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Abstract

Odorant signal transduction and neurogenesis are fundamental properties of the olfactory epithe-
lium. Many preparations have been used to elucidate some of the mechanisms underlying these
properties. In this article, we briefly review these research areas and describe some of the techniques
used to obtain the data. We focus specifically on the cell-culture paradigm and the data obtained from
various immortal cell lines in their attempts to reconstruct the olfactory epithelium in vitro.

Index Entries: Olfactory epithelium; odorant receptor; olfactory receptor neuron; neurogenesis;

cell lines; cell culture.

Introduction

The olfactory epithelium is the prime focus for
two areas of experimental research. The first
concerns the mechanisms that exist for discrimi-
nation of odor quality. This includes the physiol-
ogy of the olfactory receptor neuron, the
molecular events surrounding odorant binding,
the factors that affect neuronal projections to the
olfactory bulb, and the interpretations that can
be made following olfactory receptor neuron
activation. The second area of research reflects a
unique property of the olfactory epithelium,
namely its ability to undergo continual neuroge-
nesis. This postnatal neurogenesis, and the
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accessibility of the olfactory epithelium for in
vitro culture, provides an ideal opportunity to
investigate neuronal development and regenera-
tion. This article summarizes the molecular
events underlying olfactory signal transduction
and olfactory neurogenesis before focusing on
the different preparations of the olfactory epithe-
lium and how they can be used to further our
understanding of olfactory neurobiology.

Olfactory Signal Transduction

Over the last two decades, the application of
molecular biological techniques to neuroscience
has exploded. Specifically, in olfaction, we have
seen cloning of the members of the signal-trans-
duction cascade (Fig. 1), including the odorant
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Olfactory signal transduction. In the cilia of an olfactory receptor neuron, an odorant binds to a 7-

transmembrane-spanning domain odorant receptor. Binding of the odorant to the receptor leads to activation
and dissociation of the Gowlf G-protein subunit from the By complex. The activated Gowolf stimulates the Type Il
adenylate cyclase, which converts ATP into cAMP. In turn, cAMP opens the cyclic-nucleotide gated (CNG) ion
channel and cation entry through the ion channel causes the cell to depolarize. Depolarization results in the
generation of an action potential that is propagated along the axon to a synapse in the olfactory bulb.

receptors, Gowlf, a type III adenylate cyclase,
and multiple subunits of the olfactory cyclic-
nucleotide gated (CNG) ion channel (1-7). It is
believed that one member of the odorant-recep-
tor gene family is expressed in a single olfac-
tory-receptor neuron (8) and following odorant
binding to this receptor, activation of the G-pro-
tein-mediated signal-transduction pathway
ensues. Activation of this pathway results in an
increase in cAMP that in turn activates the
cation-permeable CNG channel and causes
depolarization (9-11). This excitation is carried
along the axon of the olfactory-receptor neuron
to the point of the first synapse in the olfactory
bulb, where all neurons expressing a single
receptor species converge on a small number of
glomeruli (12,13).

In addition to the main olfactory organ, dis-
tinct receptor families (VIRs and V2Rs) have
been shown to be expressed in neurons of the
vomeronasal organ, and each family of recep-
tors appears to be associated with a separate
signal-transduction mechanism (14-16). In
direct contrast to the main olfactory system,
these neurons project to 10-20 glomeruli in the
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accessory olfactory bulb, (17,18) and have
recently been reviewed (19,20).

