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Reorganization of centrosomal microtubule-organizing
centres and the minus ends of microtubules occurs as the
centrosomal ends of large microtubule bundles are reposi-
tioned and anchored to cell junctions in certain epithelial
cells called inner pillar cells in the mouse organ of Corti.

The microtubule bundle that assembles in each cell
consists of two distinct microtubule arrays that run closely
alongside each other. Both arrays are attached to the cell
surface at their upper and lower ends. One of the arrays
spans the entire length of a cell but the other is confined to
its lower portion.

Initially, about 3,000 microtubules elongate downwards
from an apically situated centrosome in each cell. Subse-
quently, the minus ends of these microtubules, and the cen-
trosome and its two centrioles, migrate for about 12 µm to
the tip of a laterally directed projection. Then, a meshwork
of dense material accumulates to link microtubule minus
ends and the centrosome to cell junctions at the tip of the

projection. Pericentriolar satellite bodies, which form after
the initial burst of microtubule nucleation, may represent
a condensed and inactive concentration of microtubule-
nucleating elements.

Suprisingly, as a cell matures, about 2,000 microtubules
are eliminated from the centrosomal end of the micro-
tubule bundle. However, about 2,000 microtubules are
added to the basal portion of each bundle at levels that are
remote with respect to the location of the centrosome.
Possibly, these microtubules have escaped from the cen-
trosome. If this is the case, then both the plus and minus
ends of most of the errant microtubules are captured by
sites at the cell surface where the ends are finally anchored.
Alternatively, each cell possesses at least one other major
microtubule-nucleating site (which does not possess centri-
oles) in addition to its centrosome.
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SUMMARY
INTRODUCTION

The centrosome is the main microtubule-organizing centre in
most animal cell types. The prime function of this central body
is to nucleate the assembly of microtubules that radiate from
it, during, for example, the construction of mitotic spindles in
dividing cells, and the cytoplasmic microtubule complexes of
interphase cells. A centrosome usually includes two centrioles.
Microtubule nucleation is effected by elements included in
pericentriolar material (a less highly ordered complex of com-
ponents that surrounds the centrioles). These characteristics
have mostly been established by studies of oocytes and rela-
tively undifferentiated cells in tissue culture (see Tucker, 1979;
McIntosh, 1983; Bornens and Karsenti, 1984; Brinkley, 1985;
Mazia, 1987; Vorobjev and Nadezhdina, 1987; Vandré and
Borisy, 1989; Kalnins, 1992; Kimble and Kuriyama, 1992;
Kalt and Schliwa, 1993).

The notion that microtubules simply radiate out from a
central centrosome has to be substantially elaborated upon to
account for events that occur during the assembly of certain
microtubule arrays. This is especially the case so far as control
of microtubule organization during the assembly of some inter-
phase microtubule arrays in terminally differentiating tissue
cells is concerned (see Tucker, 1981, 1984, 1992). Studies of
differentiating nerve, muscle and epithelial cells are all
revealing the operation of previously unanticipated assembly
sequences and control mechanisms to effect construction of
microtubule frameworks during tissue morphogenesis. For
example, microtubule populations can be established that are
not directly connected to centrosomes in cytoplasmic regions
that are remotely located with respect to centrosomes (see Bré
et al. 1987; Baas and Joshi, 1992). In some cases, centrosomal
microtubule-organizing centres are either abandoned or are
extensively reorganized. Such reorganizations include: reloca-
tion so that loss of central positioning close to the nucleus
occurs, the formation of new associations with other cell com-
ponents, and replacement by microtubule-nucleating sites with
configurations that do not closely resemble that of typical
centriole-containing centrosomes (Tassin et al., 1985;
Kronebusch and Singer, 1987; Achler et al., 1989; Bacallao et
al., 1989; Mogensen et al., 1989, 1993; Tucker et al., 1992).
This report deals with changes in centrosomal and microtubule
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organization as the centrosomally nucleated minus ends of
microtubules are attached to the cell surface in certain epithe-
lial cells called inner pillar cells in the mouse cochlea.

