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SUMMARY

This report provides evidence for the formation of a cell
surface-associated centrosome with two spatially discrete
microtubule-nucleating sites that perform differently; the
minus ends of microtubules remain anchored to one site
but escape from the other. Centrosomal reorganization in
the cellsin question, outer pillar cells of the organ of Corti,
indicates that its pericentriolar material becomes inti-
mately associated with the plasma membrane at the two
nucleating sites.

Two large microtubule bundles assemble in each cell. A
beam which includes about 1,300 microtubules spans most
of the cell apex. It is positioned at right angles to a pillar
with about 4,500 microtubuleswhich isoriented parallel to
the cell’s longitudinal axis.

The beam’s microtubules elongate from, and remain
attached to, a centrosomal region with two centrioleswhich
acts as a microtubule-nucleating site. However, the elon-
gating microtubules do not radiate from the immediate

vicinity of the centrioles. During beam assembly, the minus
ends of the microtubules are concentrated together closeto
the plasma membrane (less than 0.2 um away in many
cases) at a site which islocated to one side of the cell apex.

High concentrations of the pillar’s microtubules elon-
gating from one particular site have not been detected.
Analyses of pillar assembly indicate that the following
sequence of events occurs. Pillar microtubules elongate
from an apical cell surface-associated nucleating site, which
becomes more distantly separated from the centriolar
locality as cell morphogenesis progresses. Microtubules do
not accumulate at this apical nucleating site because they
escape from it. They migrate down to lower levelsin the
cell where the mature bundle is finally situated and their
plus ends are captured at the cell base.
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INTRODUCTION

The pericentriolar material of the centrosomal microtubule-orga-
nizing centre acts as the main microtubule-nucleating site in
most animal tissue cells (see Gould and Borisy, 1977; Bornens
and Karsenti, 1984, Brinkley, 1985; Vorobjev and Nadezhdina,
1987; Kanins, 1992; Kimble and Kuriyama, 1992; Kalt and
Schliwa, 1993). However, it has become apparent that centro-
somal organization is substantially modified as far as severa
types of epithelial cells are concerned (Achler et al., 1989;
Bacallao et al., 1989; Mogensen et al., 1989, 1993; Bré et d.,
1990; Tucker et a., 1992; Henderson et a., 1994). There are
substantial indications that much of the pericentriolar materia is
more intimately associated with the apical cell surface and its
plasma membrane than it is with the centrioles. Such centroso-
mal reorganizations facilitate construction of the microtubule
arrays which are an important functional feature of polarised
epithdlia cells (see Fath et al., 1993; Mays et d., 1994). Micro-
tubules project from the apical surfaces of cells and run paralel
to the cdls longitudina axes (rather than radiating from a
typical and centrally positioned centrosome in which pericentri-
olar material occupies amore or less spherical region around the
centrioles). Relatively little is known about the important and

versatile modes of centrosoma form and action that are
expressed to assist assembly of the wide range of microtubule
configurations that are functionally crucial for various types of
terminally differentiated cells. This report is concerned with a
mammalian epithelia cell which offers valuable opportunities
for the investigation of such centrosomal verstility.

Certain epithelial cellsin the organ of Corti of amammalian
cochlea possess microtubule bundles which are larger than any
others described so far for mammalian cells. Some of these
bundles are more than 40 um long and include severa
thousand microtubules. The cells in question are called sup-
porting cells because they evidently provide mechanica
support for the neighbouring sensory hair cells, which are
connected to the microtubule bundles via cell junctions (see
Gulley and Reese, 1976; Henderson et a., 1995). The three-
dimensional layout of microtubules in supporting cells is
elaborate and highly asymmetrical (lurato, 1967; Engstrém and
Ades, 1973; Kimura, 1975; Gulley and Reese, 1976; Slepecky
and Chamberlain, 1983; Henderson et al., 1994, 1995). This
account deals with centrosomal involvement during control of
microtubule assembly and positioning in the supporting cells,
which are known as outer pillar cells.

The investigation has revealed that each mature outer pillar
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A Fig. 1. Schematic diagrams
' showing the shapes of outer pillar
cellsand microtubule
arrangement. The apical surfaces
of the cells are oriented towards
the top of the diagram; the outer
sides of the cells face towards the
right. The flat basal surfaces of
cells (towards the bottom of the
diagram) indicate the plane of the
upper surface of the basilar
membrane (not shown) on which
they are situated. Black lines
inside cells show the orientation
of microtubules (which are
present in much larger numbers
than depicted by thelines) in
regions where the beam (be) and
pillar (pi) are situated. Black
rectangles show the positions of
the centrosomal centrioles near
thetip of the cell’s phalangesal
process. Bar, 10 um. (A) Day 6.
The phalangeal process has started
to extend from the outer side of
the cell apex and one of the
centriolesisthe basal body of a
primary cilium. (B) Day 21.
Stippled regions show the shapes
l and positions of the phalangeal

b (), apical () and basal (b)

surfoskel osomes which anchor

microtubule ends to the cell surface; regions where surfoskelosomal material is especially dense and compact have been blocked in black. The
number of microtubules/pillar cross-section has been assessed at levels 1-3 when the pillar is assembling on day 8 (see Fig. 12).

cell possesses two microtubule bundles, which are orthogo-
nally positioned and interdigitate where they meet at right
angles to each other. A centriole-containing centrosomal
microtubule-organizing centre is located at one end of one of
the bundles. The other bundle is remotely located with respect
to the centrosomal centrioles (8 um away at its closest point).
Furthermore, both ends of both bundles are precisely posi-
tioned with respect to certain cell surface regions where they
are connected to the plasma membrane and its cell junctions.

