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Abstract The sense of smell is perceived by olfactory re-
ceptor neurons (ORN) present in the olfactory epitheli-
um located in the posterosuperior aspect of the nasal
cavity. The axons of these ORN migrate to the olfactory
bulb (OB), forming a nervous layer on the outermost
part of the bulb, and finally synapse in glomerular struc-
tures in the OB. The ORN are unique in that they are
constantly being renewed throughout life. We character-
ized the defects in the nasal cavity and olfactory nervous
supply of Twirler (Tw) mice by histological and im-
munohistochemical means. Tw homozygotes have pre-
viously been shown to present with midfacial abnormali-
ties in the form of clefts of the lip and palate (Lyon,
1958; Gong et al., 2000). We found that in the Tw homo-
zygotes, the OB was abnormally shaped, the skeletal
framework underlying the OB was disrupted, and the
morphology of the nasal cavity was altered with poorly
defined nasal turbinates. Immunohistochemical staining
with antibodies that marked nerves in general (PGP 9.5)
and mature ORN (omp) in the olfactory epithelium at
two different embryonic stages and in newborn mice re-
vealed the stratification of the olfactory epithelium in
Tw homozygotes, albeit slightly thinner compared to
wildtype. A striking difference in the olfactory epithel-
ium was the lack of differentiation of the ORN in Tw
homozygotes and the reduced axonal input to the OB.
In Tw homozygotes at 14.5 days of embryonic develop-
ment, the presence of many mature ORN found ran-
domly in the mesenchyme suggests the loss of olfactory
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pathfinding cues to the OB. It is believed that the lack
of appropriate pathfinding cues observed in the Tw
homozygotes was responsible for the OB not having the
appropriate trophic effect on the development and
maturation of the ORN as had been observed in par-
tially bulbectomized animals. The defects in the Twirler
may prove to be a valuable system to analyze problems
in olfactory pathfinding and maturation.
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Introduction

The first neurons in the vertebrate olfactory pathway are
sensory cells located in the olfactory epithelium (OE)
in the posterosuperior aspect of the nasal cavity. The
olfactory epithelium is a pseudostratified columnar mu-
cosa with zones characterized by the location of the nu-
clei of the various OE cell types, the olfactory receptor
neuron (ORN), the sustentacular cells, and the basal
cells, overlying a lamina propria. Olfactory receptor cells
(ORN) are bipolar neurons with cell bodies in the olfac-
tory epithelium and are unique in that they are con-
stantly undergoing turnover even through adulthood
(Moulton et al., 1970; Graziadei and Metcalf, 1971;
Graziadei and Monti-Graziadei, 1978). Globose basal
cells, located at the base of the neuroepithelium, are the
self-renewing source of new ORN (Moulton et al., 1970;
Graziadei and Metcalf, 1971; Graziadei, 1973; Moulton,
1974; Graziadei and Monti-Graziadei, 1979; Caggiano
et al., 1994). The ORN synapse on the dendrites of mi-
tral cells and juxtaglomerular interneurons in globular
structures called glomeruli in the olfactory bulb (OB)
(reviewed in Farbman, 1991).

The main OB develops as an outpocketing of the ros-
tral end of the cerebral vesicles around the 12th day of
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embryonic development in mice. The OB initially com-
prises only two layers, and neuronal genesis occurs in
the highly cellular ventricular layer. The growing axons
of the olfactory nerves reach the OB soon after the bulb
forms and remain in contact with bulbar cells for 2 days
before actual synaptic specializations occur. Axons from
the ORN form a layer on the outermost part of this
telencephalic outpocketing, being separate yet apposed
to it. The first synapses in mouse olfactory bulb are seen
on the 14th embryonic day, between sensory axons and
mitral cell dendrites in the presumptive glomerular layer
of the OB. Beyond the 15th day of embryonic develop-
ment, there are many more axodendritic synapses in the
OB (reviewed in Farbman, 1991).