Each inner pillar cell contains a large microtubule bundle
(about 40 µm long with about 3,000 microtubules in mouse)
(Tucker et al., 1992, 1993). These bundles are transcellular; they
are anchored to the cell surface at both ends (Iurato, 1967;
Engström and Ades, 1973; Kimura, 1975; Friedmann and Bal-
lantyne, 1984). Inner pillar cells, and certain other supporting
cells in the organ of Corti that contain substantial cell surface-
associated microtubule bundles, perform an important function
in the mammalian cochlea. They anchor sensory hair cells to the
basilar membrane, which vibrates in response to acoustic stimuli
(Pickles, 1988; Hudspeth, 1989). The microtubule bundles and
other cytoskeletal components in the supporting cells and hair
cells (Retzius,1884; Held, 1926; Steyger et al. 1989; Slepecky
and Ulfendahl, 1992), are connected by cell junctions to form a
structurally contiguous supracellular framework in the epithe-
lium (Iurato, 1967; Engström and Ades, 1973; Kimura, 1975;
Gulley and Reese, 1976). This framework must inevitably play
a crucial micromechanical role that helps to define cochlear per-
Fig. 1. Schematic diagrams showing the shapes of inner pillar cells and m
of microtubules and regions where high concentrations of microtubules oc
rectangles show the positions of the basal body and centrioles. The outer s
surfaces of cells (towards the bottom of the diagram) indicate the plane of
are situated. (A) Day 6. Cell organization before bending occurs. (B) Day
a ridge (r) projects at the boundary between two concavities in the cell's o
continuous black lines and the basal array by the broken lines. Bar, 10 µm
formance and sensitivity. How are the correct connections
between microtubules and cell junctions set up?

Microtubules initially elongate from a cell surface-associated
centrosome at the apical end of an inner pillar cell (Tucker et
al., 1992). Each cell is initially columnar but, appropriately
enough for a supporting cell, becomes shaped like a flying
buttress as it matures (Tucker et al., 1993). However, this study
shows that the minus ends of microtubules in a mature pillar cell
are linked to cell junctions (which join the pillar cell to sensory
hair cells) at the tip of a 12 µm long lateral projection at the top
of the cell. Is the centrosomal microtubule-organizing centre
involved during this marked reorganization of the microtubules
it has nucleated? This investigation mainly deals with the reor-
ganization of the centrosomal region as the minus ends of micro-
tubules are repositioned and anchored to the cell surface.

MATERIALS AND METHODS

Differentiating inner pillar cells have been examined at 6, 9, 10 and
21 days after birth in mice (Swiss CD1) (the period 0-24 hours after
icrotubule arrangement. Black lines inside cells show the orientation
cur (in much larger numbers than depicted by the lines). Black
ides of the cells face towards the right of the diagram. The flat basal
 the upper surface of the basilar membrane (not shown) on which they
 21. There is a phalangeal process (p) at the apical end of the cell and
uter surface. The transcellular microtubule array is depicted by the
.
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birth = day 0, etc.). Each organ of Corti was prepared for electron
microscopy as described previously. Each was fixed after a portion
from the basal half of a cochlea had been dissected out from the organ
(Tucker et al. 1992), or in situ in a cochlea that had been dissected
away from surrounding tissues (Tucker et al., 1993). In the latter case,
a small hole (about 1 mm in diameter) was made through the ossifying
cochlear capsule at its apex, and a similar one at its base, before
immersing the whole cochlea in fixative. The bony capsule and other
cochlear tissues were trimmed away from a portion of the organ of
Fig. 2. Median longitudinal section through the cell apex on day 6, which
microtubules are associated with a subapical layer (small arrows), which i
microtubule array. The layer is much thicker in the region (large arrow) w
Bar, 0.5 µm.
Corti in cochleas that had been fixed in this way after they had been
embedded in Araldite. The portions of the organ that have been
examined were all selected from the basal regions of cochleas because
a graded baso-apical decrease in the number of microtubules/mature
pillar cell has been reported for rats and guinea pigs (Iurato, 1967;
Kikuchi et al., 1991).

