
Abstract Compartmentalization of β-tubulin isotypes
within cells according to function was examined in ger-
bil olfactory and respiratory epithelia by using specific
antibodies to four β-tubulin isotypes (βI, βII, βIII, and
βIV). Isotype synthesis was cell-type-specific, but the 
localization of the isotypes was not compartmentalized.
All four isotypes were found in the cilia, dendrites, som-
ata, and axons of olfactory neurons. Only two isotypes
(βI and βIV) were present in the cilia of nasal respiratory
epithelial cells. The βIV isotype, thought to be an essen-
tial component of cilia, was present in olfactory neurons
and respiratory epithelial cells, which are ciliated, but
was not found in basal cells (the stem cells of olfactory
sensory neurons, which have no cilia). Olfactory neurons
therefore do not synthesize βIV-tubulin until they mature,
when functioning cilia are also elaborated. The failure to
observe compartmentalization of β-tubulin isotypes in
olfactory neurons sheds new light on potential functions
of the β-tubulin isotypes.
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Introduction

Microtubules perform a variety of functions in the eu-
karyotic cell, including providing cell form and rigidity
and facilitating the transport of organelles. Microtubules
consist of heterodimers of α- and β-tubulin. The seven
β-tubulin isotypes in mammals (βI, βII, βIII, βIVa, βIVb,
βV, and βVI) are among the most highly conserved pro-
teins known (Ludueña 1998). Nevertheless, the isotype-
specific sequence differences are also highly conserved,
which suggests that there are important functional differ-
ences between the isotypes.

The multi-tubulin hypothesis (Fulton and Simpson
1976) proposes that the isotypes have specific functional
roles. Consistent with this idea, different cell types have
been found to synthesize different isotypes even within
the same tissue (Roach et al. 1998; Hallworth and 
Ludueña 2000). However, little is known about the func-
tions of the seven isotypes, except that the βIV isotype
appears to be associated with axonemal microtubules
and with actin stress fibers (Renthal et al. 1993; Lu et 
al. 1998; Roach et al. 1998; Walss-Bass et al. 2001). If
β-tubulin isotypes have specific functional roles, they
may be sequestered to different compartments of the
same cell according to function.

In olfactory epithelia, microtubules exist in discrete
populations (Burton 1992). For example, olfactory neu-
rons have four identifiable microtubule compartments
(cilium, dendrite, soma, and axon; Graziadei 1973), each
of which may have microtubules with different func-
tions. Olfactory cilia contain the 9+2 arrangement of 
axonemal microtubules but are not motile. Within the
dendrite, microtubules are longitudinally arranged. The
dendrite, soma, and axon of the olfactory neuron each re-
present potentially distinct compartments for microtu-
bules. Bordering the olfactory epithelium is the respira-
tory epithelium, whose cells bear motile cilia with an en-
tirely different function from that of the olfactory cilia.
The varied microtubule populations in olfactory and res-
piratory epithelia therefore offer an excellent opportunity
to test this aspect of the multi-tubulin hypothesis.

This work was supported by NIH grant CA26376, US Army grant
DAMD17-98-1-8246, and Welch Foundation grant AQ-0726 to
R.F.L., and NIH grant DC02053 to R.H. Purchase of the confocal
microscope used in this study was made possible by grants from
the Taub Foundation and the Nebraska Health Futures Foundation

K. Woo
The Medical School, 
University of Texas Health Science Center at San Antonio,
San Antonio, TX 78229-3900, USA

H.C. Jensen-Smith · R. Hallworth (✉ )
Department of Biomedical Sciences, Creighton University, 
Omaha, NE 68178, USA
e-mail: hallw@creighton.edu
Tel.: +1-402-2803057, Fax: +1-402-2802690

R.F. Ludueña
Department of Biochemistry, 
University of Texas Health Science Center at San Antonio,
San Antonio, TX 78229-3900, USA

Cell Tissue Res (2002) 309:331–335
DOI 10.1007/s00441-002-0591-2

S H O R T  C O M M U N I C AT I O N

Karen Woo · Heather C. Jensen-Smith
Richard F. Ludueña · Richard Hallworth

Differential synthesis of β-tubulin isotypes in gerbil nasal epithelia

Received: 5 November 2001 / Accepted: 29 April 2002 / Published online: 27 June 2002
© Springer-Verlag 2002



