











Figure 3. (a) Nucleotide sequence (upper lines and numbers) and
deduced amino acid sequence (one letter code, lower lines, and
numbers) of human brain synaptopodin cDNA. Taking the first
possible start codon of the open reading frame, synaptopodin
consists of 685 aa. aa sequences determined by Edman degrada-
tion of proteolytically derived internal peptides of rat brain syn-
aptopodin are underlined. (b) Comparison of the aa sequences
between mouse (upper lines) and human (lower lines) synaptopo-
din. At the protein level an 84% identity between the two species
is observed. aa sequences determined from internal peptides of
rat kidney synaptopodin are underlined. The sequence data of
human synaptopodin are available from EMBL/GenBank/DDBJ
under accession number Y11072. (¢) Northern blot analysis of
synaptopodin. A single 4.4-kbp mRNA is detected in human
brain cortex (1), in rat kidney cortex (2), and rat forebrain (3). No
signal is obtained in rat cerebellum (4).

cerebral cortex, rat forebrain, and cerebellum as well as
from rat kidney cortex, using a riboprobe derived from
clone sp47. While in rat cerebellum no signal was ob-
tained, in each of the other tissues, a single 4.4-kB tran-
script was detected after overnight exposure (Fig. 3 ¢),
with this confirming the immunoblotting and immunohis-
tochemical results.

On sequence comparison, synaptopodin shows no signif-
icant homology to any published proteins. Due to its high
content of proline (z 20%) evenly distributed along the
protein, no formation of any globular domain is possible.
In addition to several potential phosphorylation sites spread
throughout the molecule, synaptopodin contains two
PPXY motifs (corresponding to aa 318-321 and 337-340
of the human protein; Fig. 3 a), which are also found in the
mouse protein (aa 310-313 and 329-332; Fig. 3 b). These
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PPXY motifs are involved in protein—protein interactions
between proteins bearing proline-rich peptide stretches
and the WW domain of a variety of proteins (Einbond and
Sudol, 1996).

Synaptopodin Expression in Kidney and Brain

To see whether synaptopodin is expressed by other organs
than kidney and brain, we performed immunohistochemi-
cal stainings as well as Western blot analyses of a variety
of organs (for details see Materials and Methods). All tis-
sues examined did not show any synaptopodin reactivity
with either technique, i.e., synaptopodin is restricted to
kidney and brain (data not shown).

Distribution of Synaptopodin in the Brain

To determine the distribution of synaptopodin in the
brain, we performed immunofluorescence stainings of sag-
ittal and coronal serial sections of the adult rat brain. Syn-
aptopodin was found in the olfactory bulb, the cerebral
cortex, the striatum, and the hippocampus (Fig. 4). The
immunoreactivity was observed in the dendritic layers,
whereas the perikarya were free of labeling. No other re-
gions of the central nervous system (CNS) showed any ex-
pression of synaptopodin as confirmed by additional im-
munohistochemical mapping of serial coronal sections
from a complete rat brain using the preembedding peroxi-
dase technique (data not shown). Applying the polyclonal
antisera NT-61 and 26-1E, the same pattern of immunore-
activity was observed as with the original mAb G1 (data
not shown). Within the striatum, synaptopodin expression
was restricted to the telencephalic part, i.e., the putamen,
whereas the globus pallidum, which belongs to the dien-
cephalon, was not reactive with anti-synaptopodin anti-
bodies (Fig. 5). To reveal the subcellular localization of
synaptopodin, we performed preembedding PAP labeling
experiments of telencephalic regions that had been found
to express synaptopodin. The electron-dense reaction pro-
duct was restricted to postsynaptic densites and associated
dendritic spines of a subset of synapses (Fig. 6). While the
PSD itself was homogeneously decorated with the DAB
reaction product (Fig. 6, a and b), in the adjacent dendritic
shaft a clustered arrangement of the immunoreactivity was
observed (Fig. 6, ¢ and d). The restriction of synaptopodin
expression to a subset of synapses was confirmed by a dou-
ble immunofluorescence labeling approach with mAb G1
for synaptopodin and polyclonal anti-synaptophysin anti-
serum as a marker of all synapses (Fig. 7).

The distribution pattern of synaptopodin was corrobo-
rated by in situ hybridization studies showing that synap-
topodin mRNA was present in the olfactory bulb, cerebral
cortex, striatum, and hippocampus; expression was only
observed in perikarya but not in dendritic layers (Fig. 8).
Thus, as shown before by immunohistochemistry, within
the CNS, synaptopodin indeed is restricted to the telen-
cephalon.

