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Summary
Microtubule-associated protein 2c (MAP2c) is one of a
set of embryonic MAP forms that are expressed during
neuronal differentiation in the developing nervous
system. We have investigated its mode of action by
expressing recombinant protein in non-neuronal cell
lines using cell cDNA transfection techniques. At every
level of expression, all the MAP2c was bound to cellular microtubules. At low MAP2c levels, the microtubules
retained their normal arrangement, radiating from the
centrosomal microtubule-organising centre (MTOC)
but at higher levels an increasing proportion of microtubules occurred independently of the MTOC. In most
cells, radially oriented microtubules still attached to the
MTOC co-existed with detached microtubules, suggesting that the primary effect of MAP2 is to increase the
probability that tubulin polymerisation will occur independently of the MTOC. The MTOC-independent
microtubules formed bundles whose distribution
depended on their length in relation to the diameter of

the transfected cell. Short bundles were attached to the
cell cortex at one end and followed a straight course
through the cytoplasm, whereas longer bundles followed
a curved path around the periphery of the cell. By comparing these patterns to those produced by two chemical agents that stabilise microtubules, taxol and
dimethyl sulphoxide, we conclude that effects of MAP2c
arise from two sources. It stabilises microtubules without providing assembly initiation sites and as a result
produces relatively few, long microtubule bundles.
These bend only when they encounter the restraining
influence of the cortical cytoskeleton of the cell, indicating that MAP2c also imparts stiffness to them. By
conferring these properties of stability and stiffness to
neuronal microtubules MAP2c contributes to supporting the structure of developing neurites.

Introduction

through their influence on the microtubular cytoskeleton.
These proteins promote tubulin polymerisation and stabilise
microtubules (Murphy and Borisy, 1975; Weingarten et al.,
1975; Sloboda and Rosenbaum, 1979) and occur in alternative ‘embryonic’ and ‘adult’ forms whose differential
expression during brain development correlates with the
maturation of neuronal circuitry (Burgoyne, 1986; Nunez,
1986; Matus, 1988). They are persistently expressed in
areas of the brain where growth of neuronal processes continues in the adult or where there is evidence of connective
plasticity (Viereck et al., 1989; Schoenfeld et al., 1989;
Viereck and Matus, 1990).
Despite extensive evidence of a correlation between the
expression of MAPs and neuronal development and plasticity, little is known of the molecular mechanisms involved
in their function. One aspect that has excited considerable
debate is the nature of their role in the fasciculation of
microtubules in neuronal processes. Electron microscopy
has shown that MAPs decorate tubulin polymers with fine
filamentous side arms corresponding to a so-called projection domain of the MAP molecules (Vallee and Borisy,
1977; Kim et al., 1979; Brown and Berlin, 1985; Friden et
al., 1988). In appearance these filaments resemble those that