The combinatorial conundrum that underlies
comprehension of the olfactory-receptor code
and discrimination of odor quality is enormous.
The odorant receptor gene family is thought to
number ~1000 members in mammals and
believed to be capable of discriminating some-
where in the region of 100,000 odors. In fish,
these numbers may be reduced by a factor of 10
(21). However, it is only recently, almost 10
years after the initial cloning of these putative
receptors, that any functional evidence support-
ing a role in odorant detection has been
described. These pieces of evidence, and the
experiments through which they were obtained,
have been recently reviewed by Mombaerts
(22). Briefly, they include the identification of 1)
diacetyl as a ligand for the Caenorhabditis elegans
odr-10 receptor in behavioral studies; (23), 2)
octyl aldehyde as a ligand for the rat 17 receptor
following adenovirus-mediated transfection in
vivo (24); 3) receptors that respond to carvone,
or citronellal following the transient overexpres-
sion of chimeric mouse receptors (25); and 4) a
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goldfish receptor for basic amino acids from an
expression cloning strategy (26). Additionally,
single-cell reverse transcription polymerase
chain reaction (RT-PCR) has indicated that
single receptors can be obtained from single
olfactory receptor neurons and from prior
physiological experiments putative ligands can
be ascribed to these receptors (8,27). What
stands out from these experiments is that
most receptors that make up the olfactory-
receptor gene family are still orphans. Clear
structure/function relationships are absent and
this makes our understanding of how molecu-
lar events at the olfactory epithelium can be
integrated into a conscious description of odor
quality technically challenging.

One explanation for the absence of an
abounding number of reports has been summa-
rized by studies by McClintock and coworkers
(28). They have constructed numerous chimeric
receptors from the odorant receptors U131 and
OR5 and the B2 adrenergic receptor that have
either N- or C-terminal green fluorescent pro-
tein (GFP) tags. These data demonstrate that
when these receptors, or some of their chimeric
constructs, are expressed in heterologous sys-
tems, the receptors are retained by the endo-
plasmic reticulum. As discussed previously, this
trafficking problem has been overcome in a few
cases. Most notably this has been demonstrated
by some receptors that have been tagged at
their 5° end with leader sequences of either
rhodopsin or serotonin receptors (25,29).
Recently however, the U131 receptor, which
could not be expressed by McClintock et al., has
been expressed. The cells used in this study
were a conditionally immortal culture of olfac-
tory-receptor neurons (30) and will be discussed
again in subsequent paragraphs.

Olfactory Neurogenesis,
Development, and Regeneration

The olfactory receptor neuron is a bipolar

cell. Cilia are exposed to the atmosphere in the
mucus covering the olfactory epithelium and
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are thought to be where odorants bind to
receptors. The cilia are attached to the den-
dritic knob that projects onto the neuronal cell
body. Distal from the cell body is the axon that
projects through the cribiform plate into the
olfactory bulb. The olfactory epithelium is
composed of three major cell types and these
are distributed in layers through the epithe-
lium (Fig. 2). Underneath the mucus layer, and
through which the dendritic knob of the olfac-
tory receptor neuron projects, are the susten-
tacular cells or supporting cells. These cells are
thought to support the function or survival of
olfactory receptor neurons by metabolizing
odorants, the removal of foreign particles or by
maintenance of the mucus fluidity on the nasal
epithelium (31,32). Below the sustentacular
cells are the cell bodies of the olfactory receptor
neurons that have migrated up from the layer
of basal cells at the bottom of the olfactory
epithelium. The basal cells of the olfactory
epithelium can be subdivided into two popula-
tions, horizontal and globose. Typically, the
globose basal cells are situated more superfi-
cially in the epithelium than the horizontal
cells. The horizontal cells stain more darkly
with toluidine blue and stain positive for
cytokeratin, in contrast to the globose basal
cells, which are only lightly stained with tolui-
dine blue and are negative for cytokeratin
(33,34). Progeny of both populations of cells
incorporate 3H-thymidine (35,36) and have
been shown to migrate towards the apical sur-
face of the epithelium. Of these two popula-
tions, the globose basal cells are thought to be
the neuronal precursors. The reasons for this
are that the cells found in closest proximity to
newly generated neurons (designated immedi-
ate neuronal precursors in [33]) are cytoker-
atin-negative, and that these cells disappear
with a similar time course to the appearance of
neuron-specific tubulin immunoreactivity in
olfactory cultures in vitro. Subsequently, a
retroviral labeling technique has demonstrated
a direct pathway from the globose basal cells to
mature olfactory receptor neurons (37).