In some instances, sodium cacodylate (0.1 M, pH 7.3) was used to
buffer the fixative solutions and CaCl2 (2 mM) was also included
(instead of the phosphate buffered sucrose solution used in earlier
 includes its basal body (b) and centriole (c). The minus ends of
ncludes several perforations in regions where there are gaps in the
here the pillar cell contacts the top of an outer hair cell (o).
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studies). After such fixation and prior to embedding, each cochlea was
en bloc stained with uranyl acetate (1% in 100% ethanol) for 18 hours
at room temperature. Ultrathin sections were still double stained as
usual with ethanolic uranyl acetate and lead citrate. When this
procedure was employed, most cell components were stained more
densely than was otherwise the case.

RESULTS

Cell morphogenesis and microtubule deployment
In the newborn mouse, and for a period of about 7 days there-
after, an inner pillar cell has a simple columnar shape (Tucker
et al., 1992) (Fig. 1A). A large straight microtubule bundle has
started to assemble by day 1; on day 6 it includes about 3,000
microtubules. The top of each bundle is situated about 1 µm
from the apical surface of a cell. About 1 week after the
Fig. 3. Longitudinal section through part of the cell base on day 9.
Part of the adjacent basilar membrane is at the bottom of the
micrograph. Microtubules are less closely grouped alongside each
other than is the case at the cell apex (compare with Fig. 2). The ends
of some of the microtubules (arrows) are positioned against a layer
of dense material that coats the cytoplasmic surface of the basal
plasma membrane. Bar, 0.2 µm.
initiation of bundle assembly (day 8) the longitudinal axis of
a cell and its microtubule bundle start to extend (by about 25%
with respect to their previous lengths) and bend through about
60o (Tucker et al., 1993). A cell extension called the phalangeal
process is generated during this manoeuvre (Fig. 1B). This
process projects for about 12 µm in an outward direction
(towards outer hair cells) in terms of the established conven-
tion used for describing cell arrangement in the organ of Corti
(see Friedmann and Ballantyne, 1984).

The basal body of a primary cilium and an adjacent centriole
are usually located fairly centrally with respect the apical
surface of a cell and above the top of the microtubule bundle
prior to cell bending (Fig. 1A). Two centrioles are situated near
the end of a phalangeal process and the microtubule bundle
after cell and bundle bending (Fig. 1B). In addition, two sub-
stantial concavities form on the outer side of a cell (Fig. 1B).
The upper concavity accommodates part of the rounded upper
portions of another supporting cell type (outer pillar cell). Inner
pillar cell phalangeal processes extend over the tops of outer
pillar cells. The lower concavity flanks an intercellular space
called the tunnel of Corti, which opens up between most of the
lower portions of adjacent inner and outer pillar cells. A ridge
juts out from the outer surface of an inner pillar cell at the
boundary between these two concavities (Fig. 1B).

As an inner pillar cell matures, a substantial change in the
architecture of its microtubule bundle is effected. By day 21,
the bundle consists of two distinct microtubule populations.
One of these spans the curved longitudinal axis of a cell from
the tip of its phalangeal process to the cell base. The other
bundle is confined to the lower portion of a cell; it runs between
the ridge and the cell base (Fig. 1B).

A centrosome initiates assembly of the transcellular
microtubule bundle
During the initial stages of bundle assembly (days 1-6), the
tops of most bundle microtubules are located more or less in
Fig. 4. Number of microtubules/bundle cross-section at different
levels on day 6. Each point shows the mean value for microtubule
numbers counted in three different cells at each of the different
distances from the tops of the bundles. The accompanying vertical
line shows the range of each set of counts. Cross-sectional tracking
was not sufficiently detailed to determine whether exactly the same
cells in the portion of the organ that was used (which included about
25 inner pillar cells) were being assessed at the different levels.
Hence, the bundles counted at any one level were often likely to have
been different from those counted at another.
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register with one another about 1 µm below the apical plasma
membrane. The microtubules project downwards from a
subapical layer of dense material that is attached to the plasma
membrane at the sides of a cell (Fig. 2). A primary cilium
projects centrally from the apical surface of a cell and a
centriole is positioned near its basal body (usually less than 1
µm away) (Fig. 1A). From days 1-3 both basal body and
centriole are usually situated above the subapical layer. By day
6 the centriole is often located at, or just below, the level of
the layer and much closer to the top of the microtubule bundle
(Fig. 2).