In the cytoplasm of axons and dendrites, microtubules are
organised as longitudinal bundles connected by fine filaments (Peters et al., 1976; Heuser and Kirschner, 1980;
Hirokawa, 1982) and it has long been presumed that this
arrangement is a significant factor in determining the shape
of neuronal processes. This idea is supported by the effects
of tubulin depolymerising drugs such as colchicine, which
cause neuroblastoma cells to retract their processes (Seeds
et al., 1970; Yamada et al., 1970) and both axons and dendrites to extend lateral filopodia and lose their cylindrical
outline (Bray et al., 1978; Matus et al., 1986). This suggests
that, rather than passively following the course of the
processes, the microtubule fascicles that they contain make
an important contribution to their morphology. This function is particularly important during neuronal development
when the transition from motile growth cone to established
process is marked by the formation of stabilised bundles of
microtubules (Forscher and Smith, 1988; Tanaka and
Kirschner, 1991). It has become increasingly clear that several prominent brain microtubule-associated proteins
(MAPs) play a significant role in neuronal morphogenesis
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connect microtubules in axons and dendrites and immunoelectron microscopy has indicated that several of the MAPs
are associated with these cross-linking filaments in neuronal
processes (Hirokawa et al., 1988a,b; Sato-Yoshitake et al.,
1989). These observations have been interpreted in two very
different ways. According to the first, the projection
domains of the MAPs act as mechanical struts whose function is to maintain regular spacing between the microtubules
in neuronal processes. This interpretation is based in part
on the observation that polymers of pure tubulin or microtubules from which the filamentous MAP projection
domains have been removed by proteolysis pack together
closely when pelleted whereas microtubules bearing intact
MAPs are separated by a regular space spanned by the filamentous MAP side arms (Kim et al., 1979; Brown and
Berlin, 1985; Friden et al., 1988; Hirokawa et al., 1988b).
The other major argument for the MAPs having a passive
spacer function is that MAP-containing microtubules do not
spontaneously form bundles when reassembled in vitro and
in concentrated suspensions their physical properties, such
as viscosity, do not differ from those of pure tubulin polymers or microtubules from which the MAP side arms have
been digested. This suggests that, if there is any MAP-mediated interaction between microtubules, it must be very weak
(Sato et al., 1988; Friden et al., 1988).
The other interpretation, that the MAPs actively crosslink neuronal microtubules, has been inferred from recent
experiments in which it was shown that, when recombinant
MAP2 or tau are expressed in non-neuronal cells by transfection, they induce the formation of microtubule bundles
(Lewis et al., 1989; Kanai et al., 1989). However, when
microtubules in non-neuronal cells are stabilized by chemical agents, they also form bundles connected by fine filaments, even though such cells do not contain MAP2 or tau
(Sandoval et al., 1977; Schiff and Horwitz, 1980). Because
of this, it has been argued that microtubule bundling by
MAP2 and tau results from their stabilization of normally
dynamically unstable cellular microtubules and that the
cross-bridges are formed by other molecules that exist in
all cells (Chapin et al., 1991).
These issues raise important questions about MAP function in neuronal processes. Firstly, what is the nature of
MAP-containing microtubule bundles? Are they regular
arrays whose structure is determined by specific ligand-like
interactions between MAP molecules, as proposed by the
active cross-linking hypothesis? Or are they less ordered
structures produced by weaker, non-specific interactions
between stabilised microtubules and their accessory components, as is implied by physical measurements (Friden et
al., 1988; Sato et al., 1988)? Secondly, what is the significance of the bundling of microtubules seen in MAP transfected non-neuronal cells? Does it represent a primary event
that determines the arrangement of microtubules in neuronal processes, or is it secondary to some prior effects of
the MAPs acting on individual microtubules, such as stabilisation? We have approached these questions by characterising in detail the rearrangement of microtubules in nonneuronal cells induced by their transfection with MAP2.
We were particularly interested in the low molecular mass
form of MAP2, MAP2c, whose expression in both the
embryonic and adult brain correlates with active growth of

neuronal processes (Tucker et al., 1988b; Garner and Matus,
1988; Viereck et al., 1988, 1989). Compared to the adult
high molecular mass forms of MAP2, MAP2c lacks more
than 1300 amino acids from a central domain (Papandrikopoulou et al., 1989; Doll et al., 1990; Kindler et al.,
1991) and whereas the high molecular mass forms of MAP2
are selectively associated with dendrites (Bernhardt and
Matus, 1984; De Camilli et al., 1984; Burgoyne and Cumming, 1984) MAP2c is also present in axons (Tucker et al.,
1988a,b). For these reasons, it was of interest to determine
whether it would induce bundling of microtubules as had
previously been shown for high molecular mass MAP2
(Lewis et al., 1989).
To distinguish specific effects of MAP2 from those of
stabilisation, we compared it to two chemical stabilisers of
microtubules, dimethyl sulphoxide and the plant alkaloid
taxol. We find that MAP2 induces a characteristic phenotype that results from the formation of long, stiff microtubule bundles whose arrangement within the cell appears
to be determined by their interaction with the cortical
cytoskeleton.

