
Introduction

In humans, as in other mammals, there is a continu-
ing neurogenesis in the subventricular zone generat-
ing neurons that migrate and become interneurons in 
the olfactory bulb (Curtis et al., 2009). The olfactory 
bulb is that part of the brain which receives axonal 
input from the sensory neurons in the olfactory 
epithelium in the nose. The olfactory epithelium is 
the most superficial layer of the olfactory mucosa 
which also comprises a lamina propria contain-
ing the specialized olfactory glands (“Bowman’s 
glands”) and the olfactory sensory axons surrounded 
by their specialized glia, the olfactory ensheathing 
cells (Fig. 1). In mammals, the olfactory mucosa is 
typically located dorsally and posteriorly in the nasal 
cavity covering the nasal septum medially, and later-
ally, covering the turbinate bones, to provide a very 

large surface area of sensory cilia projecting from 
the dendrite of the sensory neurons (Fig. 2). The 
human olfactory mucosa is similar in structure to 
other vertebrates with the same cell types in a pseu-
dostratified olfactory epithelium (Moran et al., 1982; 
Nakashima et al., 1984; Morrison and Costanzo, 
1990; Nakashima et al., 1991). In human adult, com-
pared to fetus, there is a loss of olfactory epithelium 
from the superior posterior regions of the nasal cavity 
and its replacement with respiratory and squamous 
epithelium (Nakashima et al., 1984). The “olfac-
tory region” in the adult has a non-contiguous and 
patchy distribution of olfactory epithelium (Moran 
et al., 1982; Nakashima et al., 1984; Morrison and 
Costanzo, 1990; Paik et al., 1992). On the other 
hand, the distribution of olfactory epithelium in adult 
human extends more anteriorly and inferiorly than in 
the fetus (Feron et al., 1998; Leopold et al., 2000). 
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Until now, analysis of human olfactory mucosa has 
been restricted to sampling of biopsy and autopsy 
material and no systematic and complete distribu-
tion study of human olfactory mucosa has been 
done. The axons of the olfactory sensory neurons 
leave the olfactory epithelium and form bundles and 
fascicles in the lamina propria before entering the 
olfactory bulb where they synapse with mitral/tufted 
cells and interneurons, some of which are generated 
by neurogenesis in the subventricular zone (Breton-
Provencher et al., 2009; Curtis et al., 2009).
Seventy years ago mitotic activity was first observed 
in the basal cells of the olfactory epithelium of adult 
mice (Nagahara, 1940) and soon after, regeneration 
of olfactory sensory neurons was observed in mon-

key after toxic damage (Schultz, 1941). Numerous 
reports confirmed these observations in frog (Smith, 
1951), fish (Westerman and Baumgarten, 1964), 
cat and dog (Andres, 1966), lamprey (Thornhill, 
1970), mouse (Moulton et al., 1970; Thornhill, 1970; 
Graziadei and Metcalf, 1971; Smart, 1971), monkey 
(Graziadei et al., 1980) and human (Wolozin et al., 
1992; Murrell et al., 1996). The vulnerability of the 
olfactory sensory neurons to environmental factors 
makes neurogenesis in the olfactory epithelium 
necessary in order to maintain the sense of smell, 
essential for most aspects of daily life in most ver-
tebrates including food seeking, pathfinding, social 
interactions and sexual behaviour. It is worth con-
sidering that a primary drive for neurogenesis in the 