Towhat extent isthe centrosome specialised to deal with the
challenge of organizing two large orthogonally positioned
microtubule bundles? Are there other microtubule-organizing
centres? Does the centrosome nucleate microtubules for the
largest bundle (of about 4,500 microtubules), which apparently
is not located close to it? What mechanisms operate to effect
the attachment of both ends of both bundlesto the cell surface?
These issues have been investigated in a study of the spa
tiotemporal sequence of events during assembly of the two
bundles.

MATERIALS AND METHODS

Outer pillar cells have been examined at O, 3, 6, 8, 9, 21 and 60 days
after the birth of Swiss CD1 mice (the period 0-24 hours after birth

Fig. 2. Pericentriolar material (arrows) concentrated around the
centrosomal centriole and basal body on day 0. Bar, 0.2 pm.




= day O, etc.). Each organ of Corti was prepared for electron
microscopy using previously described procedures (Tucker et al.,
1992; Henderson et d., 1994). The portions of the organ that have
been examined were al selected from the basal regions of cochleas
because a graded baso-apical decrease in the number of micro-
tubulesymature pillar cell has been reported for rats and guinea pigs
(lurato, 1967; Kikuchi et al., 1991) and in addition, there is a graded
baso-apical advance in the progress of morphogenesis during
mammalian cochlear development (Lim and Rueda, 1992; Walsh and
Romand, 1992).

RESULTS

Cell morphogenesis and microtubule deployment

No marked differences in cell organization were found when
the cells of 21 and 60 day old mice were compared. Hence, the
cells of mice which are more than 20 days old will be referred
to as being mature.

Each outer pillar cell is more or less columnar in shape in
the new born mouse. Subsequently, a cell process extends out
laterally from the cell apex (Fig. 1). This phalangeal process
projects from the outer side of the cell in terms of the estab-
lished convention for describing cell arrangement in the organ
of Corti (see Lim, 1986). In a mature cell there are two large
microtubule bundles which are oriented at right anglesto each
other (Fig. 1B). One of the bundles extends along the pha-
langeal process and is attached to its tip. This bundle will be
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referred to as the beam. The other bundle assembles parallel to
the cell’ s apicobasal axis (Fig. 1) and will be called the pillar.

Beam assembly and elongation progress as the phalangeal
process extends. Until day 6, the longitudinal axis of the beam
is dlightly curved and projects downwards fairly steeply away
from the cell’s apical surface (Fig. 1A). By day 8, changesin
cell shape and microtubule orientation have occurred. As a
result, cell shape and microtubule positioning closely resemble
that found in mature cells (Fig. 1B). The beam straightens so
that it runs parallel to the cell’s apical surface along its entire
length. The phalangeal process slopes upwards in an outward
direction, and the longitudinal axis of the pillar slopesinwards
with respect to the plane of the cell base (Fig. 1B).

The mid-portion of the main cell body narrows markedly
(between days 6 and 9) as a cell matures (Fig. 1). The opening
up of large intercellular spacesisinvolved. The cell surface of
the narrowed portion of a cell becomes separated from that of
the surfaces of neighbouring cells against which it was closely
applied at earlier stages.

Dense fibrous meshworks called surfoskelosomes (SSSs)
(Henderson et al., 1995), which include a certain amount of
cell junctional material, anchor the ends of the microtubule
bundles to the cell surface of a mature cell (Fig. 1B). A pha-
langeal SSS connects one end of the beam to the tip of the pha-
langeal process. The other beam end and the top of the pillar
are both embedded in an apical SSS. A basal SSSisinvolved
in attaching the bottom of the pillar to the cell base, which

Fig. 3. (A) Longitudinal section through the apical portion of acell on day 3, which includes one of the centrosomal centrioles (c). Two clumps
of dense material (long arrows) are concentrated near the cell’ s apical surface on opposite sides of the cell. Beam microtubules (short arrows
towards the right of the micrograph) and pillar microtubules (short arrows towards the | eft) project from these clumps. Bar, 0.5 pm. (B) The
portion of the micrograph shown in A which includes the centriole has been printed at a higher magnification and at a different level of contrast

to show the centriole more clearly. Bar, 0.1 um.
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adheres to a specialised basement membrane called the basilar
membrane.

Centrosomal reorganization

Centrosomal organization is similar to that in animal tissue
cells generally on day O (Fig. 2). Finely divided dense peri-
centriolar material is concentrated around the two centrioles,
which are positioned close to the centre of the cell’s apical
surface. Only afew microtubules are present in each cell at this
stage; most of them are situated in the region around the peri-
centriolar material. One of the centriolesbearsaprimary cilium
until day 6. The ciliary shaft is resorbed at some point there-
after; it has not been detected after day 6.

A well defined concentration of pericentriolar material inthe
immediate vicinity of the centrioles is not evident on day 3 or
thereafter when assembly of the microtubule bundles is pro-
gressing. On day 3, microtubules project from two clumps of
dense material with an appearance similar to that of pericen-
triolar materia (Fig. 3). The apical ends of beam microtubules
contact the clump which is situated on the outer side of the cell
apex in the region from which the phalangeal process will sub-
sequently extend. The apical ends of pillar microtubules are
associated with the clump which is located on the opposite
(inner) side of the cell’s apical surface (Fig. 4). However, the
structural organization of both of these microtubule-organiz-
ing centres is subsequently modified; two distinct clumps of
apicaly situated microtubule-organizing material are not
detectable on day 6 or thereafter (see below).