Previous studies led to the conclusion that the basal
body/centriole/subapical layer complex is a modified centro-
somal configuration in which the layer represents a cell
surface-associated deployment of pericentriolar material. This
centrosome acts as a microtubule-nucleating site during the
inital stages of bundle assembly and the apical tips of the
microtubules that contact the layer are the minus ends of the
microtubules. Serial cross-sectional analysis on day 3 revealed
Fig. 5. Longitudinal section through the tip of a phalangeal process on da
process is towards the top of the micrograph. The decrease in the breadth 
appreciated by comparing the number of microtubule profiles with those i
plane. A junction (arrow) connects the tip of the phalangeal process to a se
that each bundle possessed about 2,400 microtubules at its top
but was composed of less than 300 microtubules at a level 14
µm below this (Tucker et al., 1992).

At least until day 9, the base of a cell is only sparsley
populated with microtubules relative to the more concentrated
groupings present at the top of a cell. However, some micro-
tubules make close end-on contact with a layer of dense
material that coats the cytoplasmic surface of the plasma
membrane at the base of a cell. This contrasts with the much
greater separation of the ends of microtubules and the plasma
membrane at the top of a cell (compare Figs 2 and 3).

Is the microtubule bundle's transcellularity achieved because
a site at the base of a cell nucleates a microtubule population
that elongates upwards to meet the centrosomally nucleated
population that extends downwards? Bundles include progres-
sively fewer microtubules at successively lower levels along
their entire lengths on day 6 (Fig. 4); about 3,000 microtubules
near their tops but only about 500 microtubules at a level 5 µm
above the bases of the cells. These findings indicate that until
y 9, which includes one of its centrioles. The upper surface of the
of the microtubule bundle that has occurred since day 6 can be
ncluded in the section shown in Fig. 2, which was cut in the same
nsory hair cell (towards the right side of the micrograph).  Bar, 0.4 µm.
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Fig. 6. Longitudinal section through the tip of a phalangeal process on day 21, which includes one of its centrioles and two adjacent satellite
bodies (large arrow). A meshwork of dense material is associated with the end of the microtubule bundle and joins it to a junction, which
connects the phalangeal process to a sensory hair cell (towards the right side of the micrograph). In this region part of the apical surface of an
outer pillar cell (small arrows) is situated beneath the inner pillar cell's phalangeal process. Bar, 0.5 µm.
day 6 the base of the cell is populated by microtubules that
have elongated downwards from the apical centrosome.

Repositioning of centrioles and microtubule minus
ends 
The breadth of the microtubule bundle in a phalangeal process
is substantially less than it is in the apical portion of a cell at
some earlier stages before the process has formed (compare
Figs 2, 5). Most of the decrease in cell and bundle breadth is
completed by day 7 before bundle bending and extension of
the phalangeal process occurs on day 8 (Tucker et al., 1993). 

Two centrioles are situated near the tip of the process and
its microtubule bundle (Figs 1B, 5-8). Pericentriolar material
connects centrioles to some of the bundle microtubules (Figs
5, 8). Presumably, one of the centrioles is derived from the
basal body of the primary cilium, which is present until day 6
(Figs 1A, 2). The ciliary shaft and its axoneme are resorbed
shortly thereafter if this is the case, because they have not been
detected after day 6.
On day 9, 1 day after extension of a phalangeal process, most
microtubule minus ends are situated less than 0.7 µm from the
tip of the process (Fig. 5); a few make direct contact with cell
junctions, which connect the tip to two adjacent outer hair
cells. Attachment to outer hair cells is consolidated after day
9. Most minus ends are usually closer to the cell junctions on
day 21 than they are on day 9. In addition, a meshwork of dense
material accumulates around the end of the microtubule bundle
and links it to the cell junctions by day 21 (compare Figs 5, 6).
To some extent the ultrastructure of this meshwork resembles
that of a cytoskeletal meshwork called the cuticular plate (see
Engström and Ades, 1973), which contacts the opposite sides
of the junctions and is concentrated at the apex of each neigh-
bouring hair cell (Fig. 6). Hence, the pillar cells' contribution,
to this intercellular linkage of intracellular cytoskeletons, is
organized in a region that is also occupied by its centrosomal
microtubule-organizing centre. However, most of the material
of the meshwork is applied to the sides and ends of bundle
microtubules rather than to centriolar microtubules (Fig. 6).
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Fig. 7. Cross-section of a phalangeal
process near its tip on day 21, which
includes both centrioles. The apical
surface of the process is towards the top
of the micrograph. Cross-sectional
profiles of microfilaments that are mostly
concentrated between the bundle's
microtubules are most clearly evident in
the region indicated by the large arrow.
Some regions of the dense meshwork
have a fibrous appearance (small
arrows). Bar, 0.2 µm.
Fibrous material is apparent in some regions of the meshwork.
Such material has a much less orderly arrangement than that
of filaments, situated between microtubules within a bundle
(Fig. 7). The intermicrotubular filaments have started to accu-
mulate between microtubules on day 3 (Tucker et al., 1992),
Fig. 8. The centrosomal region of a phalangeal process on day 21 that inc
arrows) where there are microtubules that are not oriented alongside micr
Bar, 0.3 µm.
are present along the entire length of a bundle, and are
composed of actin (Slepecky and Chamberlain, 1983).

