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Abstract The rodent olfactory epithelium (OE) is capa-

ble of prolonged neurogenesis, beginning at E10 in the

embryo and continuing throughout adulthood. Significant

progress has been made over the last 10 years in revealing

the signals that drive induction, differentiation and survival

of its Olfactory Receptor Neurons (ORNs). Our under-

standing of the identity of specific progenitors or precursors

that respond to these signals is, however, less well devel-

oped, and the search is still on for the elusive, definitive

multipotent neuro-glial OE ‘‘Stem cell’’. Here, we review

several lines of evidence that support the existence of a

heterogeneous population of neural and glial progenitors in

the olfactory mucosa, and highlight the differences in the

identity and activity of progenitors found in the embryonic

and adult OE. In particular, we show how recent advances

in mouse transgenesis, and in the development of in vitro

assays of progenitor activity, have helped to demonstrate

the existence of multiple classes of olfactory mucosa-based

progenitors.
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Introduction

To understand the mechanisms that drive nervous system

(NS) development and regeneration, we must first

demonstrate when and where specific cell types originate,

establish the lineage contribution of each progenitor, and

how the interaction of sequentially generated cells impacts

the patterning of the NS. To develop a thorough under-

standing of how region-specific neural stem cells are

regulated within their different niches, during development

or regeneration, we must first establish their distinct iden-

tities (Shihabuddin et al. 1999; Weiss 1999; McKay 2000).

In the adult NS, the re-establishment of functional cir-

cuitry, and adult neurogenesis, is restricted to exclusive

niches, one of which is the rodent OE (Graziadei and

Graziadei 1979; Schwob 2002). In the OE, newly differ-

entiated olfactory receptor neurons (ORNs) re-integrate

into the existing circuitry and sustain the sense of smell for

the lifetime of the organism (Farbman 1990; Roskams et

al. 1996). The main central nervous system (CNS) target

for ORNs, the olfactory bulb (OB), adapts to changing

input by also supporting adult neurogenesis (Altman 1969;

Lledo et al. 2002), and is reviewed elsewhere in this

edition.

Despite its long history as a hotspot of adult neurogen-

esis (Altman 1969; Graziadei and Graziadei 1979;

Farbman 1990; Carr and Farbman 1992; Luskin 1993;

Roskams et al. 1996; Calof et al. 1998a; Huard et al. 1998;

Schwob 2002; Bauer et al. 2003), we still know relatively

little about the cellular identity of different progenitors that

fuel the development and turnover of over several million

rat/mouse ORNs, or how the embryonic OE is patterned in

time and space. In the mouse OE, neurogenesis occurs in

three distinct phases: (1) embryonic establishment (E10–

P0); (2) postnatal expansion (P1–P30); and (3) adult

maintenance (P30 - death). Each neurogenic phase occurs

in distinct, spatiotemporal patterns, and within very dif-

ferent cellular and extracellular environments (Fig. 1).

Embryonic and early postnatal OE development is
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characterized by extensive ORN production, concurrent

with the primary organization of OE zones and projections

(Fig. 1A, C). Postnatal development terminates with the

organization of the OE into a fixed laminar structure that

mediates chemosensation, and undergoes maintenance

neurogenesis, based on demand (Fig. 1B, D).

Identifying different progenitors in the embryonic or

adult OE has been historically challenging because of an

inability to antigenically distinguish between distinct

embryonic and adult OE progenitors, and expand them

in vitro, at the same time as demonstrating their develop-

mental potential or repopulation activity in vivo. The

development of sophisticated transgenic mouse technolo-

gies, employing site-specific recombinases has, however,

recently revolutionized genetic fate mapping studies in

the mouse CNS (Joyner and Zervas 2006). Specifically, the

relationship between progenitor gene expression and the

fate of its daughters (genetic lineage) can now be accu-

rately demonstrated. Moreover, inducible genetic lineage

tracing allows us to temporally map the progeny derived

from a progenitor in fine developmental time windows. Our

current understanding of OE progenitor lineage contribu-

tion has largely been established in adult lesion-induced

adult neurogenesis and many studies (Roskams et al. 1994;

Roskams et al. 1996; Schwob 2002; Beites et al. 2005),

including ours, have suggested that mechanisms regulating

adult and embryonic neurogenesis may be equivalent.

However, it has yet to be established if the mechanisms

that mediate ORN development in embryogenesis are

recapitulated in adult regeneration, or whether quite dif-

ferent regulatory signals or progenitors may be at work in

adult OE. Here, we review the evidence for different

classes of progenitor in the adult and embryonic OE, and

highlight how recent studies using cre-lox fate mapping

have opened up new avenues into our understanding of OE

progenitor lineage contribution.

Structure of the adult and embryonic OE

The postnatal OE is a pseudostratified epithelium com-

posed primarily of three main cell types arranged in a

Fig. 1 Organization and

structure of embryonic and adult

OE (A, C) The embryonic OE

contains apical and basal

PCNA-expressing progenitors

with processes that span the

height of the OE. Immature

olfactory receptor neurons

(iORN) are flanked by apical

and basal dividing progenitors.

The developing lamina propria

contains olfactory ensheathing

cell (OEC) precursors and

immature (i)OECs, which

ensheathe olfactory receptor

neuron axons. (B, D) The apical

layer of adult OE contains

sustentacular cell (Sus) bodies

with progenitors segregated to

the basal layers below layers of

increasingly differentiated

ORNs. The (C) E16.5 OE

contains proliferating

progenitors (PCNA+; red;

arrowheads) that flank immature

Dcx+ ORNs (green), that in the

(D) adult are reduced in

frequency and located basally

(arrowhead). Nuclear stain

DAPI (blue); dotted line denotes

basal lamina; OE, olfactory

epithelium; LP, lamina propria.

Scale bar represents 50 lm in

C,D
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developmentally hierarchical manner atop a defined basal

lamina, which separates the OE proper from its underlying

lamina propria (LP). The OE proper contains (1) Basal cell

progenitors, (2) Immature (i)ORNs, (3) Mature ORNs and

(4) Sustentacular (Sus; Supporting) cells, whereas the LP

contains axon bundles, olfactory ensheathing cells (OECs;

Fig. 1B), connective tissue, blood vessels and Bowman’s

glands. Each cell type can be distinguished by location,

morphology, and antigen expression profile (summarized

in Table 1).

Sus cells span the height of the OE and form the apical

OE interface with the nasal cavity, with nuclei aligned in a

single apical row comprising approximately 15% of OE

cells. Sus cells, which express the Sus4 antigen (Goldstein

and Schwob 1996) are often referred to as ‘‘olfactory glia’’

but are distinct from the axon-ensheathing OECs of the LP,

and function in detoxification, degradation of olfactory

stimuli, regulating ionic composition, and enhancing ORN

function. Beneath Sus cells, the middle-upper layers of the

OE contain bipolar ORN cell bodies, where the most

mature ORNs express olfactory marker protein (OMP)

(Farbman and Margolis 1980) and comprise 75–80% of the

adult OE. The basal cell layer (5–10%) lies between the

lamina propria and the ORN layer and contains 2 major cell

types: globose (GBCs) and horizontal basal cells (HBCs).

Cells within this layer are responsible for the regenerative

capacity of the adult OE, however, the lineage contribution

of different basal cells is a matter of continuing debate, and

is discussed in detail below. GBCs are polyhedral, they

frequently divide (Fig. 1B) and differentiate chiefly into

ORNs. Directly below GBