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Abstract This review discusses the role of microtubules
in the formation of processes from neuronal and non-neu-
ronal cells. In elongating axons of the neuron, tubulin
molecules are transported toward the end of pre-existing
microtubules, which may be nucleated at the centrosome,
via a mechanism called slow axonal flow. Two different
hypotheses are presented to explain this mechanism; the
transport of soluble monomers and/or oligomers versus
the transport of polymerized microtubules. The majority
of tubulin seems to be transported as small oligomers as
shown by the data presented so far. Alternatively, an ac-
tive transport of polymerized microtubules driven by mi-
crotubule-based motor proteins is postulated as being re-
sponsible for the non-uniform polarity of microtubule
bundles in dendrites of the neuron. Microtubule-associat-
ed proteins (MAPs) play a crucial role in stabilizing the
microtubular arrays, whereas the non-uniform polarity
of microtubules may be established with the aid of micro-
tubule-based motor proteins. The signals activating cen-
trosomal proteins and MAPs, resulting in process forma-
tion, include phosphorylation and dephosphorylation of
these proteins. Not only neuronal cells, but also renal
glomerular podocytes develop prominent cell processes
equipped with well-organized microtubular cytoskeletons,
and intermediate and actin filaments. A novel cell culture
system for podocytes, in which process formation can be
induced, should provide further evidence that microtu-
bules play a pivotal role in process formation of non-neu-
ronal cells.
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Introduction to the cell processes

Each cell has its cell-type-specific morphology, and thus
we can find a clear morphological diversity in the world
of the cell: some cells are highly polarized, some are flat
or elongated, and some are arborized bearing cell process-
es. One of the goals for cell biologists is to understand the
mechanism by which the diversity of cell shape is
achieved. Morphological diversity is evidently established
and maintained by, for example, the heterogeneous cyto-
skeletal system, extracellular matrices, interaction with
neighboring cells, and mechanical stimuli.

The cell process has been paid particular attention with
respect to morphological heterogeneity. It is a very attrac-
tive system that requires intra- and extra-cellular mecha-
nisms to withstand surface tension on the plasma mem-
brane. The long history of histology has revealed several
kinds of cells with prominent cell processes in situ, includ-
ing neurons, glial cells, and renal glomerular podocytes.

Among process-bearing cells, the neuron has been, so
far, the most intensely studied, because neurons possess
two types of highly polarized cell processes, viz., the ax-
ons and dendrites, and because culture systems allowing
selective pharmacological and cell biological experiments
have long been established. Furthermore, the neuron is
undoubtedly the unit of brain function, which represents
one of the largest enigmas for mankind. Neurites contain
microtubules (MTs), neurofilaments (the neuronal sub-
type of intermediate filaments), and actin filaments as
the three major cytoskeletal components, whereas the
content of each differs between the axon and the dendrite
(Hirokawa 1982, 1993). These cytoskeletal components
are crosslinked with each other by many associated pro-
teins. The proteins associated with MTs are called micro-
tubule-associated proteins (MAPs) and were first de-
scribed and characterized in neuronal cells (reviewed in
Hirokawa 1993; Lee 1993). It is well known that the axon
and the dendrite contain different MAPs. Although the
neuron still forms the center of interest of many research-
ers, our knowledge is now expanding from neurons to
non-neuronal cells.



164

We will first discuss the important theme of the dy-
namic architecture of neuronal MTs in this review. Based
on these discussions, we will then try to extend our
knowledge to microtubular organization in non-neuronal
cells, especially in the renal glomerular podocyte.

Transport of tubulin, polarity of microtubules,
and microtubular organizing centers in neurons

Microtubules are polarized structures with fast-growing
(plus-) and slow-growing (minus-) ends. In many cells,
minus-ends of MTs have been shown to be bound with
or closely located to the centrosome, an important micro-
tubular organizing center (MTOC) that facilitates the nu-
cleation of MTs, i.e., the formation of new polymer from
subunits. In these cases, MTs grow only at the plus-end;
tubulin subunits are added onto the fast-growing end of
the pre-existing MTs. The polarity of MTs in vivo has
been visualized in electron micrographs by dynein-arm
decoration (Haimo 1982) and tubulin-hook decoration
(Heidemann 1991). As the polarity of MTs differs be-
tween the two types of neuronal processes (Baas et al.
1989), we will separately discuss microtubular organiza-
tion in axons and in dendrites.

MTs in axons: mechanism of the slow axonal transport
of tubulin

It is now well known that MTs in axons are oriented in the
“plus-end-distal” fashion (see, for example, Baas et al.
1989). The plus-end-distal MTs in the axons are assumed
to nucleate at, or closely related to, the centrosome locat-
ed in the cell body and then elongate from the pre-existing
MTs. During the recovery phase from MT-depolymeriza-
tion in cultured neurons, MTs are observed to nucleate
from the centrosome, showing that the centrosome is ac-
tive in these neurons (Yu et al. 1993).

The molecular unit of MTs, tubulin, must be transport-
ed along the axoplasm toward the tip of the growing ends,
as axons possess no machinery for protein synthesis. Slow
axonal flow is the transporting system for cytoskeletal
proteins, whereas fast axonal flow conveys membrane-
bound organelles. There are two major theories for the
mechanism by which tubulin molecules are transported
along the axon. According to one hypothesis (Okabe
and Hirokawa 1993c, b), tubulin is transported as mono-
mers and/or oligomers that can be easily washed out from
permeabilized cells. In contrast, the other hypothesis
claims that tubulin is transported not only as these rela-
tively small forms, but also as polymers, and that this
transport is driven by some motor molecule (Baas 1997).

By using microinjection of labeled molecules, Hi-
rokawa’s group has repeatedly shown that tubulin is trans-
ported in the soluble form (i.e., monomer, dimer, and/or
oligomer) along the axon of cultured neurons (Okabe
and Hirokawa 1988, 1990, 1992, 1993a, b; Funakoshi et
al. 1996) and living neurons in situ (Takeda et al.

1995). Other groups have also provided evidence for the
transport of monomers or oligomers by microinjection
and metabolic labeling (Sabry et al. 1995; Campenot et
al. 1996; Miller and Joshi 1996), and it has been shown
that tubulin is added preferentially onto the plus-end of
pre-existing MTs (Okabe and Hirokawa 1988; Baas and
Ahmed 1992; Li and Black 1996). This theory proposes
that MTs are stationary, with the polymer in the axoplasm
and tubulin dimers being added onto the plus-end (i.e., the
distal end) of the pre-exiting MTs during axonal growth.

Although MTs provide the structural basis for the mo-
tor proteins conveying vesicles in the axoplasm (Hirokawa
1996), MTs themselves are thought to be stationary and
cannot be transported along the axon, because MTs are
bridged with each other and with other cytoskeletal ele-
ments, such as neurofilaments, via MAPs and other mole-
cules (Hirokawa 1982; Zagon et al. 1986). MAPs compete
for binding onto MTs with the MT-based motor proteins,
viz., kinesin and dynein (Hagiwara et al. 1994). Therefore,
MAPs may generally inhibit the translocation of MTs in
microtubular arrays in vivo. MT-based organelle transport
is thought to be promoted only along a limited microtubu-
lar “highway” in the axoplasm (Miller et al. 1987); this
route may lack or contain small numbers of MAPs to fa-
cilitate the binding of motor proteins onto MTs.

On the other hand, Baas and co-workers continue to ar-
gue that MTs can be transported as polymers (Baas 1997).
This hypothesis is based on several approaches, including
pharmacological, electron-microscopic, and molecular bi-
ological experiments. They propose the polymer-trans-
porting-model for both axons and dendrites (dendritic ma-
chinery will be discussed later.)

In cultured neurons during the recovery phase of MT
arrays after depolymerization with nocodazole, MTs nu-
cleate at the centrosomes, thereafter being released (Yu
et al. 1993). It has been claimed that MT-severing pro-
teins, such as katanin, which is reported to be localized
at centrosomes (McNally et al. 1996), are actively in-
volved in this releasing process (Baas 1997). The released
MTs are considered to move into both axons and den-
drites in the presence of nano-molar concentration of vin-
blastine, an MT-depolymerizing toxin thought to inhibit
both nucleation and elongation of MTs (Ahmed and Baas
1995; Sharp et al. 1995). However, Miller and Joshi
(1996) have reported the assembly of MTs even in the
presence of vinblastine at such concentrations. As dis-
cussed later, our data on cultured podocytes also show
that some MTs elongate even in the presence of vinblas-
tine, although their distribution pattern seems abnormal;
in these experiments, cells are exposed at maximum to
a ten-times higher concentration of vinblastine than that
used by Baas’s group (N. Kobayashi et al., in prepara-
tion). Therefore, Baas’s argument based on the pharmaco-
logical data should be more carefully interpreted. Miller
and Joshi (1996) have reinterpreted the data of Baas’s
group based on dynamic instability theory (Mitchson
and Kirschner 1984; Walker et al. 1988). However, Baas
(1997) has criticized such objections and insists on his
own interpretation. Nevertheless, the implications of such



experiments with vinblastine to inhibit MT dynamics are
still a matter of debate.

In a recent study (Yu et al. 1996), Baas’s group have
taken advantage of electron microscopy with high spacial
resolution coupled with microinjection of biotinylated tu-
bulin into cultured neurons. They have observed that most
MTs in the newly elongated regions of growing axons can
be labeled by anti-biotin markers, showing that these MTs
are assembled from exogenous tubulin subunits after mi-
croinjection. At the same time, the authors have also ob-
served non-labeled MTs that appear to contain no exoge-
nous tubulin, in these regions. They postulate that these
MTs are assembled before the microinjection of labeled
tubulin and are then transported into the growing regions.
However, one could also argue that such non-labeled MTs
are made from tubulin synthesized after the injected tubu-
lin subunits are spent, because all the MTs in one fixed
region need not be assembled at the same time, the incor-
poration of tubulin subunits at the end of MTs occurring
at all times all over the axoplasm.

More direct evidence for MT-transport has been ob-
tained from experiments on living giant axons of squid
(Terasaki et al. 1995). When fluorescence-labeled and
taxol-stabilized MTs are injected into the giant axons, they
move anterogradely. The maximal speed of transport
(0.25 mm/s) is half that for vesicle transport by kinesin,
which drives the fast axonal flow (Vale et al. 1985a, b),
but because their movement is saltatory, the average rate
(0.03 mm/s) is approximately at the reported rate of slow
axonal flow. This phenomenon implies that not only the
membrane organelles, but also polymerized cytoskeletal
elements are transported along the axon actively by dis-
tinct motor proteins. On the other hand, Miller and Joshi
(1996) have reported that stabilized MTs remain within
the cell body of cultured neurons, even 30 h after injection.
As they suggest, this kind of transport could be dependent
on the size of the injected objects. One can also argue that
these experiments represent a model not for slow cytoskel-
etal transport but for fast vesicle transport. Although it is
important to note that polymerized MTs can be transported
in the living axonal cytoplasm, more precise methods for
detecting the movement of single or thin bundles of
MTs may be required to establish the occurrence of the
translocation of MTs in the axoplasm in vivo.

Most data presented so far support the transport of sol-
uble forms of the tubulin molecule by slow axonal flow,
whereas only limited evidence exists for the transport of
the polymer form. Although the latter is still an attractive
model and should be more carefully verified, it is proba-
bly reasonable to conclude at present that the majority of
tubulin is transported in the soluble form, i.e., as mono-
mers, dimers, and/or oligomers.

Non-uniform orientation of MTs in the dendrites:
do dendrites have transporting mechanisms, too?

Baas and colleagues (1989) have reported that the polarity
of the MTs in dendrites changes from the uniform (plus-

165

end-distal) to the non-uniform (both plus- and minus-end-
distal) type during the maturation of cultured hippocam-
pal neurons. By tubulin-hook decoration and reconstruc-
tion of serial ultrathin sections, they have found that the
proximal part of the dendrite contains more minus-end-
distal MTs than the distal part, showing a gradient in
the content of minus-end-distal MTs. They also noticed
that the increase in the amount of minus-end-distal MTs
was dependent on the developmental stages of the cul-
tured neurons.

In order to explain this phenomenon, the authors have
presented a hypothesis that minus-end-distal MTs are ac-
tively transported by anti-parallel sliding along the pre-
existing plus-end-distal MTs. As a candidate for such a
motor protein, they considered a member of the kinesin
superfamily, CHO1/MKLP1, which was originally found
in mitotic spindles, and which acts as a motor to induce
anti-parallel sliding of MTs (Nislow et al. 1992). Thick
cell processes containing tight MT-bundles are reported
to be induced in Sf9 cells transfected with truncated
cDNAs for CHO1/MKLP1 consisting of its N-terminal
half, which represents its motor activity and is necessary
to bind onto MTs (Kuriyama et al. 1994). Sharp et al.
(1996) have found that, like MTs in dendrites of cultured
neurons, the microtubular orientation in these “dendrite-
like” thick cell processes is non-uniform and that the fre-
quency of minus-end-distal MTs in these processes in-
creases in a time-dependent manner. Next, this group
showed not only the expression of CHO1/MKLP1 protein
in a neuroblastoma cell line, but also the translocation of
this motor molecule into the dendrite-like processes dur-
ing neurite elongation, and finally they could inhibit the
establishment of non-uniform MT-orientation by treat-
ment with anti-sense oligonucleotides for this motor pro-
tein (Yu et al. 1997). The reason that they could induce
only a few cell processes by transfection with full-length
cDNA of CHO1/MKLPI into Sf9 cells (Kuriyama et al.
1994) is, however, still open for discussion. In any case,
these data strongly suggest, for the first time, that motor
proteins are involved in the microtubular organization
of cell processes, and that the same motor protein has a
dual relevance both in the mitotic spindle of proliferating
cells and in the cytoskeletal reorganization of differentiat-
ed cells.

Microinjected tubulin subunits have been shown to
form short MT-fragments in cell bodies probably first
around the centrosomes, and thereafter, the labeled mole-
cules move into dendrites in cultured neurons (Wang et al.
1996a). Although exogenous tubulin molecules are prob-
ably assembled at centrosomes and subsequently disas-
sembled to supply subunits for new assembly in develop-
ing dendrites, the data from microinjection studies seem
to corroborate the transport of MTs as polymers. In paral-
lel, the addition of exogenous tubulin onto the pre-exist-
ing MTs has also been observed.

Taken together, these data lead to the hypothesis that
MTs are oriented non-uniformly in dendrites, a feature
that is indeed observed in cultured neurons (Baas et al.
1989). First, plus-end-distal MTs arrays might be estab-
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lished as discussed for axons (see above). Second, frag-
ments of MTs might be assembled at centrosomes and
then transported into the growing dendrites by MT-based
motor proteins in a minus-end-distal fashion. Third, tubu-
lin subunits might be added onto these MTs to complete
the non-uniform orientation of MTs. Transported MTs
would soon be stablilized by crossbridging with other
MTs and neurofilaments, e.g., via MAP2 (Hirokawa et
al. 1988), in the proximal dendritic cytoplasm, resulting
in the relatively higher content of minus-end-distal MTs
in the proximal region of dendrites in the later stages; this
would be consistent with the previous observation (Baas
et al. 1989). This hypothesis has to be discussed and ver-
ified further; nevertheless, the data provides an attractive
story for microtubular organization in dendrites.

As to the functional significance of such non-uniform
arrangement of MTs in dendrites, it has been proposed
that minus-end-distal MTs are responsible for the trans-
port of organelles required only in dendrites, e.g., the Gol-
gi apparatus (Baas et al. 1989). Cargos meant only for
dendrites could be easily segregated, if neurons express
some MT-based minus-end-directed motor proteins (i.e.,
motors transporting their cargos along MTs toward the
minus-end) that will be never able to enter into the axo-
plasm where minus-ends of MTs are oriented toward
the cell body. A candidate for such dendritic motors has
recently been found and designated KIFC2 (Hirokawa
1996; Hanlon et al. 1997; Saito et al. 1997). KIFC2, a
member of the kinesin superfamily, is reported to be a
neuron-specific minus-end-directed motor protein that is
expressed exclusively in dendrites. Such molecules might
contribute to the transport of membrane organelles only in
the dendrite. Together with the transport of MTs them-
selves, we now have to accept the mechanism of “dendrit-
ic flow” as an attractive theme for cell biology, in addi-
tion to axonal flow.

One has to be careful to distinguish the de novo nucle-
ation of MTs from their elongation. Whereas the elonga-
tion of MTs occurs at the end of pre-existing MTs,
MTOC:s are required to nucleate MTs under physiological
conditions (reviewed in Thaler and Haimo 1996). From
the view-point of MT-nucleation, two opposing possibili-
ties might explain the non-uniform polarity of MTs in
dendrites: (1) MTs, which are nucleated at the centro-
some, are transported as polymers in a minus-end-orient-
ed fashion (Sharp et al. 1995); (2) within dendrites,
MTOCs might exist that facilitate MT-nucleation in both
directions (plus-end-distal and minus-end-distal) or exclu-
sively toward the proximal orientation. However, if the
centrosome is the only MTOC in neurons, then minus-
end-distal MTs must be transported from cell bodies into
dendrites. As discussed below, the first postulate, i.e. the
polymer transport of minus-end-distal MTs, should re-
present the actual phenomenon.

Gamma-tubulin is a new member of the tubulin family
and binds the minus-end of MTs (Li and Joshi 1995). Sev-
eral groups have provided evidence that gamma-tubulin
can nucleate the assembly of MTs by making a ring-like
structure for the nucleating core of MTs (Shu and Joshi

1995; Zheng et al. 1995). Immunocytochemistry has indi-
cated that gamma-tubulin is localized only around the
centrosomes in cultured neurons (Baas and Joshi 1992).
Even when overexpressed, gamma-tubulin remains in
the neuronal cell body and is not distributed into the neu-
rites (Miller and Joshi 1996). Furthermore, this molecule
is thought to be necessary for MT-nucleation in fibro-
blasts and in neurons. In the former, formation of the mi-
totic spindles is totally inhibited by an anti-gamma-tubu-
lin antibody (Joshi et al. 1992). In the latter (Ahmed et al.
1994), neurite growth has been shown to be totally abol-
ished in one half of neurons injected with an antibody
against gamma-tubulin during the recovery phase after
MT-depolymerization, whereas in the other half of the in-
jected cells, the amount of MTs is reduced, although they
can elongate neurites. Thus, the centrosome seems to be
the only gamma-tubulin-containing organelle and also ap-
pears to represent the only MTOC in neurons. These find-
ings further support the hypothesis of MT-transport in
dendrites.

Are there any other MTOC: that allow the de novo nu-
cleation of MTs in the dendritic cytoplasm in both distal
and proximal directions? By a biochemical approach,
gamma-tubulin has also been found in the cytosolic frac-
tions of a lymphoblastic cell line (Moudjou et al. 1996).
Microinjection of biotin-labeled tubulin into PC12 cells
has shown that exogenous tubulin molecules are not only
incorporated into pre-existing MTs, but also nucleated
from electron-dense materials whose nature is not clear
(Okabe and Hirokawa 1988). Takemura and colleagues
(1995) have reported that MTs are nucleated, but not re-
lated to the centrosome, in the peripheral cytoplasm of fi-
broblasts that are transfected with MAP2c cDNA. At
present, we cannot completely exclude the presence of
MTOC:s other than the centrosome. Nevertheless, the in-
hibition of neurite growth by anti-gamma-tubulin anti-
body clearly shows that the majority of MTs in neurons
are nucleated at centrosomes.

Process formation by bundling microtubules:
a role of MAPs

In the cytoplasm, MTs consist not only of tubulin sub-
units, but also of several associated proteins called MAPs
(reviewed in Hirokawa 1993, 1994; Kanai and Hirokawa
1993; Lee 1993; Thaler and Haimo 1996). In neurons,
MAPI1A, MAPI1B, and MAP2 represent high molecular
weight (>200 kDa) MAPs, whereas tau proteins (55—
65 kDa) are the major low molecular weight MAPs. It
is well known that isoforms of MAP2, viz., high molecu-
lar weight isoforms MAP2A and MAP2B, and low mole-
cular weight isoforms MAP2c and MAP2d, are derived
from a single gene by alternative splicing (Ferhat et al.
1994). Similarly, alternative splicing delivers the isoforms
of tau, including six conventional small isoforms and high
molecular weight isoforms specific for the peripheral ner-
vous system (Couche et al. 1992; Goedert et al. 1992; Ka-
nai et al. 1992). Molecular analysis of these MAPs has re-



vealed that MAP2, tau, and MAP4, which is an ubiquitous
MAP in non-neuronal cells, share the conserved domain
for binding with MTs, which contains 3-5 repeats of
18-amino-acid motifs called “repeats-domains” or “as-
sembly-promoting domains” (Chapin et al. 1995). The
“repeats” are located in the C-terminal region of these
MAPs and there is another conserved domain with en-
riched proline residues in the adjacent region. These
two domains are thought to be responsible for the bun-
dling with MTs, whereas MAP1A and MAPI1B are report-
ed to possess an MT-binding domain unrelated to those of
MAP2 and tau (Noble et al. 1989). The major function of
MAPs is thought to be to stabilize the microtubular dy-
namics and to crossbridge MTs into bundles. As discussed
later, some MAPs are known to connect MTs with other
cytoskeletal elements.

There is a dynamic equilibrium between polymerized
MTs and tubulin subunits, called dynamic instability
(Mitchson and Kirschner 1984; Walker et al. 1988; Car-
lier 1989). According to this theory, individual MTs can
switch stochastically between the slow growing phase
and the fast shrinking “catastrophe” phase. Conventional
MAPs can stabilize MTs by suppressing the catastrophe
(Cassimeris 1993; Hirokawa 1994), whereas an MT-de-
stabilizing protein has recently been reported to increase
the rate of catastrophe, thereby facilitating cytoskeletal re-
organization for mitosis (Belmont and Mitchison 1996).