Expression of Synaptopodin during Postnatal
Maturation of Rat Brain

To examine the maturation-dependent expression of syn-
aptopodin during brain development, we analyzed cyto-
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Figure 4. Overview of synap-
topodin staining in rat fore-
brain. The distribution of
synaptopodin in adult rat
brain was analyzed by indi-
rect immunofluorescence la-
beling of 8-pum-thick frozen
sections from perfusion-fixed
tissue. This frontal section
through the forebrain reveals
expression in the cerebral
cortex (C), striatum (S), and
hippocampus (H). The pro-
tein was also found in the ol-
factory bulb (not shown). No
other areas of the central
nervous system show any
synaptopodin expression.

Figure 5. Immunofluorescence microcopy of synaptopodin in striatum. This micrograph shows the transition between the telencephalic
putamen (P) and the diencephalic globus pallidum (G). (@) Synaptopodin staining is restricted to the putamen and ends at the border to

the diencephalon (arrows). (b) Staining with anti-synaptophysin to detect all synapses. Bar, 1.5 pm.
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Figure 6. Immunoelectron microscopic analysis of synaptopodin.
The subcellular localization of synaptopodin in the telencephalon
was analyzed by preembeding peroxidase labeling. (a) The elec-
tron-dense reaction product localizes to the postsynaptic densi-
ties and dendritic spines of distinct synapses. (b) At a higher mag-
nification the strongest labeling is found at the PSD (arrows). (c

Mundel et al. Molecular Characterization of Synaptopodin

Figure 7. Confocal laser scanning double fluorescence analysis of
synaptopodin and synaptophysin in rat brain striatum. In contrast
to synaptophysin (green), which is expressed in all synapses, syn-
aptopodin (red) is only expressed by a subpopulation of synapses.
It becomes evident that axosomatic synapses (arrows) are virtu-
ally free of synaptopodin immunoreactivity. Bar, 10 pm.

solic extract from rat forebrains and cerebella at postnatal
days 5, 10, 15, 20, and 50 by Western blotting. Synaptopo-
din was first expressed around day 15, increased thereaf-
ter, and reached the maximum level of expression in the
adult brain (Fig. 9). Like in the adult brain, no expression
of synaptopodin was observed in the cerebellum during
postnatal maturation. To prove equal protein loading, blot
membranes were probed with anti-tubulin antibody and
showed comparable signal intensity in all lanes (data not
shown).

Immunofluorescence Microscopy of Cultured
Hippocampal Neurons

We next analyzed the expression of synaptopodin in cul-
tured neurons derived from embryonic 18-d-old rat hip-
pocampi. The expression started at day 12 in vitro, in-
creased thereafter in parallel with process and spine
formation, and reached its maximum expression after 25 d
in vitro (Fig. 10 a). Like in vivo, synaptopodin was only
found in dendrites as revealed in double labeling experi-
ments with anti-MAP2 (Fig. 10 ¢). The immunofluores-
cence signal was arranged in a dotted pattern along the
dendrites, with the dots corresponding to synapses as dem-
onstrated in double labeling experiments with anti-synap-
tophysin (Fig. 10 d).

and d) Extension of synaptopodin expression into dendritic shaft.
This distribution of synaptopodin in the postsynaptic segment of
dendrites corresponds exactly to the distribution of actin at this
site. Bars, 0.2 pm.
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Figure 8. Regional distribution of synaptopodin mRNA in mouse
brain. The signal is found in the olfactory bulb (O), cortex cerebri
(C), striatum (S), and hippocampus (H). This expression pattern
matches the immunohistochemical distribution of the protein.

Immunofluorescence Microscopy of Cultured Podocytes

The association of synaptopodin with actin was further an-
alyzed in a conditionally immortal podocyte cell line re-
cently established in our laboratory (Fig 11; Mundel et al.,
1997). This cell line can be maintained in two different
phenotypes, as undifferentiated cobblestones growing as
an epithelial monolayer (Fig. 11 a) and as differentiated, ar-
borized cells equipped with processes (Fig. 11 b); these ar-
borized podocytes always arise by conversion from cob-
blestones.

In cultured podocytes, synaptopodin was not found in
undifferentiated cobblestones lacking processes (Fig. 11 ¢)
but was induced during process formation and showed
strongest labeling in differentiated, arborized cells, where
it was found in a dotted pattern along the actin microfila-
ments and in focal contacts (Fig. 11 d). The presence in fo-
cal contacts was confirmed in double labeling experiments
with vinculin (data not shown).

