the glomerulus of a 3-mo-old C57BL/6 mouse. It shows the
intricate pattern of podocyte processes and illustrates that it is impossible by this technique to determine whether foot processes of the same podocyte do or do

not interact with each other. Bars = 10 pm (A) and 2 pwm (B and C).

mentation was performed manually using AMIRA (Visage Imaging,
Berlin, Germany). The segmentation was smoothened by applying the
“smooth labels” feature in the Label Field. One kidney was chosen for
further analysis.

Tissue preparation. Perfusion fixation of murine kidneys was per-
formed as described above. Mouse kidney biopsies were high pressure
frozen (EM-PACT?2, Leica, Wetzlar, Germany) and freeze-substituted in
acetone/2% OsO04/5% H->0/0.25% uranyl acetate (AFS2, Leica). Finally,
samples were embedded in Epon. Fine needle biopsies of human
kidneys were fixed with 4% buffered formaldehyde and embedded in
Araldite R. Stocks of Drosophila melanogaster were cultured on
standard cornmeal agar and maintained at 25°C. Garland nephrocytes
from wandering third instar larvae were microdissected in HL3.1
saline, high-pressure frozen, freeze-substituted, and embedded in
Epon. Treatment of mice was conducted in accordance with the
German Animal Protection Law and was approved by the local
government. The use of human kidney biopsies was approved by the
ethics committee of the University of Heidelberg.

Electron tomography. For the tilt series, 200- to 300-nm thick
sections were cut using a diamond knife (Diatome, Biel, Switzerland)
with an ultramicrotome (UC6 or UC7, Leica). The thickness of the
sections was determined on the reconstructed three-dimensional vol-
ume (see below). The tilt series was recorded on a JEM-2100F
transmission electron microscope (JEOL, Tokyo, Japan) operating at
200 kV with a nominal magnification of 20,000. Digital images were
collected by a TVIPS F416 CMOS camera with an effective pixel size
of 0.54 nm. The tilt series was recorded from —65° to +65° with an
angular increment of 1°. The three-dimensional reconstructions were
calculated using IMOD (6). Images were preprocessed, binned, and
aligned using randomly distributed 10-nm gold particles as fiducial
markers. The generation of tomograms was performed by the simul-
taneous iterative reconstruction technique (SIRT).

RESULTS

Foot processes of the same podocyte do not interdigitate
with each other. A regular scanning electron micrograph of a
murine glomerulus shows the fine interdigitating foot processes
of podocytes (Fig. 1). From these pictures, however, it is
impossible to determine whether foot processes of the same
podocyte interact with each other. To answer this long-stand-
ing question, we decided to reconstruct a complete murine
podocyte based on focused ion beam-scanning electron micros-
copy (FIB-SEM). In FIB-SEM, a gallium beam mills off 10- to
20-nm-thick layers of a plastic-embedded tissue sample, which
is followed by scanning electron microscopy of the surface

after each round of milling. This way, large z-stacks of the
desired objects can be created. In our analysis of a murine
podocyte, we have created a 29.6 X 22.3 X 24.0-wm three-
dimensional stack at 15-nm intervals. In portraying our results,
we define primary processes as branches originating directly
from the podocyte cell body without interdigitating with other
processes, secondary processes as branches originating from
primary processes without interdigitating with other processes,
tertiary processes as branches originating from secondary pro-
cesses without interdigitating with other processes, and foot
processes as protrusions interdigitating with other foot pro-
cesses (Fig. 2). Foot processes may originate from all kinds of
other processes and even from the cell body (Fig. 2). The
podocyte at the center of our 3-dimensional analysis elaborates
12 primary processes and 44 secondary processes; it spreads
out over several capillaries (Figs. 2 and 3).

The space between podocytes and the underlying glomerular
basement membrane, i.e., the subpodocyte space, has gained
recent attention because it may represent an additional mech-
anism regulating the flow of the primary filtrate (9, 13). Our
three-dimensional reconstruction shows an elaborate labyrinth
below the podocyte cell body (Fig. 4A) with narrow exit sites
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Fig. 2. Three-dimensional reconstruction of a murine podocyte. On this side of
the reconstructed cell, the primary (1°), secondary (2°), tertiary (3°), and foot
processes (FP) can be seen. The capillaries are shown in grey.