There are numerous factors that influence
the state of the olfactory epithelium. Because
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Fig. 2. A schematic diagram of the olfactory epithelium. Globose basal cells (GBC), situated at the base of
the olfactory epithelium, are thought to be the precursors of olfactory receptor neurons (ORN, clear cells). In the
process of neurogenesis, globose basal cells are thought to undergo mitotic cell division (MC, mitotic cell) and
to become immature neuron precursors/immature receptor neurons (IRN). These cells then mature into olfactory
receptor neurons. Coincident with maturation, the cell body of the neuron migrates apically through the epithe-
l[ium. The second basal cell, the horizontal cell is shown (HC, darkest cell) as well as several sustentacular or

supporting cells (SC, mid-tone cells)

the olfactory epithelium is exposed to the
environment, there is a continual loss of cells,
arguably akin to the sloughing of skin. This
loss requires continual replenishment and it
has been proposed that the half-life of an
olfactory-receptor neuron is between 30 and
90 d, depending upon the surrounding condi-
tions (38,39). Some of the factors that have
been reported to be involved in olfactory
neurogenesis include nerve growth factor
(NGF), epithelial growth factor (EGF), trans-
forming growth factor o (TGF-o), brain-
derived  neurotrophic  factor = (BDNF),
neurotrophin-3, leukemia inhibitory factor
(LIF), and others. For each of the factors
listed, the presence of the factor itself, a cog-
nate receptor, and a physiological function
have been described in the olfactory epithe-
lium (40-54). In order to assess the function
of these factors and to delineate the processes
of neurogenesis and regeneration in the olfac-

Molecular Neurobiology

tory epithelium, two categories of experi-
ments have been used. These involve: 1)
fairly drastic manipulations of the olfactory
system in vivo, or 2) the development of pri-
mary or even immortal cell cultures.

In Vivo Manipulations
of the Olfactory Epithelium

To investigate the processes of neurogene-
sis and apoptosis in the adult animal, several
different paradigms have been developed.
These include nares occlusion, lavage of the
olfactory epithelium with zinc sulfate or
detergent, olfactory-nerve transection, and
olfactory bulbectomy. In each of these experi-
mental procedures, neuronal turnover is
enhanced, providing a physiological corre-
late for in vitro data. A detailed review has
been published recently in which these tech-
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niques are compared (55) and the informa-
tion will only be summarized briefly here.

The olfactory bulb is required for survival of
olfactory receptor neurons (56,57). Removing
the bulb causes a hyperinduction of the olfac-
tory receptor neuron life-cycle, in which there is
a peak of apoptosis 2 d after surgery. Associ-
ated with the degeneration of the olfactory
epithelium, there is an increased proliferation
of neuronal precursors, reaching a peak 5-6 d
after bulbectomy (47). This sequence of events
suggests a time frame during which the level of
expression of factors relevant to neurogenesis
and olfactory receptor neuron survival may be
increased, facilitating their identification. This
increased proliferation has also been used to
promote survival in a primary olfactory-recep-
tor-neuron culture from adult animals (58).

Olfactory receptor neuron precursors can be
induced to regenerate synchronously following
ablation of the olfactory epithelium with a deter-
gent or zinc sulfate lavage. The time course for
this paradigm is longer than with olfactory bul-
bectomy and occurs over at least 6 wk (59,60).
However, it preserves the olfactory bulb and
allows the restoration of synaptic connections.
Olfactor nerve transection similarly preserves
the olfactory bulb and can be used, for example,
for investigating factors that are involved in neu-
rogenesis in the olfactory epithelium (61) and
the role that olfactory receptor neurons play in
olfactory-bulb development (62).

The fourth in vivo preparation is nares
occlusion and has been used extensively by
Brunjes and coworkers (63). This protocol
involves the reversible closure of a naris in
either rats or mice but, as these animals are
obligate nose breathers, it is crucial that the
closure is unilateral. In these experiments, cel-
lular changes in the olfactory epithelium and
olfactory bulb in response to alterations in
ambient odor levels can be assessed.