Fig. 1. - Olfactory epithelium.
The olfactory mucosa is divided into epithelium and lamina propria, separated by the basement membrane. The 
sensory neurons in the epithelium send a dendrite to the apical surface where their cilia extend into the mucus 
lining the lumen of the nasal cavity. The sensory axons leave the epithelium and enter the lamina propria where 
they gather in bundles surrounded by olfactory ensheathing cells. The Bowman’s glands are specialised glands 
of the olfactory mucosa located in the lamina propria with their ducts open into the lumen. Most of the luminal 
surface is made up by supporting cells, covered in microvilli, whose end-feet extend to the basement membrane. 
The horizontal basal cell, the neural stem cell, sits adjacent to the basement membrane. The globose basal cell, a 
multipotent precursor, migrates away from the basement membrane and gives rise to the sensory neuron.
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adult forebrain, that replenishes interneurons in the 
olfactory bulb, is the requirement to provide new 
central circuits because of the continual neurogenesis 
occurring in the periphery. For example, there is evi-
dence that olfactory bulb interneurons are lost after 
chemical destruction of the sensory neurons and up-
regulated when sensory innervation returns (Nadi et 
al., 1981; Baker et al., 1993). The olfactory mucosa 
is accessible in living adult humans (Feron et al., 
1999b) and so presents an accessible source of tissue 
for understanding the biology of adult neurogenesis 
in health and disease (Mackay-Sim and Silburn, 
2008). It is also a source of cells for transplantation 
repair of the nervous system (Feron et al., 2005; 
Mackay-Sim et al., 2008). Understanding the biology 
of olfactory neural stem cells and their niche will be 
very important for optimizing clinical applications.

The requirement for stem cells
in olfactory mucosa

A major difference between olfactory sensory neu-
rons and other neurons is their proximity to the 
external environment which increases their risk of 

death (Fig. 1). The dendrites of the olfactory sensory 
neurons penetrate the epithelium and are decorated 
with multiple cilia containing the sensory transduc-
tion proteins. These cilia extend into the overlay-
ing mucus and may be only a few microns below 
the surface (Menco, 1980). Inhaled toxic gases 
can destroy the olfactory epithelium and the neu-
rons within it. Inhalation of N-methyl-formimino-
methylester and methyl bromide lead to reversible 
loss of the sensory neurons with temporary loss of 
smell (Rehn et al., 1981; Schmidt et al., 1984; Hurtt 
et al., 1988). Even nasal lavage with wheat germ 
agglutinin-horse radish peroxidase, induces loss of 
sensory neurons from the epithelium and stimulates 
basal cell proliferation (Moon and Baker, 1998), 
indicating the potential for large molecules to affect 
sensory neuron survival. Olfactory neurons provide 
a route for viruses and bacteria to enter the brain 
(Owen et al., 2009) and for this reason they may be 
vulnerable to apoptosis as a protective mechanism, 
part of an innate response to infection (Harris et 
al., 2009). Environmental susceptibility is also sug-
gested by evidence that olfactory neurogenesis is 
vulnerable to usage. For example, if over-usage is 
induced by closure of one naris in adult mice, the 

Fig. 2. - Anatomy of the human olfactory system.
In the adult nose, the olfactory mucosa is patchily distributed in the superior-posterior region of the nasal cavity 
interspersed with respiratory mucosa. The olfactory sensory axons gather in bundles and penetrate the skull at the 
cribriform plate to synapse in the olfactory bulb lying on the skull base under the forebrain.
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open side epithelium is reduced in thickness and 
sensory neurons are lost, with a lack of ability to 
maintain regeneration (Maruniak et al., 1989). The 
mechanism for this loss is unknown but it may be 
due to overuse, to toxins or to infections, as indi-
cated by the large number of polymorphonuclear 
leukocytes on the open side after 7 and 8 months 
of closure (Maruniak et al., 1990). With increas-
ing age, the proliferative and neurogenic capacity 
of the olfactory epithelium declines, especially in 
the antero-dorsal region in the rat (Loo et al., 1996; 
Weiler and Farbman, 1997). This may reflect usage, 
rather than age, per se, because neurogenesis in the 
posterior nasal cavity is better preserved (Loo et al., 
1996; Weiler and Farbman, 1997). Histologically 
the olfactory epithelium in the antero-dorsal region 
in the ageing rat has reduced lamination, a loss of 
neurons and increased proliferation of supporting 
cells (Loo et al., 1996). Similar changes are seen in 
olfactory epithelium from aged human with reduced 
thickness, reduced numbers of sensory neurons 
and patchy distribution of olfactory epithelium 
within the respiratory epithelium (Naessen, 1971; 
Nakashima et al., 1984).

