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ABSTRACT

The seven mammalian isotypes of b tubulin are
strikingly similar in amino acid sequence. The dif-
ferences in isotypic sequence, although small, are
nonetheless conserved in evolution, which suggests
that they may confer distinct functional roles. If so,
such roles should be reflected in the selective ex-
pression of isotypes by cell type, or even in the sorting
of isotypes to within-cell pools. Hair cells of the ves-
tibular sensory epithelia each possess a kinocilium, a
microtubule-based organelle that could represent a
distinct microtubule compartment, separate from the
extensive microtubule network in the soma. The af-
ferent neurons that innervate the vestibular sensory
epithelia may also be functionally divided into
dendritic, somatic, and axonal compartments, each
with its own complement of microtubules. We have
examined the distribution of b tubulin isotypes in
gerbil vestibular epithelia using isotype-specific anti-
bodies to four isotypes and indirect immunofluores-
cence. We found that hair cells selectively express bI

and bIV tubulin, while supporting cells express bI, bII,
and bIV tubulin. However, no sorting of isotypes be-
tween somatic and kinocilia compartments was found
in hair cells. Vestibular ganglion cells display three
isotypes in the soma, axon, and terminal dendrite
compartments (bI, bII, and bIII tubulin), but only bIII

tubulin was found in calyceal nerve endings. The

implication of these findings is that b tubulin isotypes
are not sorted to within-cell compartments in hair
cells but are sorted in some vestibular neurons.
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INTRODUCTION

Microtubules consist of heterodimers of a and b
tubulin, both of which exist as numerous isotypes.
Seven isotypes of mammalian b tubulin have been
characterized, termed bI, bII, bIII, bIVa, bIVb, bV, and
bVI (Ludueña 1998). With the exception of bVI, the b
tubulin isotypes are among the most highly conserved
proteins known (Ludueña 1998). The multi-tubulin
hypothesis (Fulton and Simpson 1976) proposed that
different forms of tubulin could mediate the different
functional roles of microtubules. A prediction of this
hypothesis is that the isotypes will be selectively ex-
pressed in different tissues and may even be com-
partmentalized within cells according to function.
Consistent with the hypothesis, it has been found that
different isotypes are expressed in different cell types
of the same tissue (Roach et al. 1998; Hallworth and
Ludueña 2000). However, little is known about the
functional roles of b tubulin isotypes. An exception to
this statement is that bIV tubulin appears to be an
important component of axonemal microtubules
(Renthal et al. 1993; Lu et al. 1998; Roach et al. 1998)
and may be associated with actin stress fibers in cer-
tain cells (Walss–Bass et al. 2001).
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Vestibular sensory epithelia consist of sensory hair
cells, supporting cells, afferent neurons, and efferent
nerve endings. The apical surfaces of hair cells each
bear multiple actin-based stereocilia and a single po-
larized kinocilium, a microtubule-based organelle.
The kinocilium has the 9 + 2 paired organization of
microtubules characteristic of the axoneme, but it is
not motile. Other somatic microtubules in hair cells
originate at the cuticular plate or nucleating centers
near the epithelial apex (Jaeger et al. 1994) and likely
have roles in intracellular trafficking and in the
maintenance of cell shape. Each hair cell makes
synaptic contact with the dendrites of one or more
afferent neurons. Vestibular sensory epithelia are also
extensively innervated by neurons of the vestibular
ganglion. The microtubules of the afferent neurons
whose dendrites innervate the vestibular epithelia
may also be functionally divided into dendritic, so-
matic, and axonal compartments. The vestibular
sensory epithelia are therefore an interesting test of
the possibility of selective expression and cellular
sorting of b tubulin isotypes.

In this study we examined the distribution of b
tubulin isotypes in vestibular sensory epithelia and
neurons of the gerbil. Isotypes were detected using
four isotype-specific antibodies directed against bI,
bII, bIII, and bIV tubulin raised in mouse (the only
such comprehensive panel of antibodies available;
Roach et al. 1998) and indirect immunofluorescence.
The antibody against bIV tubulin is unable to distin-
guish between bIVa and bIVb, which differ by only two
residues (Ludueña 1998). We have used a variety of
approaches to preparation of tissue for examination,
including frozen sections, whole mounts, and disso-
ciation of fresh sensory organs into isolated cells.