Materials and methods

The synthesis of β-tubulin isotypes was examined by using indi-
rect immunofluorescence microscopy in frozen sections of gerbil
olfactory and respiratory epithelium. Adult gerbils (22 days old or
older) were anesthetized with Nembutal and cardiac-perfused with
formaldehyde that had been freshly prepared by dissolving 4%
paraformaldehyde in phosphate-buffered saline (PBS). After de-
capitation, the dorso-posterior nasal epithelium of the gerbil was
dissected away from the septum, rinsed in PBS, cut into strips,
equilibrated in 30% sucrose in PBS as a cryoprotectant, and 
quickly frozen in O.C.T. (Tissue-Tek, Miles Laboratories, Elkart,
Ind., USA). Transverse sections (10 µm thick) were prepared on a
cryostat (Leica Microsystems, Bannockburn, Ill., USA). Sections
were blocked and permeabilized in PBS containing 1% bovine se-
rum albumin (BSA), 0.25% Triton-X100, and 5% normal goat se-
rum and then rinsed in PBS plus 0.1% BSA. Sections were labeled
with primary mouse monoclonal antibodies specific for each 
β-tubulin isotype, rinsed, and labeled with secondary antibody,
viz., goat anti-mouse IgG coupled to fluorescein isothiocyanate
(Sigma, St. Louis, Mo., USA) or to Alexa 488 (Molecular Probes,
Eugene, Ore., USA). Sections were sealed under coverslips on
glass slides in 50% PBS:50% glycerol containing 1% n-propylgal-
late. All sections were examined on an Axioskop II epifluores-
cence microscope (Carl Zeiss Jena, Jena, Germany). Images were
acquired digitally by using a Spot RT digital camera (Diagnostic
Instruments, Sterling Heights, Mich., USA). Confocal images
were obtained on a Radiance 2000 confocal microscope (Bio-Rad,
Hercules, Calif., USA) or an Eclipse 800 epifluorescence micro-
scope (Nikon Instruments, Kawasaki, Japan).

The isotype-specific antibodies had previously been prepared
against an epitope unique to the C-terminus of that isotype 
(Banerjee et al. 1988, 1990, 1992; Roach et al. 1998). Since the 
C-termini of βIVa and βIVb are virtually identical, the anti-βIV
antibody is unable to discriminate between them. Positive con-
trols were performed by using the same procedures as above but
with a non-isotype-specific antibody against β-tubulin (Sigma).
Negative controls were performed by omitting the primary anti-
body.

For immunoblotting, strips of nasal epithelium were removed
from anesthetized and decapitated gerbils and homogenized in
SDS sample buffer. Approximately 18 µg of protein was loaded
onto each lane of a 8% poly-acrylamide TRIS-glycine gel (Gradi-
pore, French’s Forest, N.S.W., Australia), and this was run at
150 V for 90 min in SDS electrophoresis buffer. The proteins were
then transferred to nitrocellulose sheets soaked in chilled TRIS-
glycine/methanol transfer buffer. Lanes were cut into strips for la-
beling with the β-tubulin isotype antibodies or with a non-isotype-
specific antibody against β-tubulin (Sigma). The strips were rinsed
in TRIS-buffered saline (TBS) with 0.1% Tween, blocked in 2%
powdered milk in TBS, and exposed to one of the five primary an-
tibodies overnight at 4°C. After being rinsed, the strips were incu-
bated in anti-mouse IgG conjugated with biotin-horseradish perox-
idase (Cell Signaling Technology, Beverly, Mass., USA) in block-
ing buffer for 1 h at room temperature. Strips were then rinsed and
treated with Luminol reagent (Santa Cruz Biotechnology, Santa
Cruz, Calif., USA). After again being rinsed, the protein strips
were wrapped in plastic and exposed to XAR5 scientific imaging
film (Kodak, Rochester, N.Y., USA).

Preservation of olfactory cilia in frozen sections was achieved
only with great difficulty, whereas the more robust cilia of the res-
piratory epithelium were usually well preserved. Most often, ol-
factory cilia were seen only in truncated form. As a supplementary
approach to identifying the isotypes expressed in sensory cilia, we
obtained confocal microscopic images of labeled sections at high
magnification. The images obtained demonstrated clear, albeit
shortened, processes emanating from dendritic knobs, consistent
with olfactory cilia (see below).

Animal care and handling was performed according to ap-
proved protocols of the University of Texas Health Science Center
at San Antonio and Creighton University School of Medicine In-
stitutional Animal Care and Use Committees.

Results

Western blots of nasal epithelia indicated that labeling
for β-tubulin isotypes was restricted to a single band of
molecular weight of approximately 50 kDa (Fig. 1),
close to the molecular weight of β-tubulin (Ludueña
1998).

The olfactory epithelium consists of a pseudo-strati-
fied layer of round cell bodies. The lowest layer of cell
bodies consists of basal cells, which are the stem cells
for olfactory neurons. The middle layer consists of the
somata of mature olfactory neurons. Each neuron sends a
dendritic process to the epithelial surface and an axonal
process to the olfactory bulb. Long sensory cilia arise
from a small swelling at the apical surface of the den-
drite. Above the neuronal somata are the somas of sup-
porting cells, whose processes span the epithelium and
intercalate between the neurons. The adjacent respiratory
epithelium consists of a thin uniform layer of epithelial
cells bearing multiple short cilia.

In the olfactory epithelium, label for βI-tubulin was
found in the olfactory neurons and basal cells (Fig. 2A).
The label consisted of a bright irregular strip along the
apical surface of the epithelium, apparently representing
olfactory cilia. Supporting cell perikarya, the most super-
ficial layer of somata, were unlabeled. Fine strands of la-
bel were seen perpendicular to the cilia layer, probably
representing the dendrites of olfactory neurons. Deeper
in the epithelium, labeling was evident in the perikarya
of olfactory neurons and basal cells. Irregularly shaped
bundles of bright label, probably representing the axons
of olfactory neurons, were present below the epithelium.