Regulation of neurogenesis
in the olfactory epithelium

Neurogenesis in the olfactory epithelium is tightly 
regulated such that the number of mature sensory 
neurons is maintained with a constant surface den-
sity of sensory dendrites (Mackay-Sim et al., 1988), 
although there is a large overproduction of immature 
neurons with only a subset surviving (Hinds et al., 
1984; Mackay-Sim and Kittel, 1991b; Mackay-Sim 
and Kittel, 1991a). Neurogenesis is stimulated by 
the death of the sensory neurons from olfactory 
nerve transection (Nagahara, 1940; Graziadei, 1973) 
and from toxins like zinc sulphate and methimazole 
(Schultz, 1941; Smith, 1951; Margolis et al., 1974; 
Genter et al., 1995) which cause apoptotic cell death 
(Michel et al., 1994; Holcomb et al., 1995; Deckner 
et al., 1997). The loss of neurons increases basal 
cell mitosis (Graziadei, 1973; Camara and Harding, 
1984) with recovery of the sensory neuron popula-
tion (Costanzo and Graziadei, 1983; Samanen and 
Forbes, 1984) and recovery of function (Harding et 
al., 1978; Costanzo, 1985). Despite a high rate of 

proliferation of neuronal precursors, the thickness of 
the olfactory epithelium remains static in the adult 
rat from 60-330 days of age (Hinds and McNelly, 
1981; Weiler and Farbman, 1997). Without an 
increase in epithelial thickness it follows that cell 
proliferation is balanced by apoptotic cell death. 
Apoptosis occurs at all stages of olfactory neuron 
development from recently born basal cells through 
to immature and mature neurons (Carr and Farbman, 
1993; Holcomb et al., 1995; Magrassi and Graziadei, 
1995; Mahalik, 1996).
Some of the growth factor signals that regulate stem 
and progenitor proliferation have been identified. 
Horizontal basal cell proliferation is stimulated by 
EGF and TGFα (Mahanthappa and Schwarting, 
1993; Farbman and Buchholz, 1996; Newman et 
al., 2000; Carter et al., 2004). Globose basal pro-
liferation is stimulated by FGF2 (DeHamer et al., 
1994; Newman et al., 2000). In vivo, appropriate 
FGF receptor subtypes (FGFR1 and FGFR2) are 
present and FGF2 immunoreactivity is also present 
in globose basal cells and supporting cells (Hsu et 
al., 2001). EGF and FGF2 are important indicators 
of neural stem cell proliferation and are required 
to generate multipotent neurospheres from olfac-
tory mucosa (Murrell et al., 2005, 2008; Tome et 
al., 2009) just as they are required to generate neu-
rospheres from adult brain (Reynolds and Weiss, 
1992; Kilpatrick and Bartlett, 1993).
Tissue homoeostasis is maintained by positive feed-
back from dying neurons which release LIF to 
stimulate basal cell proliferation and survival (Bauer 
et al., 2003; Carter et al., 2004). Similarly, nitric 
oxide released during inflammation or cell death 
stimulates basal proliferation independently of other 
growth factors (Harris et al., 2009; Sulz et al., 
2009). Negative feedback of basal cell proliferation 
is provided by the local density of developing neu-
rons in vivo (Mackay-Sim et al., 1988) and in vitro 
(Mumm et al., 1996) probably via BMP2/4/7 (Shou 
et al., 1999, 2000). Sensory neuron differentiation 
is induced in vitro by TGFβ2, IGF1 and dopamine 
(Mahanthappa and Schwarting, 1993; Feron et al., 
1999a; Newman et al., 2000; McCurdy et al., 2005). 
IGF1 and dopamine are available in the mucus bath-
ing the olfactory epithelium (Lucero and Squires, 
1998; Federico et al., 1999) and could act as target-
derived factors that provide a selective advantage 
to developing neurons whose dendrite reaches the 
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epithelial surface. Dopamine may serve a similar 
role as a target-derived factor for sensory axons as 
it is available from periglomerular interneurons with 
which they synapse in the olfactory bulb (Ennis et 
al., 2001). Survival of immature olfactory neurons 
in vitro is enhanced by PDGF and, to a lesser extent, 
BDNF (Newman et al., 2000). Survival of immature, 
but not mature sensory neurons in vivo requires thy-
roxine (Mackay-Sim and Beard, 1987).