We found that hair cells express only bI and bIV

tubulin, while supporting cells express bI, bII, and bIV

tubulin. In hair cells, the same isotypes were observed
in both somatic and kinocilia compartments. Vestib-
ular ganglion cells express three isotypes, which are
found in the soma, the axon, and the dendrite (bI,
bII, and bIII). The same three isotypes were found in
the Schwann cell investments of peripheral dendrites.
However, only bIII tubulin was found in calyceal nerve
endings. Calyceal nerve endings the large dendritic
terminations of a subpopulation of vestibular gangli-
on afferents. Thus, at least some vestibular ganglion
cells both selectively express b tubulin isotypes and
sort them into compartments.

MATERIALS AND METHODS

The distribution of b tubulin isotypes was examined
in adult gerbil vestibular epithelia using indirect im-
munofluorescence in frozen sections, whole mounts,

and dissociated cells. Adult gerbils (20 days old or
older) were anesthetized with Nembutal and cardiac-
perfused with 10–15 ml of a solution of 4% parafor-
maldehyde dissolved in phosphate buffered saline
(PBS). For whole mounts and sections, temporal
bones were removed from the head, postfixed for 2 h,
and decalcified in EDTA. For whole mounts, indi-
vidual macula and ampullary organs were dissected
out and processed for immunolabeling as described
below. In whole mounts and sections of dissected
organs, we were generally unable to distinguish the
subtypes of organ classes (utricular and saccular
maculae, horizontal, superior and posterior cristae),
but we have indicated the subtype where known. Most
macula organs were utricles. We saw no differences in
the labeling patterns across organ types. Occasionally,
segments of vestibular nerve, with macula and crista
organs attached, were processed as whole mounts.

For sections, one of two methods was employed:
either individual sensory organs were dissected out
from decalcified temporal bones, or decalcified tem-
poral bones were embedded in agar and bisected with
a razor blade. The organs or halves were then proc-
essed to equilibration in 30% sucrose in PBS as a cry-
oprotectant and were then quickly frozen in O.C.T.
compound (Miles Labs, Elkart, IN) using methanol
cooled by dry ice. Eight or ten micron sections were
cut on a cryostat (Leica Microsystems, Bannockburn,
IL). Whole mount preparations and sections were
blocked and permeabilized in PBS containing 1%
bovine serum albumin (BSA), 0.25% Triton-X, and
5% normal goat serum. The presence of b tubulin
isotypes was detected with monoclonal antibodies to
bI, bII, bIII, or bIV, tubulin raised in mouse as previ-
ously described (Banerjee et al. 1988, 1990, 1992;
Roach et al. 1998). Each antibody was prepared to an
epitope unique to the C-terminus of that isotype. The
C-termini of bIVa and bIVb are virtually identical, and
therefore the anti-bIV antibody was unable to dis-
criminate between them. The primary antibody was
made visible by staining with goat anti-mouse IgG
coupled to fluorescein isothiocyanate (Sigma, St.
Louis, MO) or to Alexa 488 (Molecular Probes, Eu-
gene, OR). The chicken bIII antibody TUJ1 raised in
mouse (Lee et al. 1990) was obtained from Research
Diagnostics Inc. (Flanders, NJ), and the same goat
anti-mouse secondary antibodies were used. A specific
antibody to myosin VIIa (Hasson et al. 1995), raised in
rabbit, was detected using antibodies to rabbit IgG
raised in donkey and coupled to Cy3 (Jackson Im-
munoResearch, West Grove, PA). Polymerized actin
was detected using phalloidin conjugated to Alexa 568
(Molecular Probes). Sections and whole mounts were
sealed under coverslips in 50% PBS: 50% glycerol
containing 1% n-propylgallate as an antifade agent.
Negative controls were performed by omitting the
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primary antibody. Positive controls were performed
using the same procedures as above with a mono-
clonal primary antibody to b tubulin raised in mouse
(Sigma, clone TUB 2.1; Gozes and Barnstable 1982).
This antibody has previously been shown to bind to all
known populations of microtubules in the gerbil
cochlea (Hallworth et al. 2000). Similarly, all features
of the labeling patterns described in this article have
been observed using this antibody.