The sense of smell is perceived by receptors present
in the cilia of the ORN. Evidence from numerous
studies indicates that mammals have functional olfac-
tory systems at birth or shortly after birth; these sys-
tems are capable of discriminating a wide range of
odors (Shepherd, 1994; Buck, 1996). Olfaction drives
basic patterns of behavior in animals such as the
identification of food, enemies, and mating partners.
ORN detect odorants as chemical stimuli, transduce
and couple the information with the electrical prop-
erties of the neuron, and transmit this information to
the brain with optimal accuracy (Kinnamon and Get-
chell, 1991). In humans, olfactory disturbance is com-
mon (Jones and Rog, 1998).

The Twirler model has been described as a system to
analyze defects in midfacial growth (Gong et al., 2000;
Gong and Eulenberg, in press). All Tw homozygotes
have midfacial defects in the form of clefts of the palate
and lip. Clefts of the palate in these mutants have a con-
sistent shape and form, whereas clefts of the lip can be
uni- or bilateral, and complete or incomplete. Prelimi-
nary observations indicated that there were also defects
in the nasal cavity itself as well as in the development of
the olfactory bulb. This paper is an analysis of the de-
fects present in the olfactory system and the nasal cavity
of the Twirler model.

Methods

Animals

The origin and maintenance of the Tw have been described (Lyon,
1958; Gong et al., 2000). To obtain timed pregnant embryos, two
female mice were placed in the same cage with a male mouse over-
night. The next morning, the presence of vaginal plugs in female
mice was checked. If a vaginal plug was present, fertilization was
assumed to occur at midnight and the embryos were considered to
be 0.5 day in utero. The embryos were removed from euthanized
female mice by caesarian section. Newborn pups were removed
from their mothers within 12 h after birth. Genotyping of Tw mice
and pups was performed according to Gong et al. (2000).

The total number of embryos utilized for this study were: new-
borns: 3 litters, with 4 homozygotes; 16.5 dpc: 5 litters, with 6
homozygotes; and 14.5 dpc: 3 litters, with 5 homozygotes.

Tissue preparation

The craniofacial region of the mouse embryos and newborns were
fixed in Bouin’s fixative for a maximum of 24 h, rinsed in 70%
ethanol, and embedded in Paraplast. They were sectioned in differ-
ent planes at 8 mm thickness. Some of these sections were utilized
for immunohistochemistry and some for histological analysis. For
histology, regular hematoxylin and eosin stain was performed fol-
lowing standard protocols.

Immunohistochemical staining

Sections were first deparaffinized in xylene and hydrated in a series
of alcohol washes (100%, 95%, and 70%). The sections were
washed in phosphate-buffered saline (PBS) and normal blocking
solution (10% normal horse serum [NHS], 0.01% Saponin, 0.1%
BSA in 1¿ PBS) was added. After excess serum was blotted from
the sections, either anti-omp or -PGP 9.5 antibody (1:8000 dilution
of goat anti-rat antibody against omp [gift of F. Margolis, Univer-
sity of Maryland] or 1:5000 dilution of rabbit anti-human poly-
clonal antibody against PGP 9.5 [Ultraclone, UK]) was added and
left on overnight at 4 æC. The next day, the slides were washed and
the secondary antibody (for omp, 5% of biotinylated horse anti-
goat diluted in the 0.01% Saponin, 1.5% NHS, 1¿ PBS; for PGP
9.5, 5% of biotinylated goat anti-rabbit) was added to the sections
for 30 min at room temperature. After washing, the slides were
quenched in 0.3% hydrogen peroxide in absolute methanol fol-
lowed by amplification of the signal using Vectastain Elite ABC
(Vector Labs, California) and detection with diaminobenzidine
(DAB; 0.1%). A standard 5-min incubation time in the DAB was
used for all sections. After washing and dehydrating the slides in a
series of 70%, 95%, and 100% ETOH, they were mounted and
analyzed.

Results

Architecture of the olfactory bulb (OB) and nasal
cavity

Initial examination of the central nervous system (brain
and spinal cord) revealed no apparent difference in size
or gross organization among Tw homozygotes and the
wildtype littermates; the only difference between these
littermates was in the olfactory bulb (OB). Analysis of
OB in newborn Tw/Tw pups revealed their abnormal
shape (Fig. 1B, white arrows). Instead of ending in a
triangular cone at the rostral end of the cerebellar lobes
(Fig. 1A), one and sometimes both bulbs extended into
elongated tips (Fig. 1B, right bulb). The OB in the Tw/
Tw frequently protruded into the nasal cavity through
the ethmoid bone, readily observed in sagittal (Fig. 1D,
black arrow) and frontal sections (Fig. 2D). This pro-
trusion was accompanied by a breakage of the cribri-
form plate (Fig. 2, arrow in Fig. 2D). The presence of
the unilateral cleft of the lip was evident (arrow in Fig.
2B) as observed in all Tw homozygotes (Gong et al.,
2000).