Olfactory stem cells

Numerous studies suggest that there is a hierarchi-
cal stem cell lineage in the adult olfactory mucosa 
which normally regenerates the olfactory epithe-
lium, including its neural and non-neural compo-
nents. This evidence is generated in rat and mouse 
but, given the similarity in the olfactory mucosa 
in all vertebrates, including humans, it is expected 
that the same principles apply, although some dif-
ferences in human tissues are reported (Hahn et 
al., 2005). Following destruction of the olfactory 
nerve, the sensory neurons regenerate and the ani-
mals regain their sense of smell (Costanzo, 1984, 
1985). The weight of evidence indicates that the 
horizontal basal cell is the stem cell responsible for 
regeneration. The horizontal basal cell proliferates 
slowly, and self-renews (Mackay-Sim and Kittel, 
1991b) and it generates all olfactory epithelial cell 
types in vivo and in vitro (Carter et al., 2004; Leung 
et al., 2007). Chemical ablation of the olfactory 
epithelium induces proliferation of the horizontal 
basal cells and subsequent regeneration of the 
epithelium and recovery of smell function (Rehn 
et al., 1981; Youngentob and Schwob, 2006). 
Reconstitution of the olfactory epithelium after 
chemical ablation is also achieved by transplanta-
tion of globose basal cells which, like horizontal 
basal cells, give rise to sensory neurons, supporting 
cells and Bowmans glands and duct cells(Huard et 
al., 1998; Chen et al., 2004). This leads to discus-
sion of the roles of globose versus horizontal basal 
cells in a lineage hierarchy: which is the “true” 
stem cell?
An analysis of cell dynamics identified two divid-
ing populations among the basal cells of the olfac-
tory epithelium, a rapidly dividing population (1 
division/day) and a slowly dividing population 

(1 division/~60 days) (Mackay-Sim and Kittel, 
1991b). The rapidly dividing population migrated 
from the basement membrane into the neuro-
nal layer whereas the slowly dividing population 
remained on the basement membrane (Mackay-
Sim and Kittel, 1991b). These behaviours are 
consistent with a slowly dividing stem cell giving 
rise to a rapidly dividing, transit amplifying neural 
progenitor as seen in vitro (Calof and Chikaraishi, 
1989) and its location is consistent with the hori-
zontal basal cell as the stem cell (Rehn et al., 1981; 
Mackay-Sim and Kittel, 1991b; Carter et al., 2004; 
Leung et al., 2007) and the globose basal cell as 
the rapidly dividing precursor (Huard et al., 1998; 
Newman et al., 2000). Under the electron micro-
scope there appear to be transitional cell types 
from globose basal cell through to sensory neuron 
with evidence that some globose basal cells are 
immature neurons (Graziadei, 1973; Graziadei and 
Monti Graziadei, 1979). In vitro it is the globose 
basal cells that are the immediate neuronal precur-
sors (Newman et al., 2000) and single horizontal 
basal cells can proliferate and differentiate into 
globose basal cells, olfactory neurons and olfac-
tory ensheathing cells (Carter et al., 2004). These 
experiments suggest that the horizontal basal cell 
can generate all the cells of the olfactory epithe-
lium. Because the globose basal cell arises from the 
horizontal basal cell in vivo (Leung et al., 2007), it 
is likely that the horizontal basal cell is “true” tis-
sue stem cell that maintains long-term regenerative 
capacity of the olfactory epithelium, whereas the 
globose basal cell is a multipotent, transit amplify-
ing cell and immediate neuronal precursor (Calof 
and Chikaraishi, 1989; Newman et al., 2000). The 
source of the olfactory ensheathing cells below 
the basement membrane has not been definitively 
established but electron microscopic investigations 
suggest they emerge from the basal layer of the 
epithelium, that is, from the horizontal basal cells 
(Chuah and Au, 1991).
Although not yet identified positively as a particular 
cell type, an additional stem cell has been grown in 
vitro from biopsies of adult mouse, rat and human 
olfactory mucosa. This cell is multipotent and can 
generate cells not only from the epithelial and neural 
lineages but also from embryonic mesodermal and 
endodermal lineages (Murrell et al., 2005, 2008, 
2009; McDonald et al., 2010). A multipotent stem 