Cell processes containing MT-bundles formed by MAPs

It has been clearly shown that some, but not all, MAPs in-
duce the formation of MT-based cell processes when they
are overexpressed in cells such as fibroblasts, which orig-
inally possess only actin-based cell projections (Kanai et
al. 1989; Lewis et al. 1989; Baas et al. 1991; Knops et al.
1991; Chen et al. 1992; Lee and Rook 1992; Weisshaar et
al. 1992; Edson et al. 1993; Takemura et al. 1992, 1995;
Brandt and Lee 1994; Ferhat et al. 1996). For example,
the exogenous induction of tau and MAP2c is proposed
to mimic axonal elongation during neuronal development.
Tau has some juvenile isoforms and MAP2c is also a type
of juvenile MAP, and their expression is strongly regulat-
ed developmentally (Hirokawa 1993; Lee 1993). Exces-
sively expressed, these MAPs facilitate the formation of
cell processes filled with uniformly oriented MT-bundles
like those in axons. The elevated concentration of MAPs
may also influence the total amount of tubulin in MAP-
overexpressing cells. Exogenous induction of tau proteins
is followed by an increase in the amount of tubulin (Kanai
et al. 1989), although another study has not confirmed
such an increase (Barlow et al. 1994).

On the other hand, transfection of cDNAs for non-neu-
ronal MAPs, viz., MAP4 and Drosophila 205 kDa MAP,
has only a small effect on microtubular organization (Bar-
low et al. 1994). Because transfection of tau induces pro-
cess formation in this experiment, one can argue that
these non-neuronal MAPs have only a “weak” effect on
the organization of MT-arrays, although MAP4 also con-
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tains repeat-domains and proline-rich domains, which are
highly homologous to those of tau and MAP2, for binding
with MTs (Chapin et al. 1995). It is reasonable that
MAP4, which is ubiquitously expressed in cells without
cell processes (Bulinski and Borisy 1980), can induce
no process formation. The function of non-neuronal
MAPs should be clarified in the future.

MT-based cell processes are induced not only by trans-
fection of MAPs but also by overexpression of proteins in
other categories. As discussed above, overexpression of
CHO1/MKLPI, which is a member of the kinesin super-
family and works as an MT-based motor (Nislow et al.
1992; Kuriyama et al. 1994), induces process formation
(Sharp et al. 1996). Therefore, tight bundling of MTs in
the cytoplasm is able to cause the deformation of plasma
membranes, resulting in process formation.

Deletion of MAPs, by applications of specific antibod-
ies and anti-sense oligonucleotides and in knock-out
mice, is another powerful strategy for investigating the
function of MAPs. Anti-sense probes for tau and MAP2
have been shown to inhibit process formation in cultured
neurons (Caceres and Kosik 1990; Dinsmore and Solo-
mon 1991). MAP1B-depleted mice exhibit a severe defect
in neurogenesis (Edelmann et al. 1996). Evidence strong-
ly suggests that MAPs comprise a redundant system com-
pensating each other’s functions, i.e. the phenotype of
cells in which expression of one MAP is diminished is un-
changed. No obvious deleterious phenotype has been ob-
served in cells injected with anti-MAP4 antibody, which
removes MAP4 from MTs (Wang et al. 1996b); in this
case, it is thought that other MAPs compensate for the
function of MAP4. Mice lacking the normal tau gene
are reported to have altered MT-arrays in parallel fiber
axons, although these mice are born alive and are fertile
(Harada et al. 1994). Because tau-lacking mice show in-
creased levels of MAPIA, the expression of MAPs could
be regulated, at least in part, to compensate their redun-
dant function with each other. Obviously, double- and tri-
ple-knock-out mice for MAPs will provide new insights
into the functional relevance of MAPs.

It is clear that not only MTs, but also neurofilaments
and actin filaments are necessary for neurite formation.
Some proteins are reported to crosslink these major cyto-
skeletal components. Neuronal MAPs, including MAPIA,
MAP?2, and tau, are reported to bind not only with MTs,
but also with actin filaments (Correas et al. 1990; Cross
et al. 1993; Pedrotti et al. 1994). MAP2c is found in ac-
tin-rich regions devoid of MTs and could influence the
formation of actin gels, whereas high molecular weight
isoforms of MAP2 lack such activity (Cunningham et
al. 1997). MAP2d, a recently described isoform of
MAP?2, can stabilize actin filaments against depolymer-
ization by cytochalasin D (Ferhat et al. 1996). MAP2 is
also able to link MTs to neurofilaments in vitro and in vi-
vo (Hirokawa et al. 1988). A subtype of spectrin, fodrin
(brain spectrin), is reported to crossbridge many cytoskel-
etal structures in neurons (Zagon et al. 1986). Recently,
plectin has been reported as a multifunctional crosslinker
among cytoskeletal and other intracellular structures in
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non-neuronal cells (Svitkina et al. 1996). Further studies
will presumably reveal more molecules that contribute
to stabilizing the complex network of the neuronal cyto-
skeleton.

From this viewpoint, a report should be noted showing
that depolymerization of actin filaments with cytochalasin
induces process formation in MAP2c-transfected cells,
and that this induction is cancelled by removal of this
drug (Edson et al. 1993). These cells form MT-bundles
along the cell margins before addition of the actin-depo-
lymerizing reagent (Weisshaar et al. 1992). This result
strongly suggests that process formation in the MAPs-
transfected cells not only depends on MT-bundles formed
by excessively expressed MAPs but also on molecular
and mechanical interactions with other cytoskeletal ele-
ments and plasma membranes.

Polarity of microtobules modified by motor proteins

Undoubtedly, MAPs contribute to the stabilizing and
bundling of MTs, but can they affect the polarity of
MTs? So far, only the occurrence of uniformly oriented
MT-bundles with plus-ends pointing toward the distal
portion of the processes has been detected in cells trans-
fected with cDNAs for MAPs (Baas et al. 1991; Chen et
al. 1992; Brandt and Lee 1994; Takemura et al. 1995). In
dendrites, MAP2, MAP1A, and MAPIB are found, but it
seems that these MAPs alone cannot establish the non-
uniform MT-organization in dendrites. Adult type
MAP2, a major MAP in the dendrite, can establish only
the uniform orientation of MTs by transfection. MAP1B
stabilizes MT-dynamics in transfected cells but does not
induce MT-bundling or process formation (Noble et al.
1989; Takemura et al. 1992); therefore, it is unlikely that
MAPIB is able to affect the polarity of newly formed
MTs.