Olfactory Cell Culture

Cell-culture systems form the other major
paradigms for investigations of olfactory neu-
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ronal function. Many cultures are isolated
acutely and have provided much data for
physiological studies. Of these, most have
been obtained in enzyme-free conditions,
(64-67) although enzymic digestions of the
epithelia with trypsin, papain, or collagenase
have been used successfully (68-73). These
methods of cell isolation are very useful for
preparing cells for either fluorescence imaging
or patch-clamp electrophysiology, but can be
characterized by low yields, suspect viability,
and abnormal cellular morphology. For the
longer-term cultures, in which cells are needed
either for neurogenesis or growth-factor inves-
tigations, typically enzymes are used.

Collagenase, a collagenase/hyaluronidase
mix, or a collagenase/trypsin mix have been
used for the generation of olfactory receptor-
neuron cultures from mature or early neonatal
rats (74,43,44). In the embryonic (E14.5-15.5)
mouse preparation, used by Calof and cowork-
ers, a trypsin-pancreatin solution is used for
the dissociation of cells (33). These protocols
generate an increased number of cells com-
pared to the enzyme-free preparations, provid-
ing opportunity for the developmental studies
to be performed.

Different media and substrates have been
used in these preparations. Generally, standard
substituted minimum essential media are used
but Ronnett et al. (43) have used a media con-
taining D-valine. Fibroblasts, being of mes-
enchymal origin, lack the p-amino acid oxidase
that is present in cells originating in the neu-
roectoderm. The nominal removal of L-valine
apparently inhibits fibroblast survival and
growth (75) allowing preferential survival of the
olfactory receptor neuron. To enhance neuronal
adhesion, cell-culture materials have been
pretreated with laminin, concanavalin A,
fibronectin, or poly-D-lysine hydrobromide fol-
lowed by laminin and fibronectin (43,74,52,33).
These preparations enhance olfactory receptor
neuron adherence and may benefit the cultures
additionally, as glial cells do not adhere effi-
ciently to laminin-coated culture dishes (43).
The other technique that has been reported to
improve olfactory receptor neuron culture is the
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growth of cells on feeder layers of cortical astro-
cytes. Increased longevity in culture of olfactory
receptor neurons from embryonic rats has been
described (76), as have increases in survival, cell
division, and differentiation of olfactory cul-
tures in the presence of astrocytes (77).

Significant advances in our understanding of
the olfactory system have been obtained using
these preparations, specifically in relation to the
processes and control of neurogenesis in the
olfactory epithelium (33,50,78). Additionally,
these cultures have been used for biochemical
studies that demonstrate secondary responses
that occur following odorant stimulation. These
include a delayed elevation of cGMP and phos-
phorylation of the cAMP response element bind-
ing protein after 2 and 30 min, respectively
(79,80). However, for neurogenesis and growth-
factor studies, cellular heterogeneity exists that
may complicate the data obtained. In one exam-
ple, fibroblast growth factor (FGF) has been
reported both to promote and delay neuronal
differentiation, though the reasons for this are
not entirely clear (50,52). Similarly, the age of the
animal from which cells are derived appears to
affect the survival of the olfactory receptor neu-
rons. When the olfactory epithelium was iso-
lated from mature animals, the number of cells
with immunoreactivity for neuron-specific tubu-
lin and olfactory marker protein, a marker of
mature olfactory receptor neurons, decreased
rapidly with time (74). In cultures obtained from
early postnatal animals, temporal survival may
be improved (81) but is longest when tissue is
removed from embryonic animals (33).

Immortal Olfactory Cell Lines

To provide a homogeneous supply of cells,
specific attempts have been made to create
immortal cell lines (30,82-84). Additionally,
there are reports of spontaneous transformations
giving rise to immortal lines in primary cultures
of the olfactory epithelium (85-87) and of an
olfactory neuroblastoma cell line (88). The neu-
roblastoma cell line is interesting because,
despite the absence of immunolocalization for
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any olfactory-specific markers, once the cells are
treated with TGF-0, the cells can respond to
odorants. However, to our knowledge, this is the
only report describing responses, function, or
any other data from these cells.