The Tw mutation affected the shape and structure of
the nasal cavity. In addition to clefts of the secondary
palate observed in all Tw/Tw mice (asterisks in Fig. 2D
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Fig. 1 Olfactory bulbs of newborn mice. The two olfactory bulbs
(OB) of wildtype newborn mice (A) present as two lobes rostral to
the cerebellar lobes. In Tw/Tw mice, the bulbs appeared irregular
and asymmetrical in shape (arrows in B). In sagittal sections across
the craniofacial region of wildtype (C) and Tw/Tw newborns, the
OB protruded anteriorly into the nasal cavity (arrow in D).

and F, Fig. 4D; Gong et al., 2000; Gong and Eulenberg,
in press), there were severe alterations in the morphology
of the nasal cavity in these mice. Instead of the normal
architecture of three distinct and well-defined superior,
middle, and inferior turbinates of the nasal cavity in
wildtype mice (Fig. 2A), the turbinates in Tw/Tw were
not clearly defined. The turbinates in Tw homozygotes
were often present as ill-defined masses of tissues espe-
cially toward the posterior part of the nasal cavity. The
disruption in the nasal cavity occurred concomitant with
disruptions in the shape and development of the second-
ary palate previously described (Gong et al., 2000; Gong
and Eulenberg, in press). The nasal septum in the mu-
tant mice appeared more bulbous at the lower end where
it should have fused with the secondary palate. The vo-
meronasal organ appeared normal and similar to those
observed in normal littermates.

Distribution of olfactory nerves in the OB

The disruption of the nasal cavity and OB in Tw/Tw
mice led to the suspicion that the olfactory nerves would
be affected in these mice. In order to characterize the
distribution of nerves in the craniofacial region of Tw/
Tw mice, immunohistochemistry with the Protein Gene
Product 9.5 (PGP 9.5) and olfactory marker protein
(omp) antibodies was performed on sections through the
craniofacial region of the Tw/Tw at different stages of
development. The polyclonal antibody against PGP 9.5
(Ultraclone Ltd, UK) will stain neuronal cell bodies and
axons in the central and peripheral nervous system
(Thompson et al., 1983; Wilson et al., 1988). The ability
to synthesize a specific protein, the olfactory marker
protein (OMP), is an important attribute of olfactory
neurons (Margolis, 1972, 1975; Monti-Graziadei et al.,

Fig. 2 Histological sections through the nasal cavity of wildtype
and Tw/Tw newborn mice. Horizontal sections through the level
of the orbit in newborn wildtype (A) and Tw/Tw (B) mice and
coronal sections through the anterior third of the craniofacial re-
gion of wildtype (left panels) and Tw/Tw (right panels) mice. Note
the presence of a cleft of the lip in Tw/Tw mice (arrow in B). The
general shape and structure of the nasal cavity in wildtype mouse
looked relatively regular and symmetrical; the superior (S), middle
(M), and inferior (I) turbinates are well defined and regularly
shaped (C). In the Tw/Tw mice, the structure of the nasal cavity is
irregularly shaped with no distinct turbinates and protrusion of left
olfactory bulb through the bony roof of the nasal cavity (white
arrow in D). In sections through two different frontal planes of the
nasal cavity of wildtype mice (C and E) and Tw/Tw mice (D and
F), the irregularity of the shape and size of the nasal turbinates in
Tw/Tw was obvious especially in D. The presence of the cleft of the
secondary palate was also observed (asterisks in B and F). The
vomeronasal organ appeared similar in both wildtype and Tw/Tw
mice.

1977). OMP has been shown to be present only in the
olfactory neuroepithelium and in the olfactory bulb of
many vertebrates and is restricted to all parts of the dif-
ferentiated ORN. OMP does not appear until embryonic
day 14 in mouse. By day 16.5 there are significantly in-
creased numbers of mature olfactory neurons, with an
increased OMP staining.