Centrioles have migrated to the outer side of the cell apex
and are positioned close to the tip of the extending phalangeal
process by day 6 (Fig. 5). They remain at this location as cell
morphogenesis progresses (Fig. 1). There is a substantial con-
centration of well aligned beam microtubules near the centri-
oles, which do not radiate from the immediate vicinity of the
centrioles, nor do they still project from a pronounced clump
of dense material. The outwardly directed ends of most of these
microtubules are positioned close to the cell surface (less than
0.2 um from the plasma membrane in many cases, and less
than 50 nm in afew instances) (Fig. 5). Further changesin the
organization of this juxta-centriolar centrosomal region occur.
Finely fibrous dense material accumulates in the increasingly
larger space which separates microtubule ends and the cell
surface. In mature cells the separation is about 1.7 um; the
dense fibrous meshwork of the phalangeal surfoskelosome has
been intercal ated between the ends of the microtubules and cell
junctions at the tip of the phalangeal process (Fig. 6).

Much of the cell’ s apical surface (apart from that associated
with the phalangeal process) is situated above the region where
the top of the mature pillar is finaly situated (Fig. 1B).
However, there is only a sparse population of microtubules in
this region throughout the period when nucleation of pillar
microtubules is occurring (compared with the high concentra-
tion of beam microtubules focussed on the surface site near the
centrioles) (compare Figs 5, 7). From days 6-9, the apical ends
of pillar microtubules no longer project from a clump of dense
material; some of them are very closely applied to the apica
plasma membrane (Fig. 7). However, most of these contacts
are not permanent ones. They are often evident where longi-
tudinal sections cut through the apical surfaces of cells on days
8 and 9 (when pillar assembly is still proceeding) but they have

Fig. 4. Longitudinal section through part of the apical portion of a
cell on day 3. Pillar microtubules (arrows) project from a clump of
dense material which is concentrated against the plasma membrane
where the inner side of the cell meetsits apical surface. Bar, 0.2 um.

rarely been found in such sections of mature cells (when
assembly has been completed).

Beam structure and assembly

There are progressively smaller numbers of microtubules at
succeedingly greater distances from the cell surface-associated
microtubule-organizing centre at the outer end of the beam
(Fig. 5) during beam assembly (Fig. 8). Thisis also the case
after beam assembly is completed. Hence, there is little doubt
that microtubules elongate from this microtubul e-organizing
centre, which presumably acts asamicrotubule-nucleating site.

Cross-sections cut 3 um from the outer cell surface-associ-
ated ends of 3 different mature beams included an average of
1332 (1184, 1359, 1452) microtubules. Beam assembly takes
a long time; it progresses for at least a week. It has been
initiated by day 3 but the beam has not achieved itsfinal length
of about 14 um by day 9.

Very few of thedistal (plus) ends of a mature beam’s micro-
tubules extend as far as the cell surface on the inner side of the
cell; most of them terminate in the apical SSS (Fig. 1B). The
mature beam is dightly splayed into several microtubule
groupings, which include variable numbers of microtubules
where it penetrates the apical SSS. These splayed portions of
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Fig. 5. The outwardly directed ends of most beam microtubules are closely applied to the cell surface at the tip (arrow) of the extending

phalangeal process on day 6. Relatively few microtubules radiate from the immediate environs of the two centrosomal centrioles. The apical
surface of the cell is towards the top of the micrograph. Bar, 0.2 um.

Fig. 6. Longitudinal section through the outer end of a mature phalangeal process on day 21 with its apical surface oriented towards the top of
the micrograph. The phalangeal surfoskelosome (p) joins the ends of beam microtubules to the cell surface where cell junctions connect the
outer pillar cell to asensory hair cell (h). Bar, 0.2 pm.
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Fig. 7. Longitudinal section through part of the apical surface of a cell above the region where the top of the pillar is assembling on day 8. The
apical ends of several microtubules (arrows) are positioned closely against the cell surface. Microtubulesin part of the phalangeal process of a
neighbouring inner pillar cell (which has extended over the apex of the outer pillar cell at this stage) are included at the top of the micrograph.

Bar, 0.2 um.

the beam interdigitate with similarly splayed groupings of
microtubules at the top of the pillar (Fig. 9).

Pillar structure and assembly

By day 6, a relatively sparse array of pillar microtubules
extends along the entire length of a cell (Fig. 1A). Cross-
sections of 3 different pillars cut at a level 5 um below the
apical surfaces of cells only included 109 microtubules on
average (86, 112, 129).

By days 8 and 9 a substantial increase in the number of pillar
microtubules has occurred (Fig. 10) and microtubule arrange-
ment is similar to that in mature cells. Microtubules are well
aligned along a midportion which extends along much of the
pillar’ s length for a distance of about 26 pm (between levels 1
and 3 in Fig. 1B). Microtubules are less closely packed
together where they have a splayed configuration at each end
of the pillar which resembles the arrangement in mature cells
(Fig. 1B). The basal ends of many microtubules are situated
close to the cell base (some within 100 nm of the plasma
membrane). In contrast, only a few microtubules are located
close to the apical cell surface (Fig. 7).

A mean value of 4485 (5359, 4131, 3965) was obtained for
microtubule number/pillar for cross-sections cut through the
midportions of 3 different mature pillars (near level 2 in Fig.
1B). There are about 2,600 microtubules at this level on day 8
(see below). Hence, pillar assembly is still progressing on day
8 and, as is the case for beam assembly, its construction
probably takes at least one week.

On days 8 and 9 the pillar midportion consists largely of
several closely packed groupings of microtubules (Fig. 10).The
cross-sectional shaping and arrangement of these microtubule
groupings are dightly different in each cell. Such idiosyn-
chrasies permitted individual cells to be distinguished from
each other and their cross-sections to be tracked for a short
distance (about 2 um) near the top of the pillar midportion at
level 1 in Fig. 1B. Microtubule number increased at succes-
sively lower levels from 1934-2247 (Fig. 11), 1987-2334,
2134-2308, and 2377-2763, respectively, aong the portions of
the 4 pillars that were monitored. The microtubule profiles
were not sufficiently well oriented in cross-section to permit
accurate counting to be continued at lower levels (due to slight
curvature in the pillars' longitudinal axes). Examination of

1500
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Fig. 8. Microtubule number/cross-section of 3 beams (@,A,Q) cut at
different distances from their proximal cell surface-associated ends
(which are located near the centrosomal centrioles at the tips of
phalangeal processes) on day 9.

pillarsin another cochlea revealed that the apicobasal increase
in microtubule number at the top of an assembling pillars’ mid-
portion is not a feature that extends down to the pillar base.
There is an increase in the average microtubule number from
2198 to 2617 between levels situated near the top and middle
of the pillar midportion and then a decrease to 2295 near the
pillar base (levels 1, 2 and 3, respectively, in Fig. 1B) (Fig.
12).