Can the non-uniform orientation of MTs be established
by some MAPs alone or with some help from other mol-
ecules? As discussed above, we now know that the
CHO1/MKLP1 motor protein is a candidate for such a
molecule (Sharp et al. 1996). In MAP2c-transfected
COS cells, MTs are observed to be nucleated in the cyto-
plasm independent of the centrosome, and subsequently,
some thinner MT-bundles are further bundled into thicker
ones. During these steps, MTs appear to be arranged with
uniform polarity (Takemura et al. 1995), as proposed for
the assembly of mitotic spindles (Hyman and Karsenti
1996). If some proteins can arrange MTs in a bi-direction-
al fashion, then randomly nucleated MTs might be orient-
ed and bundled non-uniformly in the cytoplasm. Howev-
er, this model cannot mimic the establishment of non-uni-
form MT-arrays in dendrites, because minus-end-distal
MTs appear later during the course of dendritic develop-
ment (Baas et al. 1989).

Based on current knowledge, it seems highly likely
that motor proteins are required to arrange the microtubu-
lar arrays after the assembly of MTs. The cell may utilize
the same or a closely related machinery to rearrange MTs

as that used during mitotic spindle formation. Here, we
can summarize the possibilities regarding the elongation
of MT-based cell processes from round cells. (1) MTs
are nucleated by gamma-tubulin-containing complexes
around the centrosome, assembled, and bundled by
MAPs, the addition of tubulin subunits supporting the
MT-elongation and resulting in process formation. In this
case, all MTs are oriented in a plus-end-distal fashion (ax-
onal type). (2) In addition to the MT-bundles formed as
postulated in (1), minus-end-distal MTs are added later
by the transport of MTs. This model results in the non-
uniformly oriented MTs (dendritic type). (3) MTs are nu-
cleated randomly in the peripheral cytoplasm of the cell
body with the help of MAPs and then bundled uniformly
to make thick long MT-bundles to support process forma-
tion (e.g., MAP2c-transfected cells; Takemura et al.
1995). (4) Randomly nucleated MTs are bundled in a
non-uniform fashion resulting in the bi-directional polar-
ity of MTs (only theoretical at present).

Intracellular signaling: what kind
of signals initiate process formation?

The rat pheochromocytoma PC12 cell line is widely used
as a model of neurite formation (Greene and Tischer
1982). This cell line shows characteristics of endocrine
cells under normal culture conditions but, when it is treat-
ed with growth factors such as nerve growth factor
(NGF), it begins to differentiate into a neuron-like cell
with prominent cell processes. During neurite elongation,
PC12 cells express juvenile MAPs, such as MAP1B (for-
merly also designated MAP5) and MAP3 (Brugg and Ma-
tus 1988). It is clear that increased expression of MAPs is
responsible for the initiation of process formation. How-
ever, the expression of MAPs alone is not sufficient for
the outgrowth of cell processes; the cell additionally re-
quires intracellular signalling cascades that cause the
modification of cytoskeletal elements.

Based on the above discussion, at least the following
three elements can be considered as necessary for the ini-
tiation of process formation: (1) a sufficient amount of tu-
bulin subunits in a state ready to be polymerized; (2) MT-
nucleating activity as provided by MTOCs (centrosomes);
(3) MT-assembly-promoting activity as promoted by ac-
tive MAPs. Because post-translational modifications of
tubulin molecules are thought to be a result of the stabili-
zation of MTs (Khawaja et al. 1988; Webster et al. 1990),
they cannot explain the initial events responsible for pro-
cess formation. On the other hand, phosphorylation and
dephosphorylation of centrosomal proteins and MAPs
could be linked to this phenomenon.

It is postulated that both gamma-tubulin and activation
of some centrosomal proteins through phosphorylation
are necessary to initiate the formation of microtubular ar-
rays of the mitotic spindle (Thaler and Haimo 1996). Ac-
tivation of centrosomes may also play a role during pro-
cess formation, at least in its early stages. Centrosomes
in differentiated cultured neurons are still “active” enough



to supply MTs to the newly elongated neurites (Yu et al.
1993).

As discussed in the following paragraphs, protein
phosphorylation inactivates several MAPs. Such inactiva-
tion of MAPs seems to be necessary to stimulate the dy-
namics of MTs in order to reorganize the whole MT-ar-
ray. Indeed, the addition of cdc2-kinase, which can phos-
phorylate MAPs, is followed by disruption of MT-arrays
in interphase cells (Lieuvin et al. 1994). Both transient ac-
tivation of centrosomes and transient loss of microtubular
stability facilitate the rapid reorganization of MT-arrays,
resulting in a change of morphological phenotypes. De-
phosphorylation-dependent activation of MAPs will stabi-
lize the MTs to form rigid arrays of MTs, such as the bun-
dling of MTs for process formation.

Phosphorylation of MAP4 during mitosis reduces its
MT-stabilizing activity (Ookata et al. 1995). The activity
of MAP4 appears to be regulated by phosphorylation at
the serine residue and phosphorylated MAP4 cannot pro-
mote MT-assembly in vitro (Aizawa et al. 1991; Hoshi et
al. 1992; Ookata et al. 1995). The cell-cycle-dependent
phosphorylation followed by the loss of MT-assembly-
promoting activity may be a general feature of MAPs; ex-
ogenously induced tau protein, which is specific for ter-
minally differentiated cells in vivo, is phosphorylated in
this manner (Preuss et al. 1995), whereas MAP2 is inac-
tivated by a cell-cycle-dependent kinase, cdc2-kinase
(Faruki et al. 1992), and by MAP kinase (Hoshi et al.
1992). The activity of these kinases, whose targets include
cytoskeletal proteins such as MAPs, is regulated in a cell-
cycle-dependent manner. They may also be controlled at
the beginning of process formation. It will be interesting
to determine whether the activity of MAPs is controlled
by the same mechanism during process formation.