The spontaneously transformed cells
described by Coon et al. (85) were established
after explanting rat olfactory epithelium into
culture dishes containing Matrigel. By Western
blot, these cells, (sensory neuron in vitro fac-
simile; SNIF), expressed neuron-specific eno-
lase and GAP-43, but neither glial fibrillary
acidic protein or olfactory-marker protein. The
cells were able to synthesize carnosine from
SH-alanine and cAMP levels were increased
over controls in the presence of citralva
(10-7’M). However, the cAMP levels in SNIF
cells were decreased after treatment with high
concentrations of odorant.

The other olfactory receptor neurons in
which spontaneous transformations have been
observed were isolated from adult human
cadavers (86) and from aborted human fetuses
(87). The human cadaver work again used
Matrigel as the substrate for the tissue frag-
ments and after cloning, the cells were able to
respond to an odorant mixture as measured
both by cAMP assay and fluorimetry with
Indo-1. However, immunocytochemical data
revealed that non-neuronal markers such as
GFAP could be detected in the same cells as
neuronal-specific markers. Explanations for
these data are that the precursor isolated may
be multipotent, or, given the absence of olfac-
tory-marker protein, a sign of incomplete dif-
ferentiation. Either way, this has wide-ranging
implications for our understanding of the
processes of olfactory neurodevelopment. Data
obtained from cells arising from the sponta-
neous transformation in human fetuses look
extremely promising (87). Cells express olfac-
tory markers, including olfactory marker pro-
tein (OMP), as well as neuronal markers. The
cells respond to odorants, with increases in
cAMP levels, and are biochemically active.
These cells have been used in several studies,
in which they have been shown to secrete
gonadotrophin-releasing hormone and to
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express odorant receptors (89,90). Additionally,
basic fibroblast growth factor (bFGF) supports
neurogenesis in these cells (91). It will be inter-
esting to investigate how these cells continue
to proliferate and still maintain the expression
of a differentiated phenotype.

In the last 12 mo, two different groups have
reported the derivation of conditionally immor-
tal olfactory receptor cell lines (30,84). These cell
lines represent a significant advance over the
cell lines described previously (82,83) as there is
a degree of control that can be maintained over
cell proliferation and differentiation. The first
transformed cell lines (82) were derived from a
transgenic mouse in which the Simian Virus 40
Large Tumor Antigen is expressed under con-
trol of the regulatory elements of the OMP gene
and from n-myc transformed primary cultures
(83). To prepare the n-myc transformed cells,
adult mice were subjected to a bilateral bulbec-
tomy 4 d prior to removal of the olfactory
epithelia. As described previously, bulbectomy
causes a biphasic response in the olfactory
epithelium, an initial period of cell death that is
followed by a marked upregulation of olfactory
neurogenesis. It was during this period of neu-
rogenesis that the cells were isolated, and, as
dividing cells, could be infected with a retro-
virus containing the n-myc oncogene. In the cell
lines obtained in this manner, Northern analysis
revealed the presence of mRNA encoding olfac-
tory markers. Additionally, immunolocalization
of olfactory-specific proteins was described but
expression of OMP was not observed, nor were
functional data available.

In the first study (82), when transformed
olfactory cells were cloned from a mouse in
which the immortalizing oncogene SV40 TAg
was expressed, these cells expressed GAP-43,
and underwent morphological changes in
response to “differentiating” agents. However,
these cells were apparently relatively “imma-
ture” as they did not express mRINA for either of
Gotolf or ACIIL They did express the TAg mRNA
transcript as expected, but did not express OMP
transcripts despite evidence that the same tran-
scriptional start sites were used for the TAg
expression in culture as OMP in situ. The
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absence of OMP expression is a feature that has
plagued olfactory cell-culture preparation (92).
Although the precise role of OMP is unknown,
recent studies indicate a role for OMP in signal
transduction/odor detection (93).