Microtubules are closely packed together along most of the
mature pillar midportion’s length. However, several longitudi-
nally oriented channels which are devoid of microtubules
extend through this otherwise compact grouping of aligned
microtubules (Fig. 13). It appears that the spatialy discrete
microtubule groupings present on days 8 and 9 (Fig. 10)
increase in girth as more microtubules assemble and accumu-
late around them until these groupings make lateral encounters
to form a continuum of closely packed microtubules. If this
interpretation is correct, the long channels represent regions
where such ‘lateral fusion’ of microtubule groupings has not
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Fig. 9. Longitudinal section through part of the apical surface and apical surfoskelosome of a mature cell on day 21 showing cross-sections of
beam microtubules where they orthogonally interdigitate with the longitudinal profiles (arrows) of pillar microtubules. The apical cell surfaceis
oriented towards the top of the micrograph where cell junctions connect it to the undersurface of two inner pillar cell phalangeal processes. Bar,

0.5 um.

occurred. Presumably, the more widely spaced microtubules,
which are not included as members of the groupings during
pillar assembly on days 8 and 9 (Fig. 10), represent micro-
tubules that are young relative to those in the groupings.

The apica portions of many of a mature pillar's micro-
tubules penetrate the apical SSS (Figs 1B, 9). Instances in
which they extend all the way to the apical cell surface have
rarely been detected athough such instances are not
uncommon during pillar assembly (Fig. 7).

The basal SSS is shaped rather like a witch’s pointed hat
with a thickened brim (Fig. 14). Most microtubules at the
bottom of a pillar do not penetrate the dense central cone-
shaped mass of the basal SSS; they are splayed around its sides
(Fig. 1B). However, the basal portions of many of the micro-

tubules do pass into the brim, and are embedded in it, where
the SSS has a less dense and compact composition than at its
centre (Fig. 14). It isonly at the edge of the brim that the basal
ends of some microtubules are situated close to the plasma
membrane (within 100 nm) at the cell base. Such microtubules
contact a layer of dense material which coats the cytoplasmic
surface of the plasma membrane at the bottom of the SSS (Fig.
14).

Surfoskelosomes

The three SSSs help to anchor microtubule ends by invading
regions occupied by the cell surface-associated microtubule-
organizing centres where nucleation and capture of micro-
tubules takes place. Assembly of SSSs has started by day 9
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Fig. 10. Cross-section of a cell and the midportion of its pillar cut at level 2 (in Fig. 1B) on day 9. Some microtubules (arrows) are not included
in the main closely packed microtubule groupings. The short processes at the cell surface are present for a period following the opening up of a
large intercellular space (which surrounds the cell along much of its length) when the surface regions in question separate from those of
neighbouring cells against which they were closely juxtaposed on day 8. Bar, 0.2 um.

(about aweek after microtubule assembly has begun but before
construction of the two bundlesis completed). Numerous small
tufts of dense fibrous material project out from the cell surface
in regions where the apical and basal surfoskelosomes will
finally be located.The procedure during construction of these
SSSs is probably similar to that which occurs in inner pillar
cells where the tufts apparently increase in size and fuse
together as a SSS forms (Henderson et al., 1995).

At the ultrastructural level much of the fabric of the mature
SSSs has a compact and apparently amorphous appearance
although it is not completely uniform; each SSS includes
several irregularly shaped regions of greater density, which
have a different composition than elsewhere and/or where its
components are more highly concentrated (Figs 1B, 6, 14).
However, dense material is relatively loosely packed in the
lower portion of the apical SSS and here a fibrous composition
is sometimes evident where it is extensively penetrated by the

interdigitating microtubules of the pillar and beam (Fig. 9).
Mitochondria and certain vesicles are often located in the
spaces between groupings of microtubulesin the vicinity of the
apical and basal SSSswhere the pillar and beam have a splayed
configuration (Figs 9, 14).

DISCUSSION

Centrosomal reorganization and the differentiation
of two nucleating sites

Two large microtubule bundles assemble in each cell and
microtubules project from two distinct sites on opposite sides
of the cell apex at an early stagein cell morphogenesis. Hence,
it is reasonable to suppose that there are two spatially discrete
nucleating sites - one for each bundle. During the earliest
assembly stages a clump of dense material is concentrated
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Fig. 11. Microtubule number/cross-section in an assembling pillar on
day 9 cut at successively lower points aong a short portion of its
length (about 2 um) situated near level 1 (in Fig. 1B).
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Fig. 12. Microtubule number/pillar cross-section at different levels
on day 8. Levels 1-3 correspond to those marked in Fig. 1B. The
distances (measured along the longitudinal axis of the microtubule
bundle) which separate each level from the bottom of the bundle at
the cell base are also shown. Each point shows the mean value for
microtubule numbers counted for three different cells at each level.
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 outer 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.

against the plasma membrane at each of these sites. The ultra-
structural appearance of the dense material in each clump is
similar to that of the pericentriolar material (PCM) of centro-
somes generally. Most microtubule nucleation by centrosomes
is effected by elements within the PCM rather than by any of
the centriolar components (Gould and Borisy, 1977). While the
nucleation of about 6,000 microtubules is progressing in an
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Fig. 13. Cross-section through the midportion of a mature pillar on
day 64 cut at level 2 (in Fig. 1B). Bar, 0.5 um.

outer pillar cell, uncharacteristically small amounts of PCM are
associated with the centrioles and few microtubules radiate
from the immediate environs of the centrioles. Thus, it seems
that aradical reorganization of the centrosome occursin which
PCM is redeployed to two localities where it clumps against
the cell surface and then nucleates assembly of the two micro-
tubule bundles (Fig. 15A). This study has provided no infor-
mation about whether such redeployment involves assembly of
new material at the cell surface or the translocation of pre-
existing material from the pericentriolar region.