The association with actin (Fig. 11 e) was confirmed in
double labeling experiments with phalloidin (Fig. 11 f).
Depolymerization of F-actin with cytochalasin B resulted
in a redistribution of synaptopodin in a coarse perinuclear
pattern being reversible after washing out of cytochalasin
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adult

rain Figure 9. Maturation-depen-
dent expression of synapto-
podin during postnatal devel-
opment of rat brain. (a)
Cytosolic extracts from cere-
bellum and forebrain har-
vested at day 5, 10, 15, and 20
a postnatal and from adult rats
were analyzed by Western
blotting. In the cerebellum,
synaptopodin was never ex-
pressed. In the forebrain,
synaptopodin first appeared
around day 15, increased
b thereafter, and reached the

maximum level of expression

in the adult animal. (b) The
identical membrane was probed with anti-tubulin to prove equal
protein loading in all lanes.

cerebellum forabrain
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B (Fig. 11 g). Depolymerization of the microtubular net-
work with colcemid did not significantly affect the distri-
bution pattern of synaptopodin (Fig. 11 /). These results
demonstrate that synaptopodin is intimately associated
with actin, corroborating the biochemical findings that
complete solubilization of synaptopodin requires high salt
(500 mM NaCl) buffer.

Discussion

In the present study we have cloned and characterized
synaptopodin, which constitutes a novel class of polypep-
tides in renal podocytes and telencephalic dendrites. Based
on its aa composition and tissue distribution, synaptopodin
is different from all other actin-associated proteins de-
scribed so far. Synaptopodin is a rather basic protein with
a calculated molecular mass of 73.7 kD (human)/74.0 kD
(mouse) and an isoelectric point of 9.38 (human)/9.27
(mouse). The difference between calculated mass and the
molecular weight determined by SDS-PAGE and Western
blot as 100 kD may be attributed to either posttranslational
modifications or may be the consequence of the high con-
tent of proline leading to a relative mobility shift in the gel.

Synaptopodin extracted from kidney glomeruli shows a
slightly higher M, of 110 kD than the 100-kD protein from
brain, as revealed by Western blot analysis. The reason for
this difference remains to be established. However, for
several reasons this difference appears to be due to post-
translational modifications, most likely the consequence of
differential phosphorylation (as is the case for VASP [va-
sodilator-stimulated phosphoprotein], another proline-rich,
actin-associated protein; see below). First, by Northern
blot analysis, one single band with an approximate size of
4.4 kb, was found in rat kidney cortex as well as in rat fore-
brain and human brain cortex, ruling out the generation of
different isoforms by alternative splicing. Second, the in-
ternal peptide pattern obtained by tryptic digestion of
both the renal and the neuronal protein, resulted in very
similar HPLC profiles; all peptide sequences determined
from the glomerular protein were identical to correspond-
ing sequences obtained from the brain protein. Third, two
polyclonal antisera directed against two internal peptide
sequences determined from brain synaptopodin recog-
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Figure 10. Expression of synaptopodin in cultured hippocampal neurons. (a) In 25-d-old cultured hippocampal neurons, a dotted pat-
tern of immunoreactivity in dendrites is seen, whereas axons (arrows) are not labeled. (b) Phase contrast microscopy. (c) Confocal laser
scanning double fluorescence analysis of synaptopodin (red) and MAP2 (green) to demonstrate the exclusive expression of synaptopo-
din in dendrites. (d) Confocal laser scanning double fluorescence analysis of synaptopodin and synaptophysin. The yellow signal results
from a complete overlap of the immunoreactivity and proves the synaptic localization of synaptopodin in cultured neurons. Bar, 10 pm.

nized the 110-kD protein in kidney and the 100-kD pro-
tein in brain. One of these antibodies, 26-1E, was gener-
ated against an aa sequence in the central part of the
neuronal form that is identical to the corresponding pep-
tide fragment of the renal protein. The other antibody,
NT-61, was generated against an aa sequence deduced
from the NH,-terminal portion of the mouse brain ORF.
In contrast to the brain, in kidney, high concentrations
of proteolytic enzymes are present, and like proline-rich
proteins in general, synaptopodin is very susceptible to
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proteolytic degradation. In an extract containing high con-
centrations of several protease inhibitors (for details see
Materials and Methods) that had been kept for 24 h at 4°C
before boiling with SDS sample buffer, several proteolytic
fragments appeared; one of the major fragments repre-
sents the originally described 44-kD protein (Mundel et
al., 1991). However, this degradation can effectively be
prevented by boiling with SDS sample buffer immediately
after protein extraction.