In normal mice, afferent axons of ORN located in the
olfactory epithelium penetrate the basal lamina of the
olfactory epithelium in the nasal cavity and aggregate
into fasciculi. These tracts of nerve bundles pass through
foramina in the cribriform plate (black arrows in Figs
3C and 4A) immediately above the olfactory mucosa to
terminate within the OB. The olfactory nerves enter the
olfactory bulb to form the olfactory nerve layer in the
olfactory bulb, the site of the first synaptic interactions
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Fig. 3 Nervous supply in the olfactory bulb. Immunohistochemical
staining with antibodies against olfactory marker protein, omp (A–
D), and PGP 9.5 (E and F) on sagittal sections of wildtype (left
panels) and Tw/Tw (right panels). A, B: 4¿ ; C–F: 50¿ magnifi-
cation. In wildtype mice, the outermost layer of the OB is covered
with a layer of ompπ cells, the axons of the olfactory neurons
that terminate in glomerular structures (white arrows in C). The
olfactory epithelium in the nasal cavity contains ORN that are
reactive to the omp antibody (A and B). Tracts of the ORN pass
through foramina in the cribriform plate of the ethmoid bone
(black arrows in C). Unlike wildtype mice, there is no distinct layer
of axons of olfactory neurons in the outermost layer of the OB.
Instead, the axons are scattered randomly in the mesenchyme (ar-
row in D). The OB appears as a layered structure due to the ar-
rangement of different neuronal types in wildtype embryo (E). The
layered structure is not so apparent or ordered in Tw/Tw mice (F).

in the olfactory pathway (Fig. 3C). The OB appeared as
a layered structure due to the arrangement of different
neuronal types in each layer (Fig. 3E). Many of these
axons connect with the dendrites of mitral cells to form
spherical structures called glomeruli (white arrows in
Fig. 3C).

In the Tw/Tw, the olfactory nerves were not organized
into distinct tracts or fasciculi. Instead, the nerves in
these newborn mice appeared loosely packed and scat-
tered in the mesenchyme of the nasal cavity (arrows in
Fig. 3D and Fig. 4B) or present as clumps of fibers (ar-

Fig. 4 Distribution of olfactory nerves in 14.5 and 16.5 dpc em-
bryos. The distribution of olfactory nerves as marked by their posi-
tive immunoreactivity with the antibody against omp in 14.5 dpc
embryos (top panels; sagittal sections) and 16.5 embryos (bottom
panels; coronal sections) of wildtype (left panels) and Tw/Tw (right
panels). In wildtype embryos, axons from ORN in the olfactory
epithelium aggregate into bundles to penetrate foramina in the
cribriform plate (arrows in A) to form a layer in the outermost
part of the OB (A, C). In the Tw/Tw embryo, olfactory nerves
from the olfactory epithelium appear randomly scattered in the
mesenchyme of the nasal cavity (arrow in B). In these embryos,
some fasciculi reached the OB on its underside (B, D) and medial
surface (D). Some of the bundles accumulated in the mesenchyme
just below the OB (D). The secondary palate in the Tw homozygote
is clefted (asterisk in D).

rows in Fig. 4D). As the cribriform plate was frequently
disrupted in these animals, the olfactory nerves did not
appear to penetrate any obvious bony structures or fo-
ramina in the cribriform plates. In addition to the ran-
dom distribution in the nasal region, very few of these
nerves appeared to reach the OB. This resulted in a re-
duced layer of olfactory nerve in the OB in the newborns
compared to that of the wildtype (compare Fig. 3C and
3D). The different layers of the OB that were distinct in
the wildtype embryos were not apparent in the Tw/Tw
embryos. Not only were the glomerular layer virtually
nonexistent (Fig. 3D), the mitral cells appeared to be
scattered over the entire surface of the OB (Fig. 3F). As
the olfactory axons terminate within a glomerulus,
where they synapse upon mitral, juxtaglomerular, and
periglomerular neurons, it is assumed that fewer
synapses were formed in these mutant mice.