Further centrosomal reorganization occurs during the period
when microtubule nucleation is occurring. By day 6, the minus
ends of many of the microtubules are situated closer to the
plasma membrane than was previously the case and well
defined clumps of PCM-like material are not clearly evident.
Although many details of the organization of PCM remain to
be ascertained it is evident that PCM includes a range of
molecular components. Microtubule-nucleating elements are
probably connected together by several types of structura
proteins and functionally modulated by regulatory proteins
which are also associated with them (see Tucker, 1977; Kimble
and Kuriyama, 1992; Kalt and Schliwa, 1993). It is presum-
ably changes in the organization of the structural proteins
which are mainly involved as the clumps of PCM-like material
spread out and/or diminish in bulk so that nucleating elements
become more closely associated with the plasma membrane
(Fig. 15B).

Events during beam assembly provide direct evidence for
the sequence of changes summarized in Fig. 15 so far as its
nucleating site is concerned. Evidence for the way in which the
pillar-nucleating site operates is less clear cut. Large numbers
of microtubules do not project from the site while the pillar is
assembling. We suggest that the following events are
occurring. Microtubules do not accumulate at this site because
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Fig. 14. Longitudinal section through a mature basal surfoskelosome on day 60. Pillar microtubules have avoided the central cone-shaped
region of the surfoskel osome but have penetrated its edges (large arrows). The basal plasma membrane is coated with alayer of dense material
(small arrows) on its cytoplasmic surface where the surfoskelosome is associated with the basilar membrane (bm). Bar, 0.5 pm.

they are continually being released from it. Only relatively
recently nucleated microtubules are attached to their nucleat-
ing elements at any one particular point in time (Fig. 15B).
After release, microtubules migrate to the cell base where their
plus ends are captured. Then they elongate back up towards
the apical surface until they encounter the region where the
apical SSSis forming.

Variations in the number of microtubules along the lengths
of the assembling pillars on days 8 and 9 are compatible with
this interpretation. The highest number of microtubules occurs
near the pillar mid-level on day 8 where overlap between
microtubules that are still migrating downwards and those that
are elongating back upwards is to be anticipated. Tracking
along individua pillar bundlies near the tops of their midpor-
tions on day 9 reveals the apicobasal increase in number that
isto be expected if some microtubules are elongating up from
the cell base while others are descending from the cell apex.

Pillar cell microtubules which have reached the cell base
might elongate at either end. Such elongation may be promoted
by continued addition of tubulin to the captured plus ends,

since such addition can occur after plus end capture by kine-
tochores (Mitchison, 1989). Alternatively, minus end growth
might occur if thereis ahigh tubulin concentration in the cells.

The case for a microtubule-releasing site

The scheme suggested above (Fig. 15) for differentiation of the
pillar’'s nucleating site and its microtubules-for-export-only
function is admittedly an elaborate one. However, al the other
potential mechanisms which might reasonably be expected to
operate are incompatible with the spatiotemporal sequence of
events during pillar assembly. For example, the evidence that
microtubules elongate upwards raises the question of whether
thereisacell surface-associated nucleating site at the cell base.
If such asiteis responsible for generating all the pillar’s 4,500
or so microtubules then high concentrations and numbers of
microtubules would be expected at the cell base during the rel-
atively early stages of pillar assembly (as is the case for the
beam at the apical surface). Such population of the cell base
by microtubulesin advance of other cell regionsthat arefinally
occupied by the mature pillar has not been detected.
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Fig. 15. Schematic diagrams of the
apical portions of differentiating cells
showing changes during centrosomal
reorganization and microtubule

—r assembly, which are indicated by the
—_— spatiotemporal sequence of events at
— the ultrastructural level. Straight lines
"—_'; show the positions and lengths of

I microtubules. Black rectangles show
the positions of centrosomal centrioles.
Small dots show the location of
pericentriolar material. Circles show
the positions of nucleating elements for
beam (@) and pillar (O) microtubules.
(A) On day 3 microtubules are
elongating from two nucleating siteson
opposite sides of the cell apex. (B) As
assembly of microtubule bundles
progresses the two nucleating sites

become more widely separated because the phalangeal process has started to extend (towards the right of the diagram). Microtubule-nucleating
elements and pericentriolar material are more closely associated with the cell surface at both nucleating sites than is the case on day 3.
Centrosomal centrioles have migrated to the tip of the phalangeal process and are located near the beam’ s nucleating site. Elongating pillar
microtubules are released from the pillar nucleating site and its nucleating elements; they migrate downwards (to the base of the cell) as

indicated by the arrow.

High concentrations of the pillar’s 4,500 or so microtubules
do not obviously emanate from one particular cytoplasmic
region that can be immediately identified asits nucleating site.
Perhaps this is because there is no highly localized site and
nucleation progresses throughout a much larger cytoplasmic
region, since the pillar occupies much of the cell body.
However, the assembly of nearly all large microtubule bundles
that have been studied (in a wide range of cell types) usualy
involves elongation of a high concentration of microtubules
from areadily identifiable cytoplasmic site. Such a site often
includes a substantial concentration of dense material and/or is
associated with some other cell component such as a basal
body, centriole, the plasma membrane or the nuclear envelope
(see Tucker, 1979, 1984, 1992). It seems unlikely that some
initial control of the positioning of pillar microtubules should
not also be facilitated by the provision of awell localized site
such asthe site identified (albeit with difficulty) in this report.