AJP-Renal Physiol - doi:10.1152/ajprenal.00338.2015 « www.ajprenal.org



Innovative Methodology
F1084

3-DIMENSIONAL STRUCTURE OF PODOCYTES

120°

Fig. 3. Three-dimensional reconstruction of a murine podocyte. The same podocyte as in Fig. 2 is shown. It was rotated in 60° intervals to better demonstrate
its extensive processes. The cell body is shown in blue, processes extending sideways in green, and processes extending from the basal surface of the cell body
in red; the capillaries are shown in grey. The letters a—f were inserted for better orientation and do not reflect the processes.

flanked by the cell body and the adjacent processes (Fig. 4,
B-D). As has been suggested before by conventional transmis-
sion electron microscopy, the cell body of the podocyte does
not sit broadly on the glomerular basement membrane. How-
ever, contrary to what has been called the freely floating cell
body of the podocyte, we detected a number of processes
extending directly from the basal surface, thus anchoring the
podocyte cell body to the glomerular basement membrane (Fig.
4A). Furthermore, the major processes are also anchored to the
basement membrane. When viewed from the glomerular base-
ment membrane, we were able to see the ridge-like promi-
nences which have recently been described in rat podocytes
(4). These ridges lie in an intimate spatial relationship with the
glomerular basement membrane and may help to anchor the
major processes to the extracellular matrix (Fig. 4, E-H).
One crucial issue in podocyte biology concerns the question
of whether slit diaphragms form between foot processes of the
same podocyte or between foot processes of different podo-
cytes. Our analysis clearly demonstrates that foot processes of
the same podocyte do not interdigitate which each other and

therefore slit diaphragms only connect foot processes of dif-
ferent podocytes (Fig. 5).

Electron tomographic characterization of connections be-
tween neighboring foot processes. In previous publications,
more than one cell-cell contact has been described between
adjacent foot processes (5, 18); these contacts have been
interpreted as multiple layers of the slit diaphragm. Indeed, we
were able to recapitulate by conventional electron microscopy
that multiple cell-cell contacts existed between foot processes
of murine and human podocytes, and this was true as well for
nephrocytes of the fly D. melanogaster. As a matter of fact,
only in a minority of filtration slits a single cell-cell contact
was seen (~20% of filtration slits in the mouse, ~10% of
filtration slits in human and the fly) (Fig. 6A). Since some of
the filtration slits were not represented in their entirety in our
sections, it is likely that the frequency of filtration slits with
only a single cell-cell contact is even lower. We would like to
emphasize that the three specimens were generated by very
different protocols. The mouse kidneys were perfusion-fixed,
high-pressure frozen, and freeze-substituted. In the case of the

Fig. 4. Illustration of the subpodocyte space and of the ridge-like prominences. The same podocyte as in Fig. 2 is shown. Its cell body is shown in blue, processes
extending sideways in green, and processes extending from the basal surface of the cell body in red; the capillaries are shown in grey. A: fop view of the podocyte
with the cell body made semitransparent demonstrates the many processes extending from the basal side of the cell body to the glomerular basement membrane.
B: a second podocyte shown in yellow is added (view from Bowman’s space). White rectangles indicate the exit sites from the subpodocyte space, which are
shown as ¢ and d. C and D: view from the subpodocyte space into Bowman’s space demonstrates the narrow exit sites (asterisks) from the subpodocyte space
into Bowman’s space. E—-H: top view of one podocyte branch shown without (E) and with (F) the glomerular basement membrane illustrated in grey. A bottom
view of the same branch demonstrates the ridge-like prominence (dotted line in G) which leaves an imprint in the glomerular basement membrane (H), thus
demonstrating the close spatial relationship between the 2 structures. Arrowheads and small and large arrows have been inserted for better orientation.
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Fig. 5. Pattern of interdigitating foot processes. Shown in blue is the same podocyte as in Fig. 2 (for reasons of clarity both the cell body and the processes are
shown in blue; the capillaries are shown in grey). In A, only the “blue” podocyte is illustrated, whereas in B a second “yellow” podocyte is inserted. The spaces
between the blue foot processes are filled by the foot processes of the yellow podocyte, thus demonstrating the heterophilic interaction of podocyte foot processes.
Red rectangles indicate the regions which are shown at more detail in the panels on the right.