52 A. MACKAY-SIM

cell was also cultured from embryonic rat olfactory 
mucosa which expresses three mesenchymal mark-
ers that are expressed by some cells in the lamina 
propria (Tome et al., 2009). Cells cultured from 
adult human olfactory lamina propria expressed 
19/32 CD markers, also expressed by human bone 
marrow mesenchymal stem cells, prompting the 
olfactory cells to be named “ecto-mesenchymal” 
stem cell while still retaining a neural lineage phe-
notype (Feron et al., 2009). These studies raise the 
possibility that there may be a stem cell in the olfac-
tory lamina propria different from the horizontal 
basal cell in the epithelium above it. Although such 
a cell can be derived in cell culture, the identity of 
such a tissue-resident cell type is unknown. This will 
require prospective isolation as demonstrated for the 
mouse neural stem cell (Rietze et al., 2001).

The neurogenic niche in the olfactory 
epithelium

A cellular “niche” is defined by the local extracellu-
lar matrix, the local paracrine and autocrine signal-
ling milieu, contact with neighbouring cells, as well 
as factors acting at a distance such as hormones dif-
fusing from nearby blood vessels. A cellular niche 
is also defined by the cell surface receptors present 
on a cell that will define its capability to respond to 
extracellular signals. Horizontal basal cells express 
ICAM-1 and the integrins β1, β4, α1, α3 and α6 
which act as receptors for collagens, fibronectin and 
laminin in the basement membrane (Carter et al., 
2004). When selected for ICAM-1 expression and 
grown as clones, these horizontal basal cells demon-
strated the stem cell properties of self-renewal and 
capable of differentiating into globose basal cells, 
olfactory sensory neurons and glia (Carter et al., 
2004). An important aspect of a stem cell niche is 
to provide a mechanism to establish polarity for the 
regulation of symmetrical versus asymmetrical cell 
division. In the development of the nervous system, 
the neural stem cells are bipolar cells extending from 
basement membrane to apical surface. It is proposed 
that proteins in the apical membrane determine 
whether the cell undergoes symmetric versus asym-
metric division (Gotz and Huttner, 2005). In the case 
of epithelia in which the stem cell lies on a base-
ment membrane, the surface membrane exposed to 