There is no straightforward way of accounting for the
temporary presence of microtubule ends at the site identified
here asthe pillar nucleating site, unlessit acts as amicrotubule
releasing site as outlined in Fig. 15. The suggestion that a
microtubule release/transl ocation/elongation sequence
operates for redeployment of certain centrosomally nucleated
microtubules is not a new one. There is evidence that such
events proceed in certain other cell types (Vorobjev and
Chentsov, 1983; McBeath and Fujiwara, 1990; Joshi and Baas,
1993) and in the inner pillar cells which are adjacent to outer
pillar cells (Henderson et al., 1994, 1995). Although the final
layout of microtubules in outer and inner pillar cells is dis-
tinctly different there are some spatial homologies (for
example, both types of cells possess a microtubule array that
islocated near their centrioles and another that is not). It isrea
sonabl e to suppose that such resemblances and differences may
be established because these two neighbouring cell types effect
subtle variations on a common control theme for positioning
their microtubules.

Microtubule stability and assembly dynamics

This investigation has monitored events during a very slow
microtubule assembly programme, which runs for at least a
week. Examination of progress at intervals of a day or more
provides no information about the extent to which the lengths
of the microtubules may fluctuate as they probe for capturing
sites (see Kirschner and Schulze, 1986; Gelfand and Bershad-
sky, 1991; Holy and Liebler, 1994) at the cell surface where
their ends can be capped and stabilized. Presumably, only a
relatively small proportion of the microtubules are exhibiting
marked changes in length and orientation at any particular
stage. If this were not the case, then much greater variationsin
microtubule number and arrangement than those that have been
found should have been detected when the same regions of
different cells at the same stage were compared. There areindi-
cations (Fig. 10) that bundling (and associated cross-connec-
tion) may progressively stabilize correctly positioned micro-
tubules while the pillar is being built.

Why does assembly take such an extraordinarily long time?
The cells are about 50 pm long. If their microtubules elongate
at rates of up to 420 pm/h, as is the case for certain cultured
epithelial cells (Cassimeris et al., 1988), then each pillar cell
microtubule could probe for its target several hundred times
during the course of a week. However, precise positioning of
thousands of microtubules is effected in each cell. A very
highly ordered array of about 38,000 microtubules elongates
for 65 um at an average rate of 16 um/h in the ciliate Nassula
(Tucker, 1970). If the overal rate of microtubule bundle
elongation proceeds at a similar rate in outer pillar cells, then
construction of the pillar (47 um) and beam (14 pum) could be
completed in about 3 hours. Other factors may be rate limiting.
Throughout much of the assembly period, the cells are con-
structing surfoskelosomes and modifying the organization of
cell junctions at the cell surface sites where the ends of micro-
tubules are finally located. They are also changing in shape and
atering their contacts with cell neighbours. Supracellular coor-
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dination of the deployment and intercellular linkage of
thousands of microtubules in thousands of supporting cellsis
taking place in the organ of Corti (Henderson et al., 1995). This
is probably crucia for micromechanical reasons related to the
organ’s role as a sound receptor. These more global consider-
ations, which transcend parochial aspects of spatial control so
far asindividual cells are concerned, may involve some espe-
cialy prolonged fine-tuning of the construction ritual.

Centrosomal versatility and association with the
apical surfaces of epithelial cells

Apical positioning of the centrosome is a feature of several
types of epithelial cells (see Tucker et al., 1986, 1992; Bacallao
et al., 1989; Fath et a., 1993). Microtubul es elongate from sites
associated with one of the apically situated centrosomal cen-
trioles, which is the basal body of a cilium in each ectodermal
cell of certain seaurchin blastulae (Tilney and Goddard, 1970).
This results in a configuration which resembles that in several
of the relatively simple primitive flagellated unicellular
eukaryotes (see Beech et al., 1991). Hence, apically situated
centrosomes which nucleate apicobasal  microtubule
elongation may be a very ancient feature of eukaryotic cell
organization. If thisis true, then the centrally positioned jux-
tanuclear centrosome (and the rudimentary primary cilium
which sometimes accompanies it) is a more recently evolved
feature.

Studies of epithelial cells and their highly polarized organ-
ization may be revealing the extent to which an ancient micro-
tubule-organizing mode has evolved by advances in the struc-
tural integration of centrosomes and apical cell surfaces. The
minus ends of microtubules are distributed across all or most
of the cell apex, rather than being focussed on the immediate
vicinity of the centriole pair in mouse and rat intestinal epithe-
lial cells (Achler et a., 1989) and polarized Madin-Darby
canine kidney cells (Bacallao et al., 1989). Thisis aso the case
in certain epidermal cells in Drosophila after the centrioles
have been disassembled and the nucleating role of the PCM is
effected by material which forms numerous small dense
plaques attached to the cytoplasmic surface of the apical
plasma membrane (Mogensen and Tucker, 1987; Mogensen et
al., 1989). A higher level of spatial differentiation of the apical
surface/centrosome system is apparently exhibited by outer
pillar cells. Nucleating capability is not more or less uniformly
distributed across the apical surface but concentrated at two
sites which perform differently.

Some juxtanuclear centrosomes may have followed a
parallel evolutionary programme of PCM/membrane associa-
tion. Functional nucleating elements are associated with the
nuclear envelope in differentiating muscle cells, which
dismantle their centrosomal centrioles (Tassin et al., 1985;
Kronebusch and Singer, 1987), and in plant cells, which lack
centrioles altogether (see Lambert, 1993).