Satellite bodies are situated near centrioles on day 21 (Figs
6, 8) but they have not been detected at any of the earlier stages
examined. In addition, there are some microtubules in the cen-
ludes a centriole (c), satellite bodies (large arrow), and regions (small
otubules in the main bundle (towards the bottom of the micrograph).
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Fig. 9. Number of microtubules/bundle cross-section in the apical
portions of bundles as cells mature. Each point shows the mean value
for microtubule numbers counted for three different inner pillar cells
for days 6, 10 and 21 after birth. The accompanying vertical line
shows the range of each set of counts. Cross-sections were situated 5
µm from the centrosomal ends of the bundles.
trosomal region that are not regularly arranged or grouped
closely alongside microtubules in the main bundle (Fig. 8).

Apical subtraction and basal addition of
microtubules
By day 6, centrosomal nucleation of microtubules has resulted
in the assembly of a bundle that includes about 3,000 micro-
tubules at its apical centrosomal end. However, by day 21,
when the apical portion of a bundle is situated in a phalangeal
process it only includes about 1,000 microtubules (Fig. 9, and
compare Fig. 10A with 10B). On day 21, there are about 1,000
microtubules at all other points along the lengths of the apical
portions of the bundles down to a level near that of the ridge
on the outer side of each cell (Fig. 1B). Hence, about 2,000
microtubules are subtracted from the apical portion of a bundle
between days 6 and 21. Much of this subtraction does not occur
until after bundle bending and extension of the phalangeal
process have occurred on day 8, because the apical portions of
bundles include about 1,800 microtubules on day 10 (Fig. 9).

Although the apical portions of microtubule bundles include
about 1,000 microtubules on day 21, their basal portions
include about 3,000 microtubules (compare Figs 10A and 11)
at all levels between the ridge on the outer side of each cell
(Fig. 1B) and the cell base. A mean value of 3169 was obtained
for microtubule number/bundle for three cross-sections (3383,
2904, 3221) cut at levels 1 µm, 8 µm and 24 µm below the
ridge, respectively. Cross-sectional tracking was not suffi-
ciently detailed to determine whether the same cell in the
portion of the organ that was used (which included about 25
inner pillar cells) was being assessed at the different levels.
Hence, the bundle counted at a particular level was likely to
have been different from that counted at another. Compared
with the situation on day 6 (Fig. 4), 2,000 or so microtubules
have been added to the basal portion of a bundle. The marked
and spatially abrupt apicobasal increase in microtubule number
at the level of the ridge is due to the presence of the top of a
microtubule array that is confined to the lower portion of a cell.
The top of this array is closely associated with the side of a
cell at the level of the ridge, and its bottom contacts the basal
surface of a cell (Fig. 1B). It will be referred to as the basal
array to distinguish it from the transcellular array, which
spans the curved longitudinal axis of a cell from the centroso-
mal region at the tip of the phalangeal process to the cell base
(Fig. 1B).

The microtubular pillar can be regarded as being composed
of two microtubule arrays rather than one. At the top and
bottom of a basal array, its microtubules splay away from those
in the neighbouring transcellular array. This occurs near
regions where the ends of microtubules in a basal array are
associated with the cell surface (Fig. 1B). At the levels in
question, the cross-sectional profiles of the two arrays and their
microtubular members can readily be distinguished from each
other. Microtubules in the basal array are less closely packed
together than those in the transcellular array (Fig. 11).