Olfactory epithelium

To analyze the development of the olfactory receptor
neurons (ORN), we performed histological analysis with
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hematoxylin and eosin, immunostaining with the PGP
9.5 and omp antibodies on embryos at 14.5 and 16.5
days of development and on newborn pups. By day 14
of development, it was possible to detect differentiation
and layering of nuclei within the olfactory epithelium, a
simple neuroepithelium comprising cell populations dis-
tinguishable by their morphology and laminar position
(basal cells, olfactory neurons, and sustentacular cells;
Graziadei and Monti-Graziadei, 1978, 1979). This strati-
fication of about 8 – 9 layers thick was already evident in
the olfactory epithelium of wildtype embryos at 14.5
days of development (Fig. 5A). There was a distinction
between the elongate, heterochromatic nuclei at the apex
and the more rounded and euchromatic ones situated
more deeply, all of which were arranged in columns per-
pendicular to the epithelial surface with no sharply de-
fined boundaries. Cells in the middle layer of cells con-
tained ORN at different stages of maturation and
stained positive for the PGP 9.5 antibody (Fig. 5C).

Fig. 5 Phenotype of olfactory epithelium in 14.5 dpc mice. Sagittal
sections through the olfactory epithelium (oe) of 14.5 dpc wildtype
(left panels) and Tw/Tw embryos (right panels). The nasal cavity is
toward the top and the lamina propria, the bottom. E and F are
at higher magnification (50¿ ). A–B Hematoxylin and eosin (H&
E) stained sections. A Epithelial supporting or sustentacular cells
(sc) form one layer on the apical side of wildtype mature olfactory
epithelium. The basal cells (bc) are the progenitors of the olfactory
neuron lineage and are found on the basal side of the epithelium.
Olfactory receptor neurons (ORN) are found between these two
layers as evidenced by their immunoreactivity to the PGP 9.5 anti-
body (C and D). Contained amongst these cells are some that are
fully differentiated with their dendrites and are therefore ompπ (E).
In contrast, in the wildtype olfactory epithelium, the layer of the
epithelium is slightly thinner, about 6 layers thick. The layer of
ORN is thinner (D) and contained amongst them are mature ORN
with dendrites scattered randomly in the epithelium.

E14.5 is the first stage at which mature ORN were first
observed in large numbers in wildtype embryos (Farb-
man and Margolis, 1980). Maturation of the olfactory
neuroepithelium is paralleled by a progressive increase in
the number of neurons containing the olfactory marker
protein (Margolis, 1972, 1988) and olfactory cilia (Chu-
ah et al., 1985). Therefore, within this middle layer of
cells, a few of the ORN were mature as evidenced by
their reactivity to the omp antibody. When the olfactory
epithelium of 14.5 dpc Tw/Tw embryos was compared
to that of their wildtype littermates, the olfactory epi-
thelium appeared slightly thinner (about 6 layers thick
compared to the 8 – 9 layers found in wildtype; Fig. 5B
and D). Mature ORN with their cilia appeared numer-
ous in the homozygotes; these ORN were scattered
throughout the epithelium, unlike those in the wildtype,
with a few ORN present in the mesenchyme (Figs 4B
and 5D).

By 16.5 dpc in wildtype embryos, the rounded nuclei
of the developing receptors contrasted with the more
elongate forms of the embryonic stem cells (Fig. 6A, C,
E). The middle layer of the epithelium in wildtype em-
bryos had become more mature and differentiated com-
pared with an earlier stage (14.5 dpc), with the cells in

Fig. 6 Phenotype of olfactory epithelium in 16.5 dpc mice. The
sections are oriented and organized the same way as in Fig. 5. In
the H&E-stained sections, the difference between the wildtype (A)
and Tw/Tw is visible with the ORN maintaining the bulbous shape.
In wildtype embryos, the ORN are slightly rounded (A, C), becom-
ing more mature compared to an earlier age, less rounded. ORN
did not appear to have undergone the differentiation process and
are short and bulbous. Some of these ORN are immunoreactive
with the omp antibody. oe Ωolfactory epithelium; scΩ sustentacu-
lar cells; bcΩbasal cells; deΩdendrites.
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Fig. 7 Phenotype of olfactory epithelium in newborn mice. The
sections are oriented the same way as in Fig. 5. At birth, the olfac-
tory epithelium basically retained the same kind of pattern that
was observed in 16.5 dpc embryos. The olfactory epithelium was
thinner in the Tw homozygotes with the ORN less differentiated
than those of wildtype. The distribution of ompπ was scattered
unevenly throughout the epithelium with some parts having more
(H) and other parts less (F). scΩ sustentacular cells; bcΩbasal
cells.