human kidneys, needle biopsies were taken, and the biopsies
were immersion-fixed and further processed at room tempera-
ture. Last, the fly nephrocytes were microdissected, high-
pressure frozen, and freeze-substituted. Therefore, we consider
it unlikely that the protocols for processing the tissues and
cells, or that species differences account for the observed
phenomenon. However, due to the fact that conventional elec-
tron microscopic pictures originate from ultrathin sections of
only 40-to 80-nm thickness it is impossible to be sure of the
three-dimensional nature of the underlying cell-cell contacts.
We therefore took a closer look at podocytes and nephrocytes
by dual-axis electron tomography. Employing this technique,
we were surprised to find two different categories of cell-cell
contacts between neighboring foot processes. One layer (we
never observed more than one) of the conventional slit dia-
phragm surrounded the whole periphery of foot processes,
which is consistent with conventional thinking (Fig. 6, B—E). In
addition, we detected multiple punctate filamentous cell-cell
contacts both below and above the slit diaphragm of podocytes
(Fig. 6, B-D), and above the slit diaphragm of nephrocytes
(Fig. 6E).

DISCUSSION

Our data provide novel insight into the peculiar ultrastruc-
ture of podocytes by extending the conventional two-dimen-

sional electron microscopic analysis into a third dimension.
One long-standing puzzle in the podocyte field concerns the
question of whether foot processes of the same podocyte can
interact with each other. Very recent light microscopic inves-
tigations have suggested that this is not the case (2, 3), but it
has to be kept in mind that neighboring foot processes are
separated by a slit with a width of only 40 nm, well below the
resolution of conventional light microscopes. While this man-
uscript was prepared for submission, an article was published
in which FIB-SEM tomography was used for the partial recon-
struction of rat podocytes (4). Regrettably, however, the au-
thors did not pay special attention to the question and therefore
did not present any unequivocal evidence whether slit dia-
phragms form between foot processes of the same podocyte or
between foot processes of different podocytes. Our ultrastruc-
tural reconstruction of a complete podocyte from an adult
mouse clearly demonstrates that foot processes of the same
podocyte do not form slit diaphragms between each other. This
is very surprising and obviously raises the question of why
such an arrangement is necessary and how it is achieved. If the
foot processes of an individual podocyte would interact with
each other (homophilic interaction), then podocytes would
only be able to gather information locally. Through the inter-
action of foot processes originating from different podocytes
(heterophilic interaction), the podocyte layer in essence would
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Fig. 6. Neighboring foot processes are connected by 2 types of cell-cell contacts. A: bar graph demonstrates the occurrence of filtration slits with single or multiple
cell-cell contacts of murine and human podocytes and Drosophila melanogaster nephrocytes. B: example of a 2-layered cell-cell contact in a human specimen.
The panels on the far left and far right show only a single contact, whereas the 2 panels in the middle show two cell-cell contacts. The numbers listed in the
individual panels correspond to the level in the section, meaning that for example the first 2 pictures lie 4 nm apart. Bar = 100 nm. C—E: 3-dimensional view
of the filtration slits from the 3 species. The slit diaphragms are shown in red, the filamentous cell-cell contacts above the slit diaphragm in yellow, and the
filamentous cell-cell contacts below the slit diaphragm in blue. In D, it appears as if there is a break in the slit diaphragm when viewed from the fop or the bottom.
We cannot, however, rule out that this is a technical artifact.
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form a network covering the capillaries whereby podocytes
could collect information such as capillary pressure over large
distances.

How can it be achieved that slit diaphragms form exclu-
sively between foot processes of different podocytes? One
possibility is that podocytes are not a homogeneous population
of cells but that podocytes exist in distinct “flavors.” These
populations would differ from each other by expressing differ-
ent cell adhesion proteins which would not be able to establish
homophilic interactions, i.e., foot processes of type “A” podo-
cytes could not establish slit diaphragms between each other,
and neither could foot processes of type “B” podocytes; in-
stead, slit diaphragms would only form between type A and
type B podocytes. Such a scenario is not completely unlikely
because nephrin and Nephl, two integral membrane proteins of
the slit diaphragm, preferentially interact in a heterophilic
fashion (1). Regrettably, our attempts to stain kidney sections
for nephrin and Nephl to subject them to high-resolution
stimulated emission depletion (STED) light microscopy failed,
and we therefore were not able to determine whether nephrin
and Nephl are located in a mutually exclusive pattern on foot
processes. Furthermore, it has been pointed out that a given
podocyte not only interacts with one, but at least two other
podocytes, which in such a model would require at least three
different types of podocytes (see for example Fig. 1 in Ref. 4).