Isolated vestibular cells were prepared as follows: A
day prior to the experiment, #1 coverslips were coated
in Concanavalin A (Con A; Sigma) as described by
Maue and Dionne (1987) and stored in a humidified
atmosphere. Adult gerbils (20 days old or older) were
anesthetized with Nembutal and decapitated. Vestib-
ular epithelia were quickly dissected from the tempo-
ral bones and placed in low-calcium saline containing
1% papain (Calbiochem, La Jolla, CA). The solution
was gently agitated for 30 min, after which the enzyme
solution was removed and replaced with saline (0.9%
NaCl) containing 0.001% DNAase I (Sigma). After 5
min, the mixture was then triturated until turbid using
a syringe. Cells from the resulting suspension were
plated on the Con A-coated coverslips, which were
maintained in a humidified chamber at room tem-
perature. After allowing 30 min for the cells to attach,
the cells were fixed in PBS containing 0.25% parafor-
maldehyde for 10 min. The fixed cells were then
processed for immunolabeling essentially as above.

Specimens were photographed using an Axioskop
II microscope (Carl Zeiss Jena, Jena, Germany)
equipped with 40X and 100X objectives. Images were
obtained using a Spot RT digital camera (Diagnostic
Instruments, Sterling Heights, MI) and were analyzed
and prepared for presentation using Photoshop
(Adobe Systems, San Jose, CA). Confocal images were
obtained on a Radiance 2000 confocal microscope
(Bio-Rad, Hercules, CA) on a Nikon Eclipse 800
upright microscope equipped for epifluorescence
(Nikon Instruments, Melville, NY).

For immunoblotting, vestibular epithelia removed
from anesthetized gerbils were homogenized and a
uniform amount of protein (18 lg) was loaded into
each lane of a 10% polyacrylamide gel (Gradipore,
French’s Forest, New South Wales, Australia). The
protein content of each sample was determined by a
protein concentration assay using a microplate reader
(Titertek, Thermo Labsystems, Finland). The lanes
were run at 150 V for 90 min in sodium dodecyl sul-
fate electrophoresis buffer. The proteins were then
transferred from the gels to nitrocellulose sheets (100
V for 1 h). The protein lanes were cut into strips for
antibody labeling and were exposed to one of the five
primary antibodies (four b tubulin isotype-specific
antibodies plus the b tubulin monoclonal antibody
described earlier) overnight at 4�C. After rinsing, the

protein strips were incubated in anti-mouse IgG
linked to biotin (Cell Signaling Technology, Beverly,
MA) for 1 h at room temperature. The markers were
labeled with horseradish peroxidase-conjugated anti-
biotin antibodies (Cell Signaling Technology). The
protein strips were rinsed again and treated for 10
min with Luminol reagent (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA) and exposed to XAR5 scientific
imaging film (Kodak, Rochester, NY).

Animal care and handling was performed in con-
formance with approved protocols of the University
of Texas Health Science Center at San Antonio and
Creighton University School of Medicine Institutional
Animal Care and Use Committees.

RESULTS

Immunoblots

Western blots of vestibular sensory epithelia indicated
that labeling for all b tubulin isotypes in vestibular
tissue is restricted to a single band of molecular
weight close to 50 kDa (Fig. 1). The molecular weight
of b tubulin is 50 kDa (Ludueña 1998). The amino
acid sequence differences between isotypes are so
small that the isotypes are indistinguishable by mo-
lecular weight alone.

Identification of cell types in vestibular organs

Microtubules are present in vestibular hair cells,
supporting cells, and innervating both macula and

FIG. 1. Western blots showing immunolabeling of gerbil vestibular
epithelia with an antibody to b tubulin (second lane from left) and the
isotype-specific anti-b tubulin antibodies used in this study (lanes 3
through 6). A protein ladder with the molecular weights indicated is
in the leftmost lane.
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ampullary organs. Hair cells were identified by nuclei
that were central in the epithelium and by the con-
centration of microtubules in the supranuclear re-
gion. Supporting cells had nuclei located in the base
of the epithelium and exhibited a microtubule bun-
dle that spanned the entire thickness of the epithe-
lium (Ogata and Slepecky 1995).