the matrix proteins of the basement membrane may 
define polarity (Fuchs, 2009). The specific role of 
the basement membrane in determining symmetric 
versus asymmetric divisions in horizontal basal cells 
is not yet determined.
The complexity of the neurogenic niche of the olfac-
tory epithelium is illustrated by the very large num-
ber of growth factors and their receptors in the olfac-
tory epithelium (Mackay-Sim and Chuah, 2000). For 
example the neurotrophins and their receptors are 
each expressed by specific sets of cells (Feron et al., 
2008). Horizontal basal cells express TrkA and NT4 
whereas sensory neurons express TrkB abd TrkC and 
all the neurotrophins (Feron et al., 2008). Supporting 
cells, developing neurons and olfactory ensheathing 
cells express other combinations (Feron et al., 2008). 
Basal cells and neurons express CNTF (Buckland 
and Cunningham, 1999) and the dopamine D2 recep-
tor (Feron et al., 1999a) Supporting cells, neurons, 
basal cells all express FGF2 (Matsuyama et al., 
1992; Gall et al., 1994; Goldstein et al., 1997; Chuah 
and Teague, 1999; Hsu et al., 2001) whereas only 
neurons express GDNF (Buckland and Cunningham, 
1999). The horizontal basal cell expresses the epider-
mal growth factor receptor, EGFR and proliferates in 
response to its ligands EGF and TGFα (Farbman et 
al., 1994; Farbman and Buchholz, 1996; Getchell et 
al., 2000; Newman et al., 2000; Carter et al., 2004). 
A full repertoire of receptors of horizontal basal cells 
is not known but it can be expected that there will be 
factors that inhibit horizontal basal cell proliferation 
as well as those that stimulate it, like EGFR activa-
tion. This prediction arises from the observation that 
horizontal basal cells appear to divide only every 
30-60 days (Mackay-Sim and Kittel, 1991b) and they 
contribute to the olfactory cell lineages only when 
severe insult kills the sensory neurons and their glo-
bose basal cell progenitors (Rehn et al., 1981; Leung 
et al., 2007; Iwai et al., 2008). Otherwise the sensory 
neurons are maintained by the multipotent globose 
basal cells (Huard et al., 1998; Chen et al., 2004). 
There may be multiple factors to suppress horizontal 
basal cell proliferation in order to maintain its pro-
liferative capacity for the lifetime of the organism. 
Some factors may derive from blood in the capillar-
ies that are present in the lamina propria close to the 
basement membrane as demonstrated by the regula-
tion of neuronal progenitor survival by thyroxine 
(Mackay-Sim and Beard, 1987).
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As well as diffusible growth factors and hormones, 
intercellular signalling by direct contact is normally 
an important part of regulation of development of 
the nervous system. In the case of the adult olfac-
tory epithelium, whose cells are subject to direct 
environmental damage, it could be advantageous 
for a direct feedback from the differentiated cells to 
the stem cells generating them. The location of the 
horizontal basal cell places it in direct contact with all 
its progeny which could deliver continuous feedback 
signals about their function. As the horizontal basal 
cell divides and differentiates its globose basal cell 
progeny are apically in direct contact (Graziadei and 
Monti Graziadei, 1979). Supporting cells extend from 
the luminal surface of the epithelium with their end-
feet on the basement membrane in close association 
with the horizontal basal cell (Graziadei and Monti 
Graziadei, 1979; Morrison and Costanzo, 1990). 
The supporting cells surround the sensory neuron 
dendrites (Graziadei and Monti Graziadei, 1979) and 
make tight junctions at the epithelial surface (Menco, 
1980). They are in a location to monitor the external 
environment with their microvilli extending into the 
mucus above. With the sensory neurons, the sup-
porting cells could provide a pathway for conducting 
signals from the environment to the horizontal basal 
cell. As neurons differentiate their axons extend 
basally to be wrapped in bundles by the horizontal 
basal cells as they leave the epithelium through the 
basement membrane (Holbrook et al., 1995). Entering 
the lamina propria the axon bundles are wrapped by 
olfactory ensheathing cells which are very closely 
associated with the basement membrane and appear 
to derive from the epithelium above (Doucette, 1984; 
Chuah and Au, 1991; Gong et al., 1994). Finally, 
the horizontal basal cell is also intimately associated 
with the Bowman’s glands in the lamina propria and 
their ducts in the epithelium (Graziadei and Monti 
Graziadei, 1979; Morrison and Costanzo, 1990).

Summary

The adult olfactory epithelium provides an interest-
ing model for understanding neural development 
and regeneration. Uniquely, the olfactory epithelium 
is accessible in humans giving access to stem cells, 
neural progenitors and neurons in every adult. This 
allows investigations of regulatory genes, growth 

factors and cytokines that control neurogenesis 
from stem cell to mature neuron in the human. The 
tissue-specific stem cell is identified as the horizon-
tal basal cell, which can regenerate all the neural 
and non-neural cell types of the peripheral olfactory 
system. The “stem cell niche” of the horizontal basal 
cell is dominated by its location on the basement 
membrane and its direct contact with all other cell 
types of the epithelium. This is an ideal location to 
monitor the state of its progeny and to respond to the 
multiple growth factors present in the extracellular 
space. This niche keeps the normal rate of prolifera-
tion very low (~50 days) but triggers rapid prolif-
eration when the olfactory epithelium is damaged 
sufficiently that the multipotent transit amplifying 
cell, the globose basal cell, is damaged or otherwise 
unable to regenerate the epithelium.
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