DISCUSSION

Reorganization of the centrosomal region
Each cell possesses a basal body and a centriole until day 6,
but subsequently it has two centrioles. Hence, the inner pillar
cell provides a rare example of the derivation of a centriole
from what was previously a ciliated basal body, in contrast to
the more commonly detected reverse procedure (Wheatley,
1982).

The extensive comigration of microtubule minus ends and
centrioles during extension of the phalangeal process leaves
little doubt that they are firmly attached to each other during
the period in question. Connection is effected by pericentrio-
lar material. This is another indication, in addition to that
provided by preservation of the structural integrity of spindle
poles during anaphase, that this diffuse and apparently insub-
stantial material has considerable mechanical strength.

Why do centrioles remain associated with the end of a
mature microtubule bundle that is repositioned and then
anchored to the cell surface? Although the cell is structurally
mature on day 21 in terms of having completed assembly of
all its main cytoskeletal components (authors' unpublished
data), a few microtubules radiate from the centrosomal region
that are not closely aligned alongside those of the main bundle.
Such microtubules are likely to be ones that have recently been
nucleated. The centrosome probably retains a functional role
as a microtubule-nucleating site in mature cells. Presumably,
microtubule replacement is involved during maintenance of the
microtubular pillar throughout the years that lie ahead (several
decades for some mammals), since pillar cells are not replaced
from a pool of undifferentiated precursor cells. Like nerves and
diamonds, pillar cells are forever.

Pericentriolar satellite bodies are present during interphase
in animal tissue cells but are usually absent during the stage of
the cell cycle (much of M phase) when microtubule nucleation
is most pronounced (see Rieder and Borisy, 1982; Wheatley,
1982). The terminally differentiating pillar cells exhibit a
sequence of satellite body absence and presence that is not
tightly coupled to cell cycle progression. However, it parallels
the cell cycle sequence. Centrosomes indulge in intense nucle-
ating activity in non-dividing inner pillar cells during days 1-
3 and well defined satellite bodies have not been detected
during the period in question (Tucker et al., 1992). The cen-
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trosome does include several satellite bodies on day 21 when
there is, at most, only a relatively low level of nucleating
activity. These findings provide further evidence in support of
the suggestion (Rieder and Borisy, 1982) that satellite bodies
may represent a condensed and relatively inactive form of the
centrosomal components that effect microtubule nucleation.

In mature cells, the centrosomal region is extensively
Fig. 10. Cross-sections of microtubule bundles cut 5 µm from their centro
oriented with its upper surface towards the top of the micrograph. The bun
its centrosomal end on day 6 (compare with B below). Bar, 0.5 µm. (B) D
µm below the top of its microtubule bundle, prior to bundle bending and f
modified and has taken up a major mechanical role in
anchoring the end of the microtubule bundle to the cell surface.
A dense meshwork has accumulated near the centrioles to link
the minus ends of microtubules to cell junctions. The
meshwork may include actin and intermediate filaments
(certain cytokeratins), since immunocytochemical studies
indicate that both are concentrated at the ends of phalangeal
somal ends. (A) Day 21. Cross-section of a phalangeal process
dle includes less microtubules than it does at the same distance from
ay 6. Cross-section of a cell cut 6 µm below its apical surface, and 5
ormation of a phalangeal process. Bar, 0.5 µm.
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processes (Flock et al., 1982; Kuijpers et al., 1991; Slepecky
and Ulfendahl, 1992). Is this meshwork organized by the cen-
trosomal microtubule-organizing centre? Does it represent
pericentriolar material that has been augmented and reorga-
nized for mechanical purposes? These possibilities are unlikely
because similar meshworks link the ends of microtubules to
the cell surface at other levels in the cell at sites remote with
respect to the centrosome (authors' unpublished observations).