Recently, a protein kinase designated MARK has been
cloned from brain (Drewes et al. 1997). MARK preferen-
tially phosphorylates tau, MAP2, and MAP4, and phos-
phorylation of these MAPs by MARK at serine/threonine
residues diminishes MT-stabilizing activity, resulting in
the loss of MT-arrays. Because MARK is expressed at a
higher level in the fetus than in the adult, it is expected
that such MAP-specific kinases play roles in the reorgani-
zation of MT-arrays during early morphogenesis.

A sequence of recent data has demonstrated the rele-
vance of protein tyrosine phosphatase during the course
of process formation. First, inhibition of tyrosine phos-
phatases by sodium orthovanadate, which should increase
the phosphorylation of proteins at their tyrosine residues,
is reported to induce process formation in PC12 cells and
in another neuroblastoma cell line (Rogers et al. 1994). In
this case, PC12 cells are treated not with NGF, and ortho-
vanadate partially mimics the function of NGF. Rogers et
al. (1994) have also noted that the inhibition of tyrosine
kinase reduces neurite formation in both vanadate- and
NGF-treated PC12 cells, i.e., the initiation of neurite for-
mation in PC12 cells requires elevated protein tyrosine
phosphorylation.

Second, the inhibition of tyrosine phosphatases by or-
thovanadate can inhibit process formation in PC12 cells
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treated with growth factors (Wu and Bradshaw 1993).
Third, a novel protein tyrosine phosphatase designated
PTP20 is up-regulated during NGF-induced differentia-
tion of PC12 cells; overexpression of PTP20 accelerates
process formation in the presence of NGF (Aoki et al.
1996). NGF treatment is thought to cause protein tyrosine
phosphorylation through receptor-type kinase Trk fol-
lowed by activation of the MAP-kinase cascade (Robin-
son and Cobb 1997; Kaplan and Miller 1997). Studies
on phosphatases clearly suggest that prolonged stimula-
tion of this cascade works in a negative manner with re-
spect to the differentiation of PC12 cells, and such phos-
phorylation-dependent signaling should be successively
extinguished by phosphatases.

As is well known, the cascades consisting of tyrosine-
and serine/threonine-kinases deliver the exogenous signal
into the cell nucleus to modify the gene expression re-
quired for process formation. Tyrosine phosphatases
may regulate the function of MAPs via inactivation of
protein kinases working downstream of the cascade dur-
ing process formation. Protein phosphatases counteracting
protein kinases at serine/threonine residues appear to play
key roles in MT-organization through the direct activation
of MAPs. The function of tau seems to be regulated by
dephosphorylation via protein phosphatase 2A, which
may restore the MT-assembling activity of tau (Merrik
et al. 1996; Sontag et al. 1996). Application of okadaic ac-
id, which preferentially inhibits protein phosphatase 2A,
suppresses neurite outgrowth (Chiou and Westhead
1992; Sasahara et al. 1996) and the stability of MTs (Shea
et al. 1993) in cultured neuronal cells.

We can now assume that the cascade(s) of the various
kinds of kinases will switch the exogenous signal through
intracellular tyrosine phosphorylation to serine/threonine
phosphorylation. Subsequently, dephosphorylation by
protein phosphatases (such as PTP20) may cause inactiva-
tion of kinases acting downstream of the cascade. Finally,
phosphatases (such as protein phosphatase 2A) will over-
come protein kinases (such as MARK) in their competi-
tion at serine/threonine residues of MAPs, and conse-
quently, MAPs will be activated to promote the assembly
of MTs, thereby leading to process formation.

Axon or dendrite, which is general?
A clue from the podocyte

In addition to the neuron, other cells have also been ob-
served with prominent cell processes. In the brain, glial
cells are often studied. In addition, the renal glomerular
podocyte is equipped with a highly organized cytoskele-
ton in its cell processes. Huber and Matus (1990) have
claimed that cells showing a highly polarized morphology
(such as neurons, glial cells, hepatic Kupffer cells, and re-
nal glomerular podocytes) share the same marker protein,
MAP3, a neuronal and non-neuronal MAP (Huber et al.
1985). Because the molecular nature of MAP3 is as yet
unclear, and because our data suggest that MAP3 is high-
ly homologous or identical to MAP4, which is a MAP



Fig. 1a, b Electron micrographs of rat renal glomerular podocytes
in situ. a Scanning electron micrograph of podocytes viewed from
Bowman’s cavity. A cell body (asterisk) hangs in the urinary cavity
by several major process (arrows), from which foot processes (ar-
rowheads) arise; these foot processes interdigitate with those of a
neighboring cell to cover the glomerular capillaries. x5300. b Trans-
mission electron micrograph showing the podocytes covering the
glomerular capillary (C) in cross-cut view. Major processes (M)
are equipped with microtubules (arrows) and intermediate filaments,
whereas foot processes (F) are filled with tight bundles of actin fi-
laments (arrowheads). The segregation of the cytoskeletal elements
is clearly visible. x33 000

ubiquitously expressed in various tissues (N. Kobayashi et
al., in preparation), it is now uncertain whether MAP3 is a
good marker for such a phenotype. Nevertheless, one can
expect that various polarized cells share some cytoskele-
tal proteins in order to establish and maintain their mor-
phology.