this layer becoming more heterochromatic, less rounded,
and immunoreactive with the omp antibody (Fig. 6A, C,
E). In the Tw/Tw embryos, the ORN did not appear to
have undergone the differentiation process of becoming
elongated, maintaining the rounded shape and euchro-
matism of ORN present in younger embryos (Fig. 6B,
D, F). Some ORN in the olfactory epithelium of Tw
homozygotes were ompπ, exhibiting strong immuno-
reactivity with the antibody especially in the perikarya
continuing into dendrites that reached the epithelial sur-
face; these ORN, when compared to the ORN in their
wildtype littermates, were much fewer and bigger in size
(Fig. 6F). At birth, the olfactory epithelium basically
retained the same kind of pattern that was observed in
16.5 dpc embryos. The olfactory epithelium was thinner
in the Tw homozygotes with the ORN less differentiated
than those of wildtype. The distribution of ompπ was

scattered unevenly throughout the epithelium with some
parts having more (Fig. 7H) and other parts less (Fig.
7F).

Discussion

The olfactory epithelium undergoes constant regenera-
tion, with self-renewal from a stem cell that gives rise to
new ORN. We have used both the simple layered organi-
zation and the immunohistochemical reactivity to two
well-characterized antibodies of the olfactory epithelium
to facilitate the histological identification and to assess
their different stages of development. We chose to ana-
lyze embryos starting at 14.5 days of development due
to the fact that the first synapses between sensory axons
and mitral cell dendrites in the OB are seen on the 14th
embryonic day.

The disruption in the OB appeared to be much more
visible at birth, with severe alterations in their shape and
size. This was in contrast to the younger staged embryos
where the OB appeared relatively normal in size and
shape. Similarly, the defects in the skeletal structures of
the cranial base under the OB were more severe in new-
born pups compared to embryos. This begs the question
of whether the defects in the skeletal structures were
present prior to the development of the OB, leading to
the abnormal development of the OB, or whether it was
due to the abnormal development of the OB that pre-
vented normal development of the bony components.
We suspected that it was due to the latter because of the
fact that abnormal development of the ethmoid bone
was not observed in younger embryos. One could specu-
late that the OB developed abnormally in Tw homozy-
gotes due to missing intrinsic cues resulting from the Tw
gene mutation; the abnormally shaped olfactory bulb
subsequently caused the surrounding skeletal structures
to be abnormally formed.

The olfactory innervation was altered in the Twirler
mice with a reduced number of connections in the olfac-
tory bulb. In mutant embryos at 14.5 days, many mature
ORN, as evidenced by their positive immunoreactivity
to the omp antibody, appeared to be found randomly all
over the mesenchyme compared to those in the wildtype
littermate. Since the first synapses are in the process of
being formed during this period, it is likely that many
of these axons had problems reaching their target, the
OB, at this early stage. The lack of guidance of the axons
in migrating to the OB could be due to a lack of guid-
ance molecules. In this regard, it is interesting to note
that semaphorins and their receptors have been iden-
tified as putative molecular cues involved in olfactory
pathfinding (Pasterkamp et al., 1999; Williams-Hogarth
et al., 2000). Most studies have indicated a chemorepul-
sive role for the semaphorins for axon pathfinding,
branching, or targeting (Mark et al., 1997). It is possible
that in the Tw homozygous mice, some semaphorins
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and/or other molecules may not be providing the right
signals for the axons in their migratory pathways to the
OB. Until the localization and expression of members of
the semaphorin family and/or their receptors has been
performed in the craniofacial and central nervous sys-
tem of Tw/Tw mice, the role of these genes in olfactory
pathogenesis in Tw mice remains purely speculative.