A more straightforward explanation comes from the pioneer-
ing work of Farquhar and colleagues (10). In their character-
ization of the morphological events underlying podocyte dif-
ferentiation, they have described the transition of podocytes
from simple columnar cells to extensively arborized cells.
Already the columnar epithelial cells are connected to each
other by tight junctions; due to their shape, these cells can only
form tight junctions with neighboring cells and not with them-
selves. Upon differentiation, the prospective podocytes first
elaborate rather coarse extensions which finally develop into
the fine branches of the mature podocytes. During this process,
cell-cell contacts apparently are maintained: the tight junctions
move down from an apical to a basal location and are trans-
formed into slit diaphragms. Since during this differentiation
process a single podocyte never loses the cell-cell contacts with
its neighbors, it follows automatically that slit diaphragms only
form between neighboring cells. In principle, there is no reason
why slit diaphragms cannot be established between foot pro-
cesses of the same podocyte, and indeed this is true for
Drosophila, where each nephrocyte is surrounded by its own
basement membrane and nephrocytes do not interact with each
other.

One other surprising result was the identification of two
different types of cell-cell contacts between foot processes.
Previous publications have described the occasional appear-
ance of a supposedly two-layered slit diaphragm in human, rat,
murine (18), and zebrafish glomeruli (5). In contrast, our data
reveal the presence of only one layer of planar cell-cell con-
tacts, i.e., the slit diaphragm, and of several additional punctate
filamentous cell-cell contacts. Obviously, the misinterpretation
in the previous publications was caused by looking only at
conventional two-dimensional electron microscopic pictures.
At present, we can only speculate on the nature and function of
this novel type of contact. One rather trivial explanation would
be that the filamentous cell-cell contacts represent transition
states of the slit diaphragm, be it newly forming slit dia-

3-DIMENSIONAL STRUCTURE OF PODOCYTES

phragms or remnants of old slit diaphragms. Speaking against
this hypothesis is the observation that despite the complete
absence of slit diaphragms in patients suffering from mutations
in the NPHSI gene, both regularly spaced filtration slits and
altered filtrations slits were seen in the glomeruli of those
patients (12). In a model in which the slit diaphragm is required
to establish the regular spacing of foot processes, one has to
wonder how normal appearing filtrations slits are generated
when a slit diaphragm is not present at any time during kidney
development. The authors of that publication (12) only men-
tion “fuzzy cell surface material” between foot processes. It is
quite feasible that the filamentous structures we describe in our
current study have been missed in the patients’ kidney sections
because conventional electron microscopy was performed and
the kidney samples were not optimally preserved (kidney
samples were obtained from aborted fetuses). We suggest that
the filamentous cell-cell contacts we describe here are required
to elaborate regularly spaced foot processes whereas the slit
diaphragm would serve a sieving function and may possibly
also be responsible for the formation of heterophilic cell-cell
contacts.

The integral membrane proteins nephrin, Nephl, FAT-1,
and P-cadherin are believed to be components of the slit
diaphragm. These molecules belong to different families of
cell-cell adhesion molecules: nephrin and Nephl contain im-
munoglobulin-like domains, whereas FAT-1 and P-cadherin
are members of the cadherin superfamily. Typically, only
adhesion molecules of the same family are present in one type
of cell-cell contacts, such as cadherins in adherens junctions. If
all those different molecules contribute to the formation of slit
diaphragms, they would have to interact in one form or another
to maintain a tight slit diaphragm. So far, this has not been
demonstrated. We also would like to point out that all of them
have been located by immunogold electron microscopy to the
filtration slit, a technique which interferes quite drastically with
the preservation of the specimens and does not yield the
necessary spatial resolution to precisely determine the location
of the respective proteins. We speculate that the protein com-
position of the two types of cell-cell contacts described in our
present study only partially overlaps or may even be distinct
from each other, so that there are different sets of proteins
which belong to one type of cell-cell contact or another.
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