Materials and methods
Cell culture and transfection
The full-length MAP2c coding sequence (Doll et al., 1990) was
assembled in the Bluescript vector (Stratagene, Heidelberg) then
excised by digestion with EcoRI and ligated into the eukaryotic
expression vector pECE (Pharmacia, Dübendorf). The full coding
sequence of high molecular mass adult MAP2 was similarly
assembled in Bluescript from separate cDNA clones isolated from
a randomly primed rat brain cDNA library (Garner et al., 1988a)
and subcloned into the pECE vector. Cell lines were cultured
under standard conditions and transfected using the calcium phosphate method (Chen and Okayama, 1987). Taxol treatment was
performed by adding taxol as a 5 mM stock solution in dimethyl
sulphoxide to final concentrations of between 0.1 and 40 mM.
After incubation for various lengths of time, the cells were washed
twice in PBS (0.05 M sodium phosphate; 0.15 M sodium chloride) and fixed.

Fixation and staining
To ensure reliable localisation of MAP2 and the cytoplasmic distribution of microtubules, cells were fixed by methods involving
rapid freezing as the initial step. In its most rigorous form, this
consisted of plunging coverslips with the growing cells into a 3:1
vol/vol mixture of liquid propane and ethane maintained at liquid
nitrogen temperature followed by freeze-substitution fixation, performed by transferring the coverslips to 2% glutaraldehyde in
methanol at −70°C and allowing them to warm up to −20°C
(Bridgman et al., 1990). Because of the rapid freezing and fixation in the frozen state, this method prevents extraction of soluble MAP2, which was important in assessing the correlation
between cellular MAP2 levels and microtubule rearrangement.
Less rigorous forms of fixation proved equally capable of consistently localising microtubule-bound MAP2 and preserving the
same features of microtubule organisation and, for routine observation, cells were frozen and fixed for 3 minutes in methanol
cooled to −70°C in a methanol-dry ice bath. For subsequent staining, the cells were incubated in PBS containing 2% BSA for 20
minutes to block non-specific binding of antibodies and then incubated with monoclonal antibody that recognizes all MAP2 forms
(anti-MAP2 clone C, Sigma Immunochemicals, Deisenhofen, Ger-
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many). The second antibody was rhodamine-conjugated goat antimouse IgG (Jackson Labs., Milan Analytica, La Roche). For
double-label immunofluorescence, cells were labeled with a rabbit
polyclonal anti-tubulin antibody ( a gift from Dr Chloe Bulinski,
Columbia Medical School, New York) and monoclonal C antibody. Second antibody for the polyclonal rabbit antibody was fluorescein-conjugated goat anti-rabbit (Jackson Labs, Milan Analytica, La Roche). The measurements of relative intensity of
fluorescence measurements were made using Image1/AT software
(Universal Imaging, West Chester, Pennsylvania). Each cell was
outlined by cursor and the fluorescent emission was integrated
over the entire area.
For whole-mount electron microscopy, cells were grown on
carbon/formvar-coated gold coverslips. Transfected cells were
identified by immunofluorescence staining with anti-MAP2 and
their position determined in relation to orientation marks built into
the finder grids. The cells were fixed and prepared for viewing by
negative staining with 1% uranyl formate as described by Small
(1988).

Results
The embryonic low molecular mass MAP2 form (MAP2c)
used in these experiments had identical effects to those previously reported for the adult high molecular mass form
(Lewis et al., 1989). When transfections were performed in
parallel using cDNAs encoding both forms, there was no
detectable difference in their effects. In both cases, all the
expressed protein was bound to microtubules and their
influence on the arrangement of microtubules (described in
detail below for MAP2c) was indistinguishable. All the
experiments were repeated using various non-neuronal cell
lines, including the rodent lines 3T3, L-6 and RAT-1, and
the human lines, HeLa, 293 and PLC, all of which gave
essentially the same results. Results are presented for PLC
cells, which have the advantage of being large so that individual microtubules are well resolved by immunofluorescence microscopy. Fig. 1 shows a typical experiment using
PLC cells. The transfected cells were recognisable by their
positive staining with anti-MAP2 (Fig. 1A), whereas
untransfected cells were visible only in the anti-tubulinstained image (Fig. 1B). In all transfected cells, the
expressed MAP2 was completely bound to tubulin polymers (Fig. 2) and this was the case whether or not the microtubules were bundled.
Changes in microtubule distribution in MAP2-transfected
cells
All transfected cultures contained some cells in which the
expressed MAP2 had not affected the distribution of microtubules, which remained in their typical organisation radiating from a microtubule-organising centre (MTOC)
located at the centrosome (Fig. 1A, cells c and d). In other
cells, the expression of MAP2 had induced bundling of the
microtubules to various degrees (Fig. 1A, cells a and b).
Cells where the microtubules were bundled stained noticeably brighter for MAP2 than those in which microtubules
were not bundled (compare cells a and b in Fig. 1A with
cells c and d). This suggested that the degree of bundling
might depend upon the level of MAP2 expression and we
therefore compared the average levels of anti-MAP2
immunofluorescence measured by microphotometry in 50