We describe our findings by isotype, starting with
the simplest pattern, that for bII tubulin.

bII. Label for bII tubulin in vestibular sensory epi-
thelia consisted only of the microtubules in the
perinuclear region and the processes of supporting
cells. For example, Figure 2A shows a section of a
crista ampullaris labeled for bII tubulin. The labeling
pattern consists of strands surrounding the support-
ing cell nuclei and spanning the sensory epithelium,
consistent with the appearance of supporting cell

microtubules. The apical ends of these strands pos-
sessed large tufts. In sections of maculae (Fig. 2B),
the labeling pattern was similar but the apical tufts
were much smaller.

In whole mounts, focusing at the apical surface of
a crista, a characteristic pattern of irregular round
patches of label was observed (Fig. 2C), presumed to
be the apical tufts of supporting cells. These patches
were clustered in groups of four or five around a
central unlabeled area corresponding to the expect-
ed position of a hair cell. In whole mounts of maculae
(Fig. 2D), the patches of label were smaller, corre-
sponding to the smaller tufts observed in sections,
and were usually elongated instead of round. The
patches were also arranged in circular clusters of five
to seven surrounding an unlabeled area where a hair
cell would be expected.

FIG. 2. bII tubulin in vestibular
epithelia. A Transverse section of a crista
ampullaris showing label in supporting
cells. Note the large tufts at the apical
ends (arrow). B Apical view of a
transverse section of a macula. The apical
tufts in the supporting cells (arrow) are
smaller than those in crista organs. C
Apical view of a crista ampullaris whole
mount showing the label patches in four
or five supporting cells in a cluster
surrounding an unlabeled area. A typical
cluster is indicated by the arrow. D
Whole mount of a utricular macula
showing clusters of label patches in the
five to seven presumed supporting cells
surrounding an unlabeled area. A typical
cluster is indicated by the arrow. E.
Transverse section of a macula labeled for
bII tubulin (green) and myosin VIIa (red).
Label for myosin VIIa in two hair cells is
indicated by the arrows. The scale bar
represents 20 lm for all panels.
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A reasonable interpretation of the observations is
that the label for bII tubulin was found only in sup-
porting cells. We did not observe label in cells with
nuclei centrally placed in the epithelium in either
sections or whole mounts, nor did we see concen-
trated label in the supranuclear regions of hair cells.
To confirm the location of the label for bII tubulin,
some labeled sections were counterstained with an
antibody to myosin VIIa (Hasson et al. 1995), a pro-
tein found in hair cells of the cochlea and vestibule
but not in supporting cells. An example of such a
preparation is shown in Figure 2E. In this example, a
macula, the myosin VIIa label (red) is seen to be
clearly distinct from the bII tubulin label (green).
Two hair cells labeled by the myosin VIIa antibody are
clearly visible. Note how, at the apex of the epitheli-
um, the green label of the tufts of the supporting cell
microtubules intercalates between the red label of the
cuticular plate region of the hair cells. This is con-
sistent with our observations of bII tubulin label in
whole mounts and supports the interpretation that bII

tubulin is not found in vestibular hair cells. Likewise,
no label for bII tubulin in kinocilia was observed in
sections or whole mounts or in isolated cell prepa-
rations.

bIII. Label for bIII tubulin in vestibular sensory ep-
ithelia appeared as large calyxlike endings that sur-
rounded some, but not all, hair cells and were
continuous with large-diameter afferent fibers. An
example of this label pattern is shown in Figure 3A.
The nerve ending was clearly flask-shaped. In whole
mounts or in sections in which the orientation was
not truly transverse, the diameter of the calyx nerve
ending could be seen to widen progressively from
apex to base and then to taper and merge with an
afferent fiber. Labeled calyceal nerve endings were
found in both macula and crista ampullaris organs.
Small diameter nerve fibers were also labeled within
the epithelium. However, the nature of their termi-
nations could not be determined. Neither hair cells
nor supporting cells were labeled. Identical observa-
tions were made using a well-characterized antibody
to chicken bIII tubulin, TUJ1 (Lee et al. 1990) (data
not shown).

bIV. Label for bIV tubulin in vestibular sensory ep-
ithelia was found primarily but not exclusively in hair
cells. In sections, bright label was observed in the
supranuclear regions of hair cells (Fig. 4A, in a cri-
sta). The fine processes of supporting cells were
labeled weakly, which made them difficult to detect
against the bright hair cell label. The same pattern
was observed in maculae. In a macula whole mount,
the pattern of hair cell label surrounded by support-
ing cell label could readily be discerned (Fig. 4B).
The brightness of the hair cell label in the supranu-
clear region varied considerably, as is clear from the
figure. Some were remarkably bright, others much
less so.

At the apical surface of whole mount preparations,
fine processes resembling kinocilia could be observed
extending upward from hair cells. Figure 4C shows
kinocilia-like label in a macula whole mount, and the
same pattern was regularly observed in cristae. To
confirm that the fine processes were indeed kinocilia,
we made preparations of isolated vestibular hair cells
by the procedure described in the Methods section
and double labeled them with the antibody for bIV

tubulin and with fluorescently coupled phalloidin to
detect filamentous actin. As seen in Figure 4D, both
the soma and the kinocilium were labeled by the an-
tibody to bIV tubulin (green). The single kinocilium
closely apposed the actin-rich cilia bundle (red).
Thus, bIV tubulin was found in hair cells, including the
kinocilium, and to a lesser extent in supporting cells.

bI. The labeling pattern for bI tubulin resembled
the pattern for bIV tubulin, except that stronger label
was found in the supporting cells. In transverse sec-
tions of intact organs, both hair cells and support
cells were labeled (Fig. 5A). This example, from a
crista, shows label in a hair cell and an adjacent
supporting cell, which can readily be distinguished
from each other. The labeling pattern for hair cells
clearly overlapped that found for bIV tubulin and in-
dicated that everywhere bIV tubulin is found in hair
cells, bI tubulin is found also. In the example in
Figure 5A, the hair cell and the supporting cell are
similarly bright. However, in general, the more
prominent label was seen in supporting cells, in

FIG. 3. bIII tubulin in vestibular
epithelia. A High-magnification view of
labeled calyceal nerve endings in a
crista ampullaris. The arrow indicates
label in a dendrite continuous with a
calyx. B Lower-magnification view of
calyceal endings in the same organ. The
scale bar represents 20 lm for both
panels.
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contrast to the pattern seen for bIV tubulin, which was
more prominent in hair cells. Supporting cell label in
sections resembled that observed for bII tubulin. In
whole mounts, the pattern again resembled that seen
for bIV tubulin. Figure 5B shows label in a utricular
macula, visualized at the apical surface. Small, elon-

gated patches of label were grouped in a circle, much
as was found for bII tubulin, but at the center of the
circle was a bright patch of label, presumed to be the
supranuclear microtubules of the hair cell.

bI tubulin was also present in vestibular hair cell
kinocilia, as shown in Figure 5C, a section of a crista.

FIG. 4. bIV tubulin in vestibular
epithelia. A. Transverse section of a
utricle showing bright label in the
supranuclear regions of hair cells (long
arrows) and in supporting cells (short
arrows). B Confocal view of a utricle
whole mount in a focal plane below the
apex showing label in hair cells and
supporting cells. The arrow indicates
label in a hair cell surrounded by
supporting cell label. Confocal image,
optical section thickness-0.53 lm. C
Apical confocal view of a utricle whole
mount showing label in kinocilia (one of
which is indicated by the arrow), in hair
cells, and in supporting cells. Optical
section thickness-0.53 lm. D Isolated
vestibular hair cell showing label for actin
(phalloidin–red) in stereocilia and the
cuticular plate, and label for bIV tubulin
(green) in the soma and in the kinocilium.
The scale bars represent 8 lm for A and
D, 25 lm for B and C.

FIG. 5. bI tubulin in vestibular epithelia.
A Section of a crista showing label in a
hair cell and a supporting cell (arrows). B
Whole mount of a utricular macula
showing patches of label in supporting
cells surrounding label in a hair cell
(arrow). C. Section of a crista showing
labelin kinocilia. D Isolated vestibular
hair cell showing label for actin
(phalloidin–red) in stereocilia and the
cuticular plate and label for bI tubulin
(green) in the soma and in the kinocilium
(arrow). The scale bar represents 8 lm for
A, B, and D and 7 lm for C.
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Labeled kinocilia could be seen as fine projections
from the apical surface of hair cells in sections or as
fine processes emanating from the apical surface of
hair cells in whole mounts. In order to confirm the
label in kinocilia, isolated vestibular hair cells were
prepared and labeled for both bI tubulin and actin
using fluorescently labeled phalloidin. As shown in
Figure 5D, hair cells were labeled in the soma and
kinocilium for bI tubulin, indicated in the figure in
green. The single-labeled kinocilium is indicated by
the arrow and is adjacent to the stereocilia bundle,
which is indicated by the phalloidin label (red).

Vestibular ganglion cells

The somas of vestibular ganglion cells were strongly
labeled by the antibodies for bI, bII, and bIII tubulin
but not by the antibody for bIV tubulin. Figure 6A
shows label for bIII tubulin in ganglion cells in a
section, showing label in somas and axons. The label
in axons is particularly prominent. Figure 6B shows
similar label for bII tubulin in a whole mount of the
vestibular ganglion. Similar results were obtained
with the antibody to bI tubulin.

More peripherally, little or no label was seen in
vestibular ganglion cell dendrites, except very close
to the sense organs. Instead, label was seen in the
form of parallel tracks surrounding the dendrite and
therefore is presumed to be in the myelin sheaths of
the dendrites rather than in the dendrites them-
selves. Figure 6C shows the labeling pattern for bI

tubulin in dendrites of vestibular ganglion cells at
the bifurcation close to the horizontal and superior
semicircular canal ampullae. The paired arrows show
label surrounding a single large-diameter dendrite.

Similar patterns of label were seen for bII and bIII

tubulin, but no label was seen for bIV tubulin in
peripheral dendrites. However, close to both macula
and ampullary sense organs, label was observed fill-
ing dendrites of varying diameters, stopping at the
basal lamina. Figure 6D shows label for bII tubulin in
large-diameter and small-diameter dendrites. Similar
label in terminal dendrites was found for bI and bII

tubulin. As indicated in this figure, large-diameter
dendrites tended to be closer to the middle of the
organ (both ampullas and maculas), while small-di-
ameter dendrites were more often seen toward the
margin of the organs. It was not possible, in bI and
bII tubulin preparations, to follow the processes
once they penetrated the basal lamina. bIV tubulin
was not observed anywhere in dendritic processes.

We have already seen the label for bIII tubulin in
vestibular epithelia as it forms calyceal endings sur-
rounding hair cells (refer to Fig. 3). However, as is clear
from the previous description of label patterns in ves-
tibular epithelia, no similar label for bI or bII tubulin
was found in calyceal nerve endings. We must conclude
that only bIII tubulin is found in calyceal nerve endings.

DISCUSSION

The results of this study are illustrated in Figure 7.

b tubulin isotypes are selectively expressed in
vestibular sensory epithelial cells but are not
sorted into compartments within those cells

We observed bI and bIV tubulin in both the somas and
the kinocilia of hair cells. The distributions of the two

FIG. 6. Labeling for b tubulin isotypes in
vestibular ganglion cells. A Label for bIII

tubulin in somas and axons (arrows) of
vestibular ganglion cells. B. Label for bII

tubulin in somas and axons (arrows) of
vestibular ganglion cells. Confocal image,
optical section thickness-0.61 lm. C
Label for bI tubulin in dendrites of
vestibular ganglion cells close to the
junction between the horizontal and
superior semicircular canal ampullary
branches of the vestibular nerve. The
somas of the ganglion cells are to the right
of this image. Paired short arrows indicate
label surrounding one dendrite. Confocal
image, optical section thickness-0.61 lm.
D. Transverse section of a macula labeled
for bII tubulin showing label in large-
diameter axons (large arrows) and small-
diameter axons (small arrows). The scale
bars represent 20 lm for A and D and 25
lm for B and C.
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isotypes are apparently entirely overlapping, although
bIV was more prominent than bI. In supporting cells,
we observed bI, bII, and bIV tubulin, each extending
from the basal layer of the epithelium to the apical
tuft. bIV was less prominent in supporting cells than bI

or bII tubulin. Both vestibular hair cells and sup-
porting cells, therefore, selectively express b tubulin
isotypes but do not sort the isotypes into separate
compartments. In that respect, our findings here are
consistent with previous findings for cochlea hair
cells and supporting cells (Hallworth and Ludueña
2000). However, in detail, the findings are different.
Vestibular hair cells have the same isotype composi-
tion as outer hair cells (bI and bIV tubulin) but not of
inner hair cells (bI and bII). The isotype composition
of vestibular supporting cells (bI, bII, and bIV tubulin)
is identical to that of cochlear Deiters’ cells but not to
that of inner or outer pillar cells (bII and bIV only).

bI and bIV tubulin were present in both hair cells
and supporting cells, but in supporting cells we also
observed the bII isotype. Thus, bII tubulin is the only
isotype found only in supporting cells of mammalian
vestibular epithelia. bII tubulin could therefore be
useful as a marker for supporting cells in mammalian
hair cell regeneration studies, similar to the sup-
porting cell antigen (Kruger et al. 1999) in avian hair
cell regeneration studies.

All hair cells were labeled by the antibodies to bI

and bIV tubulin, although some hair cells were no-
ticeably fainter than others. Type I hair cells have the
highest concentration of microtubules, predomi-

nantly in the supranuclear neck region (Favre and
Sans 1983; Kikuchi et al. 1991). According to Kikuchi
et al. (1991), these number 130–230 microtubules
per cell in the guinea pig. In contrast, the reported
100–160 microtubules in the supranuclear region of
type II hair cells are more diffuse (Kikuchi et al.
1991). It is likely, therefore, that the most brightly
labeled hair cells in our preparations are type I. The
more diffusely labeled hair cells may be considered to
be type II hair cells. It is important to note, however,
that type I and type II hair cells express the same two
b tubulin isotypes.

Our observation that bIII tubulin is not expressed in
vestibular hair cells or supporting cells is also con-
sistent with previous observations that bIII is not ex-
pressed in hair cells or supporting cells of the
mammalian cochlea (Hallworth and Ludueña 2000).
In contrast, Stone and Rubel (2000) reported bIII

tubulin in both mature and regenerating chick coch-
lea hair cells. The absence of bIII tubulin in any cell
type other than neurons in vestibular epithelia cor-
responds to previous observations, using other anti-
bodies, that bIII tubulin is rarely expressed in other
cell types (Burgoyne et al. 1988; Joshi and Cleveland
1989). Indeed, bIII has been termed the ‘‘neuron-
specific’’ tubulin for that reason, although bIII tubulin
has also been reported in colon (Roach et al. 1998).

b tubulin isotypes are selectively expressed
in vestibular neurons and are sorted into
compartments within some of those cells

In this article we have shown that vestibular afferent
neurons express the bI, bII, and bIII isotypes. The bIV

isotype was not observed in vestibular nerve, which is
consistent with previous observations that bIV makes
up only a small percentage of b tubulin in brain
(Banerjee et al. 1988).

Our observation that bIII tubulin is compartmen-
talized to calyceal endings is unusual and interesting.
It implies that there are mechanisms for sorting or
localized expression of the isotype in a specific com-
partment of some neurons. It is possible that bI tub-
ulin is also present in calyceal endings but was
obscured by all the other label in surrounding hair
cells and supporting cells. However, inspection of
Figure 2 should convince the reader that bII tubulin is
not present in calyceal nerve endings.

The isotype content of kinocilia depends partly
on the cell type

The kinocilia of vestibular hair cells are a tubulin-
based axoneme-like organelle. Unlike other axo-
neme-based structures, such as the kinocilia of sperm
or of respiratory epithelial cells, they are not motile.

FIG. 7. Diagram of the distribution of b tubulin isotypes in ves-
tibular epithelial cells and neurons, based on the results of this study.
Type I hair cell right of center, type II hair cell left of center, macular
supporting cell right, crista supporting cell left.
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bIV tubulin is a consistent feature of kinocilia. In this
study and a companion study (Woo et al. 2002), we
have now added to the information available on the
expression of b tubulin isotypes in kinocilia. Woo et
al. (2002) found that all four b tubulin isotypes were
found in the kinocilia of olfactory sensory neurons,
while only two isotypes (bI and bIV tubulin) were
found in the kinocilia of respiratory epithelial cells.
In both cases, as in the vestibular system, there was no
difference between the isotypes found in kinocilia
and the rest of the cell. However, Woo et al. (2002)
reported that olfactory basal cells, the stem cells of
olfactory neurons that have no olfactory cilia, ex-
pressed only bI, bII, and bIII tubulin. The expression
of bIV tubulin in olfactory neurons thus appears to
accompany the development of olfactory cilia. It ap-
pears that kinocilia are assembled in an indiscrimi-
nant fashion from whatever isotypes are expressed by
the cell but that bIV tubulin is required.

Selective expression of b tubulin isotypes is
common

Our observation that cells express only selected b
tubulin isotypes is not new. Hallworth and Ludueña
(2000), using the same antibodies as in this study,
showed that the b tubulin isotypes are differentially
expressed in cochlear hair cells and supporting cells.
Further, Roach et al. (1998), also using the same
antibodies, demonstrated selective expression of iso-
types in a variety of tissues. More recently, Woo et al.
(2002) demonstrated a striking differential expres-
sion of isotypes in the olfactory system: Olfactory
sensory neurons express all four isotypes, while the
adjacent respiratory epithelial cells express only bI

and bIV tubulin.
Others have shown differential expression of iso-

types in different systems. Burgoyne et al. (1988)
found that in rat cerebellum some isotypes are ex-
pressed in neurons, others in non-neuronal cells, still
others in both cell types. Wang et al. (1986) studied
two mouse isotypes, termed Mb1 and Mb3. Expres-
sion of Mb1 was restricted to tissues involved in he-
matopoeisis (bone marrow, liver, lung, and spleen)
and was not found in brain. Thus, selective expres-
sion of b tubulin isotypes is common.

Sorting of b tubulin isotypes to within-cell fools
is rare

Our observation that at least some vestibular ganglion
cells sort a particular isotype (bIII tubulin) to a par-
ticular compartment (the calyceal nerve endings) is
unusual but not without precedent. Arai and Matsu-
moto (1988), observed two isotypes in the cell body of

squid neurons but only one in the axon. Joshi and
Cleveland (1989) found that bII and bIII tubulin ac-
cumulated in PC-12 cells as a consequence of stimu-
lated neurite outgrowth. Falconer et al. (1992) found
that bII tubulin is preferentially incorporated into
colchicine-stable microtubules during development
of embryonal carcinoma cells into neurons and mus-
cle cells, while bIII is preferentially incorporated into
colchicine-labile microtubules. Renthal et al. (1993)
found that the cilia of bovine rod outer segments and
respiratory epithelia were enriched in bIV compared
with bII and bIII (bI was not examined). Perhaps the
most striking example of segregated expression was
found in Drosophila spermatogenesis (Nielsen et al.
2001). Axonemes and basal bodies utilize the same a
tubulin but the b1 isotype is found in the basal body
while the b2 isotype is found in the axoneme.

However, the most common finding is that b tub-
ulin isotypes are not compartmentalized, that is, all
cellular microtubules contain all available isotypes
(Lewis and Cowan 1988; Hallworth and Ludueña
2000; Woo et al. 2002). Furthermore, ectopic isotypes
introduced into cells are incorporated uniformly into
all microtubules (Joshi et al. 1987).

The isotypes selected for expression may
influence function

The multi-tubulin hypothesis suggests that the small
amino acid sequence differences between b tubulin
isotypes have been conserved for functional reasons.
However, it has been difficult to ascribe specific
functions to isotypes. bIV tubulin appears to be
prominent in cilia (Renthal et al. 1993; Lu et al. 1998;
Roach et al. 1998) and also appears to interact with
actin stress fibers (Walss–Bass et al. 2001). Changing
the isotypes that a cell expresses should have func-
tional consequences, and sometimes this can be
shown to be true. In Drosophila, a moth testes-specific
b2 isotype resulted in the formation of 16 protofila-
ment microtubules characteristic of the moth (Raff et
al. 1997). In addition, overexpression of the Dro-
sophila b1 isotype results in axonemes with ten dou-
blets instead of nine (Raff et al. 2000). Thus, the
nature and quantity of isotypes available can influ-
ence microtubule architecture in an invertebrate. It
remains to be demonstrated that b tubulin isotypes
may influence function in vertebrates.
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LU Q, MOORE GD, WALSS C, LUDUEÑA RF. Structural and functional
properties of tubulin isotypes. Adv. Struct. Biol. 5:203–227,
1998.
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