Pillar cells excepted, ultrastructural details of the ways in
which the minus ends of recently nucleated microtubules are
associated with the apical cell surfaces of mammalian epithe-
lial cells have not been described. Microtubules at the apices
of certain mature mammalian epithelial cells do not have an
orderly arrangement and form an apical network (Sandoz and
Lainé, 1985; Bacallao et al., 1989; Gilbert et a., 1991; Mays
et a., 1994). Such networks are associated with terminal webs
(which include actin and intermediate filaments) that are

perhapsrelated to the SSSs of pillar cellsin terms of their com-
position and association with microtubule-organizing regions.
SSSs contain (3- and y- non-muscle actin isoforms (Slepecky
and Savage, 1994) and a-actinin (Drenkhahn et al., 1985).
There are indications that intermediate filaments are also asso-
ciated with them (Oesterle et al., 1990; Kuijpers et a., 1991).

We thank the Medical Research Council (UK) for support (grant
nos G8722419N, G9027373CB, G9326558MB) and the Wellcome
Trust for award of a Prize Studentship to C.G.H.

REFERENCES

Achler, C., Filmer, D., Merte, C. and Drenckhahn, D. (1989). Role of
microtubulesin polarized delivery of apical membrane proteins to the brush
border of theintestinal epithelium. J. Cell Biol. 109, 179-1809.

Bacallao, R., Antony, C., Dotti, C., Karsenti, E., Stelzer, E. H. K. and
Simons, K. (1989). The subcellular organization of Madin-Darby Canine
Kidney cellsduring the formation of apolarized epithelium. J. Cell Bial. 109,
2817-2832.

Beech, P. L., Heimann, K. and Melkonian, M. (1991). Development of the
flagellar apparatus during the cell cycle in unicellular algae. Protoplasma
164, 23-37.

Bornens, M. and Karsenti, E. (1984). The centrosome. In Membrane
Sructureand Function, vol. 6 (ed. E. E. Bittar), pp. 99-171. John Wiley, New
York.

Bré M.-H., Pepperkok, R., Hill, A. M., Levilliers, N., Ansorge, W., Stelzer,
E. H. K. and Karsenti, E. (1990). Regulation of microtubule dynamics and
nucleation during polarization in MDCK I cells. J. Cell Biol. 111, 3013-
3021.

Brinkley, B. R. (1985). Microtubule organizing centers. Annu. Rev. Cell Biol.
1, 145-172.

Cassimeris, L., Pryer, N. K. and Salmon, E. D. (1988). Real-time
observations of microtubule dynamic instability in living cells. J. Cell Biol.
107, 2223-2231.

Drenckhahn, D., Schafer, T. and Prinz, M. (1985). Actin, myosin and
associated proteins in the vertebrate auditory and vestibular organs:
immunocytochemical and biochemical studies. In Auditory Biochemistry
(ed. D. G. Drescher), pp. 317-335. Springfield, IL: Charles C. Thomas
Publisher.

Engstrém, H. and Ades, H. W. (1973). Theultrastructure of the organ of Corti.
In The Ultrastructure of Sensory Organs (ed. |. Friedmann), pp. 83-151.
North Holland, Amsterdam.

Fath, K. R.,Mamajiwalla, S. N. and Burgess, D. R. (1993). The cytoskeleton
in development of epithelia cell polarity. J. Cell Sci. Suppl. 17, 65-73.

Gelfand, V. |. and Bershadsky, A. D. (1991). Microtubule dynamics:
mechanism, regulation and function. Annu. Rev. Cell Biol. 7, 93-116.

Gilbert, T., Le Bivic, A., Quaroni, A. and Rodriguez-Boulan, E. (1991).
Microtubular organization and itsinvolvement in the biogenetic pathways of
plasma membrane proteinsin Caco-2 intestinal epithelia cells. J. Cell Biol.
113, 275-288.

Gould, R. R. and Borisy, G. G. (1977). The pericentriolar materia in chinese
hamster ovary cells nucleates microtubule formation. J. Cell Biol. 73, 601-
615.

Gulley, R. L. and Reese, T. S. (1976). Intercellular junctions in the reticular
laminaof the organ of Corti. J. Neurocytol. 5, 479-507.

Henderson, C. G., Tucker, J. B., Chaplin, M. A., Mackie, J. B., Maidment,
S. N, Mogensen, M. M. and Paton, C. C. (1994). Reorganization of the
centrosome and associated microtubules during the morphogenesis of a
mouse cochlear epithelial cell. J. Cell ci. 107, 589-600.

Henderson, C. G., Tucker, J. B., Mogensen, M. M., Mackie, J. B., Chaplin,
M. A., Slepecky, N. B. and Leckie, L. M. (1995). Three microtubule-
organizing centres collaborate in a mouse cochlear epithelial cell during
supracellularly coordinated control of microtubule positioning. J. Cell Sci.
108, 37-50.

Holy, T. E. and Liebler, S. (1994). Dynamic instability of microtubules as an
efficient way to search in space. Proc. Nat. Acad. Sci. USA 91, 5682-5685.
lurato, S. (1967). Submicroscopic Sructure of the Inner Ear. Pergamon Press,

Oxford.

Joshi, H. C. and Baas, P. W. (1993). A new perspective on microtubules and
axon growth. J. Cell Biol. 121, 1191-1196.

Kalnins, V. 1. (1992). The Centrosome. Academic PressInc., San Diego, CA.



Kalt, A. and Schliwa, M. (1993). Molecular components of the centrosome.
TrendsCell Biol. 3, 118-128.

Kikuchi, T., Takasaka T., Tonosaki, A., Katori, Y. and Shinkawa, H.
(1991). Microtubules of guinea pig cochlear epithelial cells. Acta
Otolaryngol. 111, 286-290.

Kimble, M. and Kuriyama, R. (1992). Functional components of
microtubule-organizing centers. Int. Rev. Cytol. 136, 1-50.