It is difficult to imagine that MT-bundles in cell pro-
cesses of some non-neuronal cells are organized only with
ubiquitous MAPs such as MAP4, which also occurs in
cells without MT-based processes, e.g., HeLa cells (Bu-
linski and Borisy 1980), and which is not able to induce
process formation by transfection in Chinese hamster
ovary cells (Barlow et al. 1994). Indeed, our recent results
show that podocytes express two “neuronal” MAPs, viz.,
tau and MAP2c (S. Sanden et al., submitted). Expression
of tau and MAP2c has also been reported in oligodendro-
cytes (Lopresti et al. 1995; Miiller et al. 1997). In addi-

tion, the expression of MAP1B is observed during process
formation in cultured oligodendrocytes (Vouyiouklis and
Broply 1993). Together, these data suggest that these
“neuronal” MAPs are not cell-type specific but may be
“phenotype-specific” proteins, which are abundant in
cells with prominent cell processes.

The renal glomerular podocyte is a highly polarized
cell (Fig. 1). Podocytes in situ are arborized with thick
primary processes and thin foot processes and lack junc-
tional complexes, a common feature among epithelial
cells (Mundel and Kriz 1995). By electron microscopy,
the well-developed cytoskeleton composed of MTs and
vimentin filaments can be observed exclusively in the pri-
mary processes. Some MTs are bundled with each other
and run in parallel, whereas some are located closely by
the side of other cytoskeletal elements and membrane or-
ganelles. On the other hand, in the foot processes, which
are much thinner and arise from the primary process, con-
densed bundles of actin filaments represent the core cyto-
skeletal structure. Some contractile proteins have been lo-
calized in these processes (Drenckhahn and Franke 1988).
It is thought that the podocyte bears an actin-based con-
tractile apparatus to counteract the capillary wall disten-
tion caused by the pressure difference between capillary
and urinary spaces in renal glomeruli (Kriz et al. 1994a,
b). Although the microtubular system does not seem to
contribute to the production of active (energy-dependent)
tension, it is still thought to play an important role in
maintaining cellular morphology against mechanical



Fig.2 Conditionally immortalized podocytes show two different
phenotypes, viz., non-differentiated proliferating “‘cobblestone”
cells, when cultured at 33°C (a, b) and process-bearing differentiat-
ed “arborized” cells after a temperature shift to 37°C (¢, d). Phase-
contrast microscopy (a, ¢; x140) and anti-tubulin immunofluores-
cent staining (b, d; x230) visualizes the morphological difference
between these two phenotypes. d Differentiated cells are large and
flat and often develop long thin cell processes filled with microtu-
bules (arrows); their cytoplasm also contains well-developed micro-
tubular arrays

stresses by means of the construction of tight filamentous
networks.

Only limited data have been published on cytoskele-
tons in podocytes so far (Drenckhahn and Franke 1988;
Parysek et al. 1984a, b; Mundel et al. 1991; Huber and
Matus 1990). Recently, however, our research group has
characterized a novel cytoskeletal protein, designated
synaptopodin, which is expressed exclusively in neurons
and podocytes and is colocalized with actin filaments
(Mundel et al. 1997a). We can now propose a cytoskeletal
similarity between the podocyte and the neuron.

The renal glomerular podocyte seems to share several
cell biological features with the neuron. (1) Both possess
long and short cell processes equipped with highly orga-
nized cytoskeletal systems. (2) Both show cytoskeletal
segregation; MTs and intermediate filaments are present

in primary processes of the podocyte and in neurites,
whereas actin filaments are abundant in the foot processes
of the former and in synaptic regions of the latter. (3) Nei-
ther has a typical intercellular adhering apparatus, such as
tight and adherens junctions, and desmosomes, when they
are fully differentiated. Instead, they possess cell-type-
specific intercellular contacts, such as slit membranes in
podocytes and synapses in neurons. (4) Both are terminal-
ly differentiated and lack mitotic activity. (5) Both show
typical epithelial morphology during the course of their
early development, although the neuron is derived from
ectoderm, whereas the podocyte has a mesodermal origin.
On the contrary, the major processes of the podocyte are
homogeneous and lack such differences as observed be-
tween axons and dendrites.

In order to clarify the cell biological characteristics of
glomerular podocytes, many groups have struggled for a
long time to establish them in a culture system to be able
to use them as a research tool. So far, it has proved diffi-
cult to culture the podocyte, and some reports have prob-
ably dealt with contaminating cell types (reviewed in
Mundel and Kriz 1996). Recently, however, we have dis-
covered a protocol to induce the differentiation of po-
docytes in culture (Mundel et al. 1997b) and have subse-
quently established a conditionally immortalized cell line
that shows many characteristics of podocytes in situ (P.
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Mundel et al., submitted). Using this cell line, one can
easily induce the formation of cell processes following
differentiation. This cell line should facilitate studies of
the detailed function and cytoskeletal organization of
the podocyte (Fig. 2).

Taking advantage of this cell line, we have found that
process formation in cultured podocytes is dependent on
normal kinetics of MTs. Vinblastine, which suppresses
normal MT-kinetics, inhibits process formation in a
dose-dependent and reversible manner. After depolymer-
ization of MTs by nocodazole, recovery of MT-arrays be-
gins in the vicinity of cell nuclei, and centrosomes seem
to be the only MTOC in cultured podocytes, as in neu-
rons. This is the first study showing the involvement of
MTs in process formation of non-neuronal cells (Koba-
yashi et al., in preparation).

In conclusion, we now possess a powerful tool for in-
vestigating the cell biology of the podocyte, which has
characteristics comparable to neurons. The results ob-
tained from the culture system, together with data on po-
docytes in situ, should expand our knowledge regarding
the generalized features of cells showing polarized mor-
phology. In parallel, we hope to obtain data from other
culture systems of polarized non-neuronal cells. Finally,
we aim to understand cellular events during process for-
mation as a generalized concept, where it is unnecessary
to use the prefix “non”.
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