By 16.5 dpc, fasciculation of the axons in the mesen-
chyme in both homozygotes and wildtype mice was
more obvious, although in the homozygotes, the pattern
was not in as orderly a manner as those in the wildtype
littermates. Again, the number of axons reaching the
outer layer of the OB was much reduced in most places
in the Tw homozygotes and the axons did not appear to
make synapses with the mitral cells as evidenced by a
lack of glomerular layer in the OB. It thus appears that
the ORN in the Tw homozygotes did not make contact
with the OB. In addition, the ORN in the Tw homozy-
gotes developed initially, but differentiation of these neu-
rons did not keep pace with those of the wildtype lit-
termates. This was in contrast to mice in whom the
Mash1 gene was disrupted where the numbers of ORN
generated during development were greatly reduced
(Guillemot et al., 1993, 1995). In the Tw/Tw mice, the
number of layers of cells in the olfactory epithelium, al-
though thinner, was still evident, but the ORN were im-
mature and undifferentiated. The disruptions in the OB
and the ORN in the olfactory epithelium appear to be
interconnected. In the olfactory system, there are devel-
opmental interactions between the sensory neurons in
the nasal cavity and their target, the OB (Farbman,
1988). The final maturation of the ORN in the epitheli-
um depends on proper influence of the OB as it has been
shown that formation of cilia, where the receptive ap-
paratus of the ORN is located, was completed only after
the axons reached the bulb (Cuschieri and Bannister,
1975). In the chronic absence of the bulb, the epithelium
remains thinner than normal with a marked reduction
in the number of ORN that express the omp, indicating
that average neuronal life span was reduced in the ab-
lated side, and that, therefore, the ORN are trophically
dependent on the presence of the bulb for their pro-
longed survival (Monti-Graziadei, 1983; Verhaagen et
al., 1990; Schwob et al., 1992). The olfactory phenotype
of the Tw mice appeared to represent partial bulbectomy
where stratification of the olfactory epithelium was still
present, albeit less distinct, and fewer of the ORN were
mature and differentiated. The fact that the axons at an
early age (14.5 dpc) were remiss in getting to their target
would be similar to a partial bulbectomy.

It is expected that the olfactory defects in the Tw/Tw
would lead to some kind of olfactory function deficits.
Assays of olfactory function unfortunately cannot be
performed on the Tw homozygotes as they die soon
after birth. It is thus not possible to ascertain directly
whether the observed differences in distribution of omp
and PGP 9.5 in the axons and cell bodies of ORN and

changes in cell morphology of the olfactory epithelium
of Tw/Tw are secondary to the craniofacial malfor-
mations associated with the Tw mutation. Perhaps more
sophisticated physiological assays can be used on cul-
tures of olfactory harvested from Tw/Tw embryos to test
for olfactory function tissues (use of olfactory cultures
reviewed in Calof et al., 1995).

Are the defects present in other parts of the midface
related to the olfactory defects in the Tw mice? The pri-
mordium of the olfactory organ is the olfactory placode,
from which many structures of the midface, including
the primary and secondary palates, develop. All Tw
homozygotes also present with clefts of the lip and pal-
ate. Tw heterozygotes and homozygotes, in addition,
have defects in inner ear development (Lyon, 1958; per-
sonal observations). The defects in these mice represent
alterations in the morphology of the midface, e.g. clefts
of the lip and palate, and the shape of the inner ear, e.g.
abnormally shaped semicircular canals and cochlea. The
defects all appeared to arise from a lack of signals regu-
lating the changes during development such as fusion of
the facial processes during midfacial morphogenesis.
The cloning of the Tw gene will help to reveal the
mechanism(s) that operate during the development of
the midface, the olfactory circuitry, and the inner ear. In
this light, it is interesting to note the existence of some
human conditions that resemble to some extent the
phenotype observed in Tw/Tw mice, e.g. two male
humans have been identified that had hypoplasia of the
nose and eyes, together with hyposmia, hypogeusia, and
hypogonadism (Bosma et al., 1981).

The identification of a number of factors and mol-
ecules that regulate proliferation, differentiation, and re-
newal of ORN and their precursors suggest that there
are multiple developmental stages that may serve as con-
trol points for the proper generation of the right cell
number, maturation, and axonal migration and guid-
ance of the ORN. The Twirler mice can provide another
model system to evaluate the developmental events that
lead to maturation and pathfinding of these ORN.
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