Kimura, R. S. (1975). The ultrastructure of the organ of Corti. Int. Rev. Cytol.
42,173-222.

Kirschner, M. and Schulze, E. (1986). Morphogenesis and the control of
microtubule dynamicsin cells. J. Cell Sci. Suppl. 5, 293-310.

Kronebusch, P. J. and Singer, S. J. (1987). The microtubule-organizing
complex and the Golgi apparatus are co-localized around the entire nuclear
envelope of interphasic cardiac myocytes. J. Cell ci. 88, 25-34.

Kuijpers, W., Tonnaer, E.L.G. M., Peters, T. A. and Ramaekers, F. C. S.
(1991). Expression of intermediate filament proteinsin the mature inner ear
of therat and guinea pig. Hearing Res. 52, 133-146.

Lambert, A.-M. (1993). Microtubule-organizing centers in higher plants.
Curr. Opin. Cell Biol. 5, 116-122.

Lim, D. J. (1986). Functional structure of the organ of Corti: areview. Hearing
Res. 22, 117-146.

Lim, D. J. and Rueda, J. (1992). Structural development of the cochlea. In
Development of Auditory and Vestibular Systems 2 (ed. R. Romand), pp. 33-
58. Amsterdam: Elsevier.

Mays, R. W., Beck, K. A. and Nelson, J. (1994). Organization and function of
the cytoskleton in polarized epithelial cells: a component of the protein
sorting machinery. Curr. Opin. Cell Biol. 6, 16-24.

McBeath, E. and Fujiwara, K. (1990). Microtubule detachment from the
microtubule-organizing center as a key event in the complete turnover of
microtubulesin cells. Eur. J. Cell Bial. 52, 1-16.

Mitchison, T. J. (1989). Polewards microtubule flux in the mitotic spindle:
evidence from photoactivation of fluorescence. J. Cell Biol. 109, 637-652.
Mogensen, M. M. and Tucker, J. B. (1987). Evidence for microtubule
nucleation at plasma membrane-associated sites in Drosophila. J. Cell Sci.

88, 95-107.

Mogensen, M. M., Tucker, J. B. and Stebbings, H. (1989). Microtubule
polarities indicate that hucleation and capture of microtubules occurs at cell
surfaces in Drosophila. J. Cell Biol. 108, 1445-1452.

Mogensen, M. M., Tucker, J. B.and Baggalay, T. B. (1993). Multiple plasma
membrane-associated MTOC systems in the acentrosomal cone cells of
Drosophila ommatidia. Eur J. Cell Biol. 60, 67-75.

Oesterlg E. C., Sarthy, P.V.and Rubel, E. W. (1990). Intermediate filaments
intheinner ear of normal and experimentally damaged guineapigs. Hearing
Res. 47, 1-16.

Centrosomal reorganization 1345

Sandoz, D. and Lainé, M-C. (1985). Distribution of microtubules within the
intestinal terminal web as revealed by quick-freezing and cryosubstitution.
Eur. J. Cell Biol. 39, 481-484.

Slepecky, N. B. and Chamberlain, S. C. (1983). Distribution and polarity of
actinin inner ear supporting cells. Hearing Res. 10, 359-370.

Slepecky, N. B. and Savage, J. E. (1994). Expression of actin isoformsin the
guineapig organ of Corti: muscleisoformsare not detected. Hearing Res. 73,

-26.

Tassin, A.-M., Maro, B. and Bornens, M. (1985). Fate of microtubule-
organizing centers during myogenesisin vitro. J. Cell Biol. 100, 35-46.

Tilney, L. G. and Goddard, J. (1970). Nucleating sites for the assembly of
cytoplasmic microtubules in the ectodermal cells of blastulae of Arbacia
punctulata. J. Cell Biol. 46, 564-575.

Tucker, J. B. (1970). Morphogenesis of alarge microtubular organelle and its
association with basal bodiesin the ciliate Nassula. J. Cell Sci. 6, 385-429.
Tucker, J. B. (1977). Shape and pattern specification during microtubule

bundle assembly. Nature 266, 22-26.

Tucker, J. B. (1979). Spatial organization of microtubules. In Microtubules
(ed. K. Robertsand J. S. Hyams), pp. 315-357. Academic Press|nc., London.

Tucker, J. B. (1984). Spatial organization of microtubule-organizing centres
and microtubules. J. Cell Biol. 99, 55s5-62s.

Tucker, J. B. (1992). The microtubule-organizing centre. BioEssays 14, 861-
867.

Tucker, J. B., Milner, M. J., Currie, D. A., Muir, J. W., Forrest, D. A. and
Spencer, M .-J. (1986). Centrosomal microtubule-organizing centres and a
switch in the control of protofilament number for cell surface-associated
microtubules during Drosophila wing morphogenesis. Eur. J. Cell Biol. 41,
279-289.

Tucker, J. B., Paton, C. C., Richardson, G. P., Mogensen, M. M. and
Russdl, 1. J. (1992). A cell surface-associated centrosomal layer of
microtubule-organizing material in theinner pillar cell of the mouse cochlea.
J. Cell <i. 102, 215-226.

Vorobjev, . A.and Chentsov, Y. S. (1983). The dynamics of reconstitution of
microtubules around the cell center after cooling. Eur. J. Cell Biol. 30, 149-
153.

Vorobjev, |. A. and Nadezhdina, E. S. (1987). The centrosome and itsrolein
the organization of microtubules. Int. Rev. Cytol. 106, 227-293.

Walsh, E. J. and Romand, R. (1992). Functional development of the cochlea
and the cochlear nerve. In Devel opment of Auditory and Vestibular Systems2
(ed. R. Romand), pp. 33-58. Elsevier, Amsterdam.

(Received 21 October 1994 - Accepted 16 December 1994)