In the respiratory epithelium (Fig. 2B), labeling for
βI-tubulin was strongest in the cilia layer. Only back-
ground levels of label were seen in the rest of the respi-
ratory epithelium.

On examination under the confocal microscope, label-
ing for βI-tubulin could be seen in fine processes ema-
nating from the dendrites of sensory neurons (Fig. 2C,
arrow). These appeared to be truncated olfactory cilia,
which confirmed the impression obtained from light-
microscope observation that cilia were labeled.

In the olfactory epithelium, the labeling pattern for
βII- and βIII-tubulin was essentially identical to that for
βI-tubulin. Label was seen in olfactory neurons and in
basal cells and not in supporting cells. In olfactory neu-
rons, label was found in axons, perikarya, dendrites, and
(by confocal inspection) in cilia. However, in the respira-
tory epithelium, no labeling for βII- or βIII-tubulin was
detected. Thus, for both βII- and βIII-tubulin, there was
an abrupt transition from label in the thicker olfactory
epithelium to the absence of label in the thinner respira-
tory epithelium (Fig. 2D, E).

In the respiratory epithelium, label for βIV-tubulin
was found strongly in the cilia but not in the perikarya
(Fig. 2F) in essentially the same pattern as that for 
βI-tubulin. In the olfactory epithelium, however, label for
βIV-tubulin was observed in the cilia, perikarya and den-
drites of olfactory neurons (Fig. 2G). In the deeper layers
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of the sensory epithelium, label was strikingly absent
from the perikarya of cells in the basal cell layer but was
present in the axons. Thus, βIV-tubulin was the only iso-
type not observed in basal cells.

Discussion

In its original formulation, the multi-tubulin hypothesis
(Fulton and Simpson 1976) envisaged specific functions
for each isotype. The complexity of the isotype synthesis
patterns that have so far been observed, in which even
cells of similar function in the same organ express differ-
ent isotypes (Roach et al. 1998; Hallworth and Ludueña
2000; B. Perry, H. Jensen-Smith, R. F. Ludueña, R. Hall-
worth, in preparation), seemingly refutes this form of the
hypothesis. Here, we have examined whether cells might
sequester different isotypes to different pools in the same
cell, the olfactory neuron, for functional reasons. How-
ever, olfactory neurons were found to express all four
studied isotypes (βI, βII, βIII, and βIV-tubulin) in all com-

partments. In contrast, respiratory epithelial cells selec-
tively synthesize only two of the four β-tubulin isotypes
examined, viz., βI and βIV.

We have not seen label for any β-tubulin isotypes in
supporting cells. Undoubtedly, these cells have at least
some microtubules, although they may be few in num-
ber. The isotypes found in basal cells do not include one
found in olfactory neuron somas, viz., βIV-tubulin. Be-
cause basal cells develop into olfactory neurons, βIV
gene expression in olfactory sensory neurons appears to
coincide with the appearance of cilia. βIV-Tubulin is 
apparently a common feature of cilia. The presence of
βIV-tubulin in axonemes is also consistent with the pre-
diction of Raff et al. (1997) who have postulated that, for
a β-tubulin isotype to be in an axonemal microtubule, it
must have the sequence EGEFEEE near its C-terminus.
βIV-Tubulin (both βIVa and βIVb) is the only vertebrate
isotype that contains this sequence (Ludueña 1998). In
the axoneme of rod outer segments, βIV-tubulin has been
found but not βII- or βIII-tubulin (βI-tubulin was not test-
ed; Renthal et al. 1993). In vestibular hair cells, both βI-
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Fig. 1 Western blots showing
immunolabeling of gerbil nasal
epithelial tissue with an anti-
body to β-tubulin (right) and
the isotype-specific β-tubulin
antibodies used in this study
(lanes 2–4). Marker Sample of
protein standards with molecu-
lar weights indicated left



and βIV-tubulin are found in cilia (B. Perry, H. Jensen-
Smith, R. F. Ludueña, R. Hallworth, in preparation). 
βIV-Tubulin has been localized by immuno-electron mi-
croscopy to the axonemal microtubules of bovine retinal
rod cells and bovine tracheal cilia (Renthal et al. 1993).
It is also the only isotype that has been found in oviduct
epithelial cilia (Roach et al. 1998) and appears to be the
major isotype in mouse sperm flagella (Lu et al. 1998).
This isotype, which seems to be essential for cilia and
flagella, is apparently synthesized in the olfactory epi-
thelium only when the basal cell matures into a sensory
neuron and synthesizes cilia. It is likely that, during the
developmental program of the olfactory neuron, βIV syn-
thesis may be initiated only when it is needed for the
synthesis of cilia. The presence of the βIV isotype could
therefore function as a useful marker for the transition
from basal cell to sensory neuron.
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