Expression of OMP has been overcome in
the most recently described olfactory receptor-
neuron cell lines (30,84). Both of these cell lines
were conditionally immortalized with a tem-
perature-sensitive mutant (tsA58) of the SV40
large T antigen (95). Olfactory-derived odorant
receptor activatable (Odora) cells were created
from dissociated rat pup olfactory-receptor
neurons by retroviral infection (30), whereas
the cell lines (such as 3N A12) from Barber et al.
(84) were obtained from primary cultures of
the olfactory epithelium of the H-2Kb-tsA58
transgenic mouse (96). In this mouse, the SV40
TAg is flanked at its 5 end with an interferon-
inducible promotor that effectively increases
transcription of the tsA58 at the permissive
temperature (33°C) but not at nonpermissive
temperatures (37°C). This has been demon-
strated in a variety of tissues (97-99) and
increasing numbers of investigators are turn-
ing to the H-2Kb-tsA58 transgenic mouse for
the derivation of immortal cell lines (100).

Both the 3NA12 and odora cell lines express
all neuronal and mature olfactory markers in
nonpermissive (“differentiated”) conditions.
Odora cells express basal-cell markers such as
GBC-1 and Sus-4 (101) at permissive (prolifera-
tive) temperatures, whereas all of the olfactory
markers, except OMP, were detected in 3NA12
cells at permissive temperatures. In odora
cells, these data may reflect a progression from
an immature to a mature phenotype as cells
move from permissive to nonpermissive cul-
ture conditions. The same is true for 3NA12
cells, although the starting point for these cells
may be somewhat more mature/differenti-
ated. This is supported by the ability of 3NA12
cells to respond to odorants in both permissive
and nonpermissive conditions. The odorant
responses that have been seen in 3NA12 cells
(that single cells respond to multiple odorants)
indicate that multiple receptors may be
expressed or alternatively, that the receptors
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expressed are broadly tuned. This evidence is
not consistent with the hypothesis suggesting
specific odorant receptor expression is prede-
termined at a genetic level. In odora cells, no
endogenous odorant receptors activity could
be detected, but following transient transfec-
tion with the U131 receptor, surface expression
and responsiveness to the odorant n-enanthic
acid can be observed. It is here that these two
cell lines may have significant value. As stated
earlier, odorant receptor expression has been
extremely difficult and at least in odora cells,
odorant receptors can be expressed. The low
level of individual receptor expression in
3NA12 cells should also permit functional data
from cloned receptors to be obtained.

Olfactory-Slice Cultures

The final preparation of the olfactory epithe-
lium is one in which an in vitro slice culture is
established (45,102). This technique was pio-
neered by Farbman and associates (45). In this
technique, 400-um thick slices of the olfactory
epithelium can be grown in the absence or
presence of dissociated olfactory-bulb neurons
(103). In a variation of this technique, the olfac-
tory epithelium and olfactory bulb can be
removed simultaneously and placed close to
each other in culture (104). In these two prepa-
rations, olfactory receptor neurons extend
numerous axons, form functional synapses
with the olfactory bulb, and modulate the
function of the olfactory-bulb cells. Conse-
quently, these processes, and factors that regu-
late them, can be investigated.

Concluding Remarks

Understanding the olfactory epithelium
comes in two parts. Recently, much has been
made of how smell can be “deconstructed” and
in doing so, the molecular basis of olfaction has
been revealed. This process has been exciting as
the largest seven transmembrane-spanning, G-
protein-coupled receptor family has been identi-

Molecular Neurobiology

Barber and Ronnett

tied, as has the signal-transduction pathway that
is activated following odorant/receptor binding.
Some elucidation of the structure and function
of the odorant receptors has been achieved and
it has been made apparent that these receptors
have an additional role in axon guidance. How-
ever, we remain far from total comprehension of
the process of odor-quality discrimination. The
second part refers to the neurogenic capability of
the olfactory epithelium. With exposure to the
environment, neurons in the olfactory epithe-
lium are in a continual process of death and
rebirth. The very accessibility of these cells
makes the olfactory epithelium a prime option
for investigators looking to study neurogenesis.
In this review, we have delineated some of the
preparations that are useful for investigations
relevant to these areas and have focused on the
attempts to use primary and immortal cell cul-
tures to reconstruct the olfactory epithelium in
vitro. It is hoped that these techniques will assist
in the search for a better understanding of olfac-
tory function.
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