Due to its high content of proline evenly distributed
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Figure 11. Expression of synaptopodin
in a cultured mouse podocyte cell line.
(a) Phase contrast morphology of undif-
ferentiated podocytes. The cobblestone
morphology of undifferentiated podocytes
growing under permissive conditions is
shown. The cells form a monolayer as
they reach confluence. (b) Arborized
podocytes maintained under nonpermis-
sive conditions are very large and flat.
Development of branched processes is
obvious. (¢) Induction of synaptopodin
after 4 d at nonpermissive temperature.
While all cells express the podocyte-spe-
cific transcription factor WT-1 (green),
cobblestones do not express synaptopo-
din (red). Currently differentiating cells
show an induction of synaptopodin (ar-
rows). In the center, a differentiated, bi-
nucleated, arborized cell is encountered
that expresses high levels of synaptopo-
din. (d) Expression of synaptopodin in a
differentiated, arborized cell with well
developed processes after 14 d at 37°C.
Synaptopodin is found along the actin
filaments and in focal contacts (arrows).
The association of synaptopodin with ac-
tin was confirmed in double labeling ex-
periments (e and f) with rhodamin-con-
jugated phalloidin. (e) A linear staining
of actin filaments with phalloidin is ob-
served. f shows the punctated distribu-
tion of synaptopodin along the same actin
filaments as in e (arrows). (g) Depoly-
merization of actin filaments with cy-
tochalasin B abolished the linear staining
pattern, and synaptopodin clustered in
the perinuclear cytoplasm. (k) Depoly-
merization of microtubules with colce-
mid did not significantly affect the staining
pattern of synaptopodin. Bars, 5 pm.
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along the entire molecule, synaptopodin appears virtually
as a linear protein without any globular domain structure.
This linear conformation may result in a side to side ar-
rangement along the actin microfilaments similar to that
recently described for dystrophin (Rybakova et al., 1996).
The association of synaptopodin with actin was confirmed
in cultured podocytes where the protein colocalized with
the microfilaments in a punctate pattern and was also de-
tected in focal contacts. Moreover, after treatment with
the actin-depolymerizing drug cytochalasin B, this pattern
was abolished. The association with the microfilaments ap-
pears to be rather tight, since complete solubilization of
synaptopodin can only be achieved by extraction with high
salt buffer.

Synaptopodin shares some interesting properties with
VASP (Haffner et al., 1995), another proline-rich, actin-
associated protein, originally identified due to its phosphor-
ylation upon stimulation of human platelets with cAMP- and
cGMP-elevating substances. Like platelets, podocytes also
respond to vasodilating substances with alterations of their
actin cytoskeleton (for review see Mundel and Kriz, 1995).
Like synaptopodin, VASP appears as an elongated, rather
linear protein (Haffner et al., 1995). Similar to synaptopo-
din, which in Western blots shows two bands of 100 and
110 kD, VASP occurs in Western blots as two bands of 46
and 50 kD, with the difference being due to differential phos-
phorylation (Reinhard et al., 1992). The location at focal
adhesions of VASP places it at a site where multiple sig-
nals are integrated. This may also be true for synaptopo-
din, which is found in focal contacts of podocytes. The in-
teractions of VASP with the microfilament system is mediated
by profilin (Reinhard et al., 1995). It will be interesting to
see whether synaptopodin is a ligand for profilin as well.

Synaptopodin also shares some striking similarities with
dendrin, another proline-rich protein whose expression is
restricted to dendrites of the forebrain (Herb et al., 1997).
While dendrin contains three PPXY motifs, synaptopodin
contains two of these PPXY motifs. These motifs are found
in several proline-rich proteins and are involved in pro-
tein—protein interactions between proline-rich stretches of
different proteins and the WW domain (Einbond and Su-
dol, 1996) as well as the Abl SH3 domain (Bedford et al.,
1997) of a variety of proteins. Among others, the WW do-
main is present in the postsynaptic cytoskeletal proteins
dystrophin and utrophin (Bork and Sudol, 1994). Thus, it
appears possible that synaptopodin is involved in mediat-
ing interactions between actin and associated proteins of
the dendritic cytoskeleton.