The procedure for attaching microtubule minus ends to to
the plasma membrane in pillar cells is different from that which
operates in certain Drosophila epithelial cells. In the insect
cells, attachment is established at the outset; plaque-like thick-
enings of the plasma membrane act as microtubule-nucleating
sites (Mogensen and Tucker 1987; Mogensen et al., 1993).
This contrasts with the sequence reported here for pillar cells
where most minus ends are about 1 µm from the plasma
membrane to begin with. Subsequently, ends move towards the
membrane and attachment is effected by interpolating material
to bridge the remaining gaps that separate minus ends from the
membrane.
Fig. 11. Cross-section of a microtubule bundle on day 21 cut about 14 µm
the top of the basal microtubule array where its microtubules splay apart j
cell (see Fig. 1B). Microtubules in the transcellular array, which is positio
together than those in the basal array. There is a much greater number of 
stage (compare with Fig. 10A). Bar, 0.5 µm.
Subtraction of microtubules from the centrosomal
end of the bundle
Why are 2000 or so microtubules eliminated from the centro-
somal end of each bundle? One can argue that in terms of the
mature cell's function there are too many to start with. Why
generate such a large surplus? There are three particularly
obvious possibilities.

If the microtubules are dynamically unstable (Kirschner and
Schulze, 1986) during bundle assembly a large surplus may be
required to ensure that about 1,000 microtubules usually
encounter their target (the cell base), where they are capped
and stabilized. The plus ends of the remainder may fail to
achieve this stable transcellular configuration so that such
microtubules suffer catastrophic disassembly.

A second possibility is that far more than 1,000 microtubules
are required to effect bundle bending and extension of the pha-
langeal process. Much of the loss of microtubules occurs after
bundle bending has occurred. There is evidence that bending is
promoted by forces generated within a bundle (Tucker et al.,
1993) and big bundles will be more powerful than smaller ones.
 below the cell's apical surface. The section passes about 3 µm below
ust below a region where they are associated with the outer side of the
ned towards the top of the micrograph, are more closely packed

microtubules at this level than at more apically situated levels at this
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Hence, many microtubules may be functionally redundant after
bending has occurred, so that they are eliminated from the
apical portion of a bundle as the maturing cell makes adjust-
ments to meet new micromechanical requirements.

Thirdly, there is the possibility that there may not be a real
surplus of microtubules near the centrosome during the early
stages of bundle assembly. Subtraction of microtubules from
the apical portion of a bundle may not involve disassembly.
The 'missing' microtubules may have escaped from the cen-
trosome and been captured at another location (see below).
This possibility is compatible with studies of the replacement
of microtubule arrays in several cell types after microtubule
disassembly has been experimentally induced. Such studies
have provided substantial evidence that centrosomally
nucleated microtubules can be released for translocation to
other cytoplasmic venues (Vorobjev and Chentsov, 1983;
McBeath and Fujiwara, 1990; Yu et al., 1993).

Addition of microtubules at locations remote from
the centrosome
As bundle assembly progresses, about 2,000 microtubules are
added to the basal portion of a bundle and about 2,000 are sub-
tracted from its apical portion. Hence, microtubules in the basal
array may be nucleated by the centrosome and then translo-
cated to lower levels. If this is occurring, then the minus ends
of these microtubules escape from the centrosome but are sub-
sequently captured at the cell surface at the level where they
are attached to it at the top of the basal array (Fig. 1B).
Evidence for plus end capture is well documented (see
Mogensen et al., 1989). The events dealt with here raise the
possibility that there are situations where minus end capture
needs to be seriously considered.

If minus end escape and capture are not taking place, then
each cell must possess at least one other major microtubule-
nucleating site (which lacks centrioles) at a location that is
remote with respect to its apical centrosome. Are the cell
surface regions attached to the top and bottom of the basal
microtubule array both capturing sites, or is at least one of them
a nucleating site? Answers are being sought by assessments of:
the assembly sequence during basal array construction, whether
apical loss and basal addition of microtubules is temporally cor-
related, whether bundle microtubules all have the same polarity,
and whether antibodies to centrosomal proteins bind to the two
cell surface sites where microtubule ends are situated but where
centrioles are lacking. The issues that are being investigated are
not parochial ones confined to learning more about how micro-
tubule assembly is controlled in inner pillar cells. For example,
they are identical in general terms with those needing elucida-
tion to comprehend control of the assembly of axonal and
dendritic microtubules in neurons. These microtubules are also,
eventually at least, remotely located with respect to the posi-
tioning of the neuronal centrosome (see Baas and Joshi, 1992).
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