Fig. 1. Microtubule reorientation and bundling in MAP2c
transfected PLC cells. A transfected culture was double stained
for MAP2 (A) and tubulin (B). Cells expressing high MAP2 levels
(labeled a, b) show bundled microtubules while in cells with low
MAP2 levels (labeled c, d) microtubule distribution is the same as
in surrounding untransfected cells. Note the wide variation in cell
size of the PLC line. Scale bar, 20 µm.

cells showing a high degree of bundling and 50 cells showing no bundling. These measurements were repeated in
three separate transfection experiments. To avoid the
extraction of MAP2 during the processing of the cells for
immunohistochemistry, these measurements were made on
cells that had been rapidly frozen in propane/ethane at
liquid nitrogen temperature and then fixed with glutaraldehyde by freeze substitution (see Materials and methods).
Although it is not possible to derive absolute values by this
method, the results support a correlation between the level
of MAP2 expressed in the cell and the degree of microtubule bundling (Fig. 3).
Formation of marginal band-like arrays
The expression of high levels of MAP2 was frequently
associated with the appearance of rings of microtubules running around the periphery of the cell (Figs 1A, 4A). This
was in turn associated with a change in cell shape and cytoplasmic organization, in which the outline of the cell
became a rotund reflection of the bundled microtubules and
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Fig. 2. Co-localization of MAP2 and
polymerized tubulin in transfected
cells. MAP2 transfected PLC cell
culture double-stained for tubulin
(A-C) and MAP2 (A′-C′). Boxes in
A outline the fields shown at higher
magnification in B and C.
Arrowheads in B,B′ and C,C′
indicate individual microtubules
stained with both anti-tubulin and
anti-MAP2. Scale bar, 18 µm.

the particulate contents of the cells were excluded from the
periphery (Fig. 4B). In most cells showing this phenotype,
the peripheral bundles of microtubules co-existed with
microtubules that still originated from the centrosomal
microtubule-organising centre (MTOC) and ran radially
through the cytoplasm (Figs 4A, 5A). These MTOCattached, radially oriented microtubules did not form bundles (Figs 5, 6), even though they were decorated with
MAP2 along their length (Fig. 5B,C), suggesting that
detachment from the MTOC is the primary event to which
both bundling and reorientation are secondary. In cells
viewed at low magnification, the peripheral bundled microtubules appeared to stain more strongly for MAP2 than

those originating from the MTOC (Fig. 1A), suggesting that
microtubule re-orientation might depend on binding of a
critical amount of MAP2 to each individual microtubule.
However, at higher magnification individual neighbouring
microtubules could be resolved in both orientations, i.e.
either emanating from the MTOC or crossing the cytoplasm
independent of the MTOC, and both were stained at similar intensity by anti-MAP2 (arrowheads at points 1 and 2
in Fig. 5B).
Although most of the reoriented microtubules at the cell
periphery were part of a bundle, in some cells single microtubules running circumferentially at the cell periphery could
be traced over relatively long distances (Fig. 5C, the area
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Fig. 3. Microtubule bundling is a function of MAP2
concentration. Anti-MAP2 immunofluorescence was measured
(see Materials and methods) in 50 cells with bundled microtubules
and 50 cells where microtubules were not bundled in each of three
separately transfected cultures (numbered 1-3 beneath). The
histogram shows the mean relative intensity ± s. e. m. for each
experiment.

marked by an asterisk, Fig. 6A, arrowhead at the left). However, even in transfected cells with relatively few microtubules at the periphery (such as that shown in Fig. 5C) the
high density of microtubules made it impossible to trace
reoriented microtubules as single filament along their entire
length. Thus, it remains possible that the peripheral reorientation shown by single MAP2-containing microtubules
depends upon an association with a microtubule bundle at
some point along their trajectory. Electron microscopy confirmed the arrangement of microtubules in transfected cells
seen by immunohistochemistry (Fig. 6). At the periphery
of transfected cells, microtubules were present running both
circumferentially and radially (Fig. 6A, arrowheads at the
right) and both in tight bundles and as single filaments.
Neighbouring microtubule bundles were often fused along
part of their length but separate elsewhere, and similarly
microtubules that were part of a bundle frequently branched
off as individual filaments (Fig. 6B).
Association of peripheral microtubules with the cell surface
The peripheral microtubule bundles in MAP2-transfected
cells commonly followed a curved path under the plasma
membrane. The most obvious explanation for this arrangement is that these microtubules are attached to the cell surface, either to some component of the cell membrane or of
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the cortical cytoskeleton. However, another important
factor in determining the distribution of microtubule bundles inside MAP2-transfected cells was their length in relation to the cell diameter. We consistently found that where
microtubules were short in relation to the cell diameter,
their curvature was less extreme. This is illustrated in Fig.
7 where each panel shows a cell, labelled ‘1’, that contains
longer microtubule bundles, which are strongly curved, and
another cell, labelled ‘2’, containing shorter microtubule
bundles that are less curved.
Transfected cultures also contained cells with short
MAP2-induced bundles that were not curved around the
cell periphery but were straight and ran across the interior
of the cell (Fig. 8). The cell shown in Fig. 8A is particularly interesting in that it shows both features, containing
long microtubules, which run circumferentially around the
periphery, and short straight microtubules running across
the cytoplasm. In order to be certain that these short microtubule bundles were situated in the cytoplasm and were not
attached to the upper or lower surface of the cell, we examined optical sections through the depth of cells with short
microtubules using confocal microscopy (Fig. 9). In all of
these cells, viewed by both conventional and confocal
microscopy, it was evident that these short microtubule bundles were attached at one end to the interior surface of the
cell, from which they radiated out into the cell cytoplasm
with no obvious preferred orientation (Figs 8, 9). Such focal
attachments might also exist for longer microtubule bundles but they could not be detected because they are against
the cell membrane for their entire length.
The effects of microtubule stabilising agents
To determine to what extent these effects of MAP2 arise
from its capacity to stabilise microtubules, we examined
cells treated with two microtubule-stabilising agents, taxol
and dimethyl sulphoxide (DMSO). Both of these agents
induce bundling of microtubules and cause changes in their
distribution within the cell (Fig. 10). The effects of these
agents differed significantly from one another and from
those produced by MAP2. As previously described (Schiff
and Horwitz, 1980; De Brabander et al., 1981) taxol produced bundles that were much shorter and more numerous
than those produced by MAP2 (Fig. 10 A,B). In addition,
taxol-induced bundles were always straight and they
showed no preferred orientation within the cytoplasm or in

Fig. 4. Cell shape and MAP2induced microtubule bundles. (A)
MAP2-decorated microtubules run as
long strands around the cell
periphery and define a zone that
excludes other cytoplasmic
components (shown in the phaseconstrast image B). The bundled
microtubules at the periphery coexist with microtubules orginating
from the centrosomal microtubule
organising centre (MTOC;
arrowhead). Scale bar, 20 µm.
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Fig. 5. Two transfected cells
expressing different levels of MAP2
(A) have both MTOC-dependent
(arrowheads) and MTOCindependent microtubules. Both
types of microtubules stain with
anti-MAP2 at a similar intensity
(arrowheads 1 and 2 in B).
Peripheral curved microtubules exist
both singly (region of asterisk in B)
and as narrow separate bundles
(region of asterisk in C). Scale bars:
A, 10 µm; B, C, 30 µm.

relation to the cell surface. DMSO, which also stabilises
tubulin polymers in vitro (Himes et al., 1976; Algaier and
Himes, 1988), also induced microtubule bundles (Fig. 10C).
Like those produced by MAP2 these were long and thin,
but unlike the MAP2-induced bundles, the DMSO bundles
were not attached to the cell membrane but were situated
close to the nucleus where they maintained an association
with the MTOC at one point (arrowheads in Fig. 10C) while
the rest of each bundle followed a curved path in the cytoplasm.
Discussion
These transfection experiments demonstrate three characteristic changes in the microtubular cytoskeleton that occur
progressively with increasing cellular concentration of
MAP2c: (i) microtubules are formed independently of the

microtubule-organising centre, (ii) they become bundled
and (iii) their orientation and position in the cell changes
from a radial to a circumferential pattern. These same alterations were produced by both the adult high molecular mass
form of MAP2 and the embryonic low molecular mass
form, MAP2c, without any distinguishable difference
between them. This suggests that the function of the large
central domain of the high molecular mass MAP2 form,
which it bears in addition to the sequences present in the
low molecular mass form (Papandrikopoulou et al., 1989),
is specific to its function in neuronal cells. The most obvious candidate for such a function is in determining the
specific association of high molecular mass MAP2 and its
mRNA with dendrites rather than axons (Garner et al.,
1988b).
Formation of MTOC-independent microtubules by MAP2
In mammalian cells grown in culture microtubules charac-
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Fig. 6. Whole-mount electron
microscopy of MAP2-transfected
cells, negatively stained with uranyl
formate. Arrowheads in A point to
single microtubules in both radial
(right) and circumferential (left)
orientations. Arrowheads in B
indicate single microtubules
emerging from bundles. Scale bars:
A, 0.17 µm; B, 0.38 µm.

teristically arise from a centrally placed microtubule-organising centre located at the centrosome (see Bornens, 1991
for a recent review). However, centrosome-independent
microtubules have been described in the epithelial cell line
MDCK (Bre et al., 1987). Both MAP2c and taxol can break
the dominance of the centrosome over microtubule organization, but beyond this fundamental similarity their influence differs significantly. The effects of taxol are characterized by the appearance of many short microtubule
bundles scattered throughout the cytoplasm (Schiff and
Horwitz, 1980; De Brabander et al., 1981) and Fig. 10A.
At the same time, all the pre-existing centrosomal microtubules disappear, suggesting that the effects of taxol do
not derive from its stabilising effect on existing microtubules but from its stimulatory effect on the initiation of
assembly (De Brabander et al., 1981). This interpretation is
supported by the effects of taxol in vitro, where it is a powerful initiator of tubulin polymerization (Kumar, 1981;
Hamel et al., 1981; Carlier and Pantaloni, 1983). Like taxol,
MAP2 lowers the critical concentration for tubulin polymerization (Sloboda et al., 1975; Murphy and Borisy, 1975)

Fig. 7. The degree of curvature of MAP-induced microtubule
bundles depends on their length in relation to cell diameter. Each
panel shows transfected cells stained with antibodies against
MAP2 in the cells labelled ‘1’ have long microtubule bundles that
bend acutely around the cell perimeter whereas the cells labelled
‘2’ have microtubule bundles that are shorter in relation to the cell
diameter that bend less. Scale bar, 15 µm.

but its effect on the initiation of polymerization is weaker
than that of taxol (Kumar, 1981; Hamel et al., 1981). This
is probably the reason that cells expressing lower concen-
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Fig. 8. Short MAP-induced
microtubule bundles follow a
straight path through the
cytoplasm. Note particularly in A
that short bundles are straight
whereas long bundes are curved
against the cell periphery. These
short microtubule bundles are all
attached at one end to a point on
the inner surface of the cell. Scale
bar, 15 µm.

trations of MAP2c still contain microtubules that are
attached to the MTOC despite being decorated with MAP2c
along their length. It has also been reported that tau, a
microtubule-associated protein with a tubulin-binding
domain similar to MAP2 (Lewis et al., 1988), also influences the initiation of centrosomal microtubules (Bre and
Karsenti, 1990).
The difference between MAP2 and taxol in their potency
as initiators of microtubule assembly can also explain the
marked difference in the number of microtubule bundles
that they produce. Taxol, which is very potent, produces
large numbers of short bundles because it initiates polymerization at many sites in the cytoplasm. Both MAP2c
and DMSO, which are relatively weaker, produce longer
bundles because there are fewer initiation sites available
onto which the cellular tubulin can polymerize. This has
significant consequences for the arrangement of microtubules in the cell because, as our results indicate, one of
the important factors determining the ultimate conformation and location of the MTOC-independent microtubule
bundles produced by MAP2c is their length.

Relocation and reorientation of microtubules by MAP2
Most MAP2c-transfected cells contain both bundled microtubules that are independent of the MTOC and, in addition,
single microtubules arising from the MTOC. With increasing levels of MAP2 expression an increasing proportion of
the cellular microtubules becomes independent of the
MTOC suggesting that the effect of MAP2c is to increase
the probability that microtubule assembly will be initiated
elsewhere in the cell. Our observations of short microtubules show that this occurs at sites located on the inner
surface of the plasma membrane. A similar phenomenon,
of microtubules attaching to the plasma membrane after the
loss of centrosomal MTOCs, has been observed in
Drosophila development and in this case the initiating sites
were hemidesmosomes (Mogensen et al., 1989). MAP2 has
been shown to bind to actin filaments in vitro (Griffith and
Pollard, 1982; Sattilaro, 1986) so another possibility is that
MAP2 might mediate an interaction between microtubules
and actin filaments of the cortical cytoskeleton. However,
the microtubule bundles in transfected cells are decorated
with MAP2c along their length so it is not immediately

Fig. 9. Optical sections taken by confocal
microscopy of anti-MAP2 stained microtubule
bundles in MAP2c-transfected cells. The depth
of section progresses from the bottom of the
cell (top left image) to the top (image at bottom
right) in steps of 2.3 µm. Scale bar, 30 µm.
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Fig. 10. The effects of microtubule stabilising agents on cellular
microtubules of PLC cells. In A and B cells were treated with
taxol at 0.1 µg/ml and 5 µg/ml respectively. In C cells were
treated with 128 µM DMSO. Scale bars; A and B, 10 µm; C, 20
µm.

obvious how MAP2c could attach short bundles only at one
end.
Microtubule bundles that are shorter than the cell diameter, whether they are produced by MAP2c or taxol, are
straight, and they show no preferred orientation in the cytoplasm. However, most microtubule bundles produced by
MAP2c are greater than the cell diameter, and in this case
they follow a curved path around the cell perimeter. The
explanation that we favour for this phenomenon is that both
the curvature and the peripheral location of MAP2c-containing microtubules are the consequence of spatial constraints imposed on them by the cortical cytoskeleton. The
mechanism that we envisage is as follows. Untransfected
non-neuronal cells contain dynamically unstable microtubules (Schulze and Kirschner, 1986; Cassimeris et al.,
1988) whose polymerization is seeded from the juxtanuclear MTOC and this determines their radial orientation
in the cytoplasm. This is also the situation in transfected
cells expressing levels of MAP2c too low to induce the formation of microtubules independently of the centrosomal
MTOC. At higher levels of MAP2c expression, tubulin
polymerisation is initiated independently of the MTOC and
the resulting microtubules form bundles that are anchored
to the cell surface at one end. Where these bundles are
shorter than the cell diameter they remain straight but as
they grow longer and encounter the cell envelope they are
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increasingly subjected to compressive forces that cause
them to bend and adopt the most spatially economical configuration, around the edge of the cell. The proportion of
MTOC-independent microtubules in a cell depends on the
level of MAP2c expressed, and where this is very high long
microtubule bundles are produced that form rings around
the cell periphery. These effects could in principle operate
as well on long single microtubules as they do on microtubule bundles. However, the density of microtubules in the
periphery of MAP2c-transfected cells suggests that all of
them are influenced by association with bundles at some
point along their length, and it is therefore impossible to
determine whether the effects that we observe can occur for
completely separate individual microtubules.
This scheme implies that the MAP2c-induced microtubule bundles possess a certain mechanical stiffness and
this is supported by several of our results. Both MAP2c and
DMSO induce long microtubule bundles but whereas the
MAP2c bundles are straight unless they encounter the resistance of the cell cortex, the DMSO bundles bend in the
cytoplasm even though they do not touch the cell surface.
When the MAP2c-induced bundles form peripheral rings,
they distort the shape of the cell, causing the surface membrane to distend. The effect is reminiscent of that produced
by the flexible stays of an igloo tent that cannot penetrate
the enveloping material but while bending under the influence of its tension push it outwards by virtue of their stiffness. The most likely source of the restraining influence at
the cell surface that induces the bending of microtubules is
the cortical cytoskeleton, which maintains an isotropic tension that resists deformation and supports the pliable plasma
membrane (Bray and White, 1988). The rigid network of
actin filaments that it contains is more resistant to deformation than are microtubules (Janmey et al., 1991), which
prevents the microtubules from accommodating their full
length by distorting the cell surface. By contrast, the lipid
bilayer itself offers little resistance to microtubule extension and microtubules assembled in liposomes composed
of plasma membrane lipids are straight, not bent, and they
push out protrusions from the liposomal membrane (Hotani
et al., 1992).
Bundling of microtubules
Although the formation of microtubule bundles is the most
striking effect of MAP2c, it is not clear what role it plays
in their formation. One hypothesis proposed for both MAP2
and tau (Hirokawa et al., 1988b; Lewis et al., 1989; Kanai
et al., 1989), is that these molecules actively cross-link
tubulin polymers, presumably by a ligand-like dimerisation
mediated through some site distinct from the tubulin-binding domain. However, microtubules in non-neuronal cells
are also bundled by chemical agents that stabilise microtubules, such as taxol and DMSO, as we show here. Such
observations have led to the proposal that the MAPs are
not cross-linkers but act merely by stabilising microtubules,
which are subsequently cross-linked by other molecules
present in all cells (Chapin et al., 1991). However, comparing MAP2c-induced bundles to those produce by DMSO
suggests a further important contribution of MAP2, namely
that it imparts stiffness to the microtubule bundles in which
it is present. How this arises remains to be determined, but
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the presence of three contiguous repeats of the tubulin-binding motif in the MAP2 and MAP2c molecules(Lewis et al.,
1989; Papandrikopoulou et al., 1989) could play a role by
binding to tubulin subunits present in neighbouring protofilaments of the microtubule wall and thus limiting their
movement relative to one another.
Significance of MAP2c-induced rearrangement for
neuronal morphogenesis
The effects of MAP2c on cellular microtubules found in
this study have implications for the organization of the
cytoskeleton in neurons. Developing neurons express
extremely high levels of MAP2c, comparable in immunofluorescence staining intensity to those in the most highly
expressing transfected cells in the present study. Like
MAP2c-transfected cells, neurons lack a centrosomal
MTOC, instead microtubules arise at various sites in the
cytoplasm with no distinct initiating organelle (Sharp et al.,
1982; Okabe and Hirokawa, 1988; McNiven and Porter,
1988). The microtubules in neurons form bundles that are
linked by fine filaments and these interactions appear to be
of low affinity because microtubules part readily at the
branch points of dendrites and at sites where transported
particles, such as the various types of neuronal cytoplasmic
vesicles, pass between them (Peters et al., 1976).
In developing neurons, which express MAP2c naturally,
the microtubules are essential structural element that support axons and dendrites. Of the properties necessary for
this function, our results suggest that MAP2 contributes stabilisation, which it turn enables the formation of bundles,
and stiffness.
We thank Dr M. Terasaki for advice with freeze substitution
fixation, and Drs U. Aebi and M. Dürrenberger for advice and
assistance with the whole-mount negatively stained electron
microscopy preparations.
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