The distribution of synaptopodin at postsynaptic densi-
ties and in dendritc spines is exactly the same as that de-
scribed for actin in these areas (Matus et al., 1982). Thus,
at synapses, as in renal podocytes, synaptopodin colocal-
izes with actin. One of the most exciting features of synap-
topodin is that within the CNS, its expression is restricted
to exclusively telencephalic PSD and associated dendritic
spines of the olfactory bulb, cerebral cortex, striatum, and
hippocampus. In situ hybridization studies, in addition to
confirming the exclusive telencephalic expression of syn-
aptopodin, revealed that in contrast to other dendritic
proteins like MAP2 (Garner et al., 1988), synaptopodin
mRNA is not found in dendrites but in the perikarya only,
which may indicidate that synaptopodin synthesis is not
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controlled locally in the dendritic cytoplasm. As the pro-
tein contains potential sites for phosphorylation by protein
kinase C, the activity of synaptopodin may be regulated by
protein kinase C, which is highly expressed in postsynaptic
densities (Cheng et al., 1994) and glomerular podocytes
(Cybulsky et al., 1990).

Recently, a novel protein termed striatin was described
that, within the telencephalon, also has a prominent ex-
pression in dendritic spines (Castets et al., 1996). While
both synaptopodin and striatin show similar staining in
hippocampus and striatum, in the cerebral cortex, striatin
is restricted to the motorcortex, whereas synaptopodin is
present in all areas of the cortex. In contrast to synaptopo-
din, striatin is also found in the cerebellum and the spinal
cord; at the subcellular level, synaptopodin is only found
in dendrites, whereas striatin is also found in the cell bod-
ies of telencephalic neurons. Since both proteins are only
expressed by a subset of dendrites within the hippocampus
and striatum, it will be interesting to see whether they de-
fine the same synapses in these regions of the brain.

Podocytes of the renal glomerulus are unique cells with
a complex cellular organization, consisting of cell body,
major processes, and foot processes. From the cell body,
major processes arise that directly or after additional
branching split into foot processes that interdigitate with
the foot processes of neighboring podocytes, leaving in be-
tween the filtration slits covered by the slit diaphragm.
Like the PSD, the sole plate of podocyte foot processes
contains an electron-dense matrix of largely elusive com-
position (for review see Mundel and Kriz, 1995). The foot
processes are equipped with a microfilament-based con-
tractile apparatus composed of actin, myosin II, « actinin,
talin, and vinculin, which is linked to the glomerular base-
ment membrane at focal contacts by an «;3; complex. This
contractile apparatus can respond to vasoactive substances
with alteration of its actin cytoskeleton and may provide
the basis of foot processes motility. In a previous paper,
we demonstrated that synaptopodin was not expressed by
podocyte precursor cells during nephrogenesis but was
first seen as podocytes started to differentiate and develop
their typical process architecture (Mundel et al., 1991). At
the ultrastructural level, synaptopodin was found to be as-
sociated with the actin microfilaments of podocyte foot
processes. This association is also seen in vitro, when
podocytes transform from simple cobblestone cells into an
arborized phenotype equipped with processes similar to
those seen in vivo. The late appearance of synaptopodin
during postnatal brain development and during differenti-
ation of cultured hippocampal neurons appears to corre-
late with the maturation of synaptic formations on den-
dritic spines (Papa et al., 1995; Ziv and Smith, 1996). Thus,
at both sites the appearance of synaptopodin appears to be
correlated with the formation of cell “processes,” which
are essential for the specific function of each cell type.

Because of the restricted distribution of synaptopodin,
the question arises: which properties are shared by podocyte
foot processes and dendritic spines? Podocyte foot pro-
cesses are able to retract (in extreme forms the result is
“foot process effacement”) and to spread out again (Shirato
et al., 1996), i.e., an individual foot process may decrease
or increase in length. Dendritic spine formation and re-
modelling are crucially involved in what is known as plas-
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ticity of the receptor apparatus in the telencephalon (Wal-
lace et al., 1991). Recent work with cultured hippocampal
slices (Dailey and Smith, 1996) as well as studies with cul-
tured hippocampal neurons (Papa et al., 1995; Ziv and
Smith, 1996) revealed that dendritic filopodia and their
protrusive motility may play important roles in initiation
and elimination of synaptic contacts, both during develop-
ment and during postdevelopmental synaptic remodelling
processes, such as those representing the morphological basis
of long-term memory. Dendritic filopodia seem not only
to protrude towards axons but also appear to be able to re-
tract from their axonal counterparts (Ziv and Smith, 1996).
Thus, at both sites, in podocyte foot processes as well as in
dendritic filopodia and spines, this motility appears to be
part of the formation and retraction of cell processes,
which may be achieved via the microtubular and actin cy-
toskeletons (Quinlan and Halpain, 1996). One may specu-
late that synaptopodin may play a similar function associated
with the remodeling of cell processes in the kidney and the
CNS. At both sites, these movements and their regulation
are poorly understood. Synaptopodin may be a key protein
allowing future avenues for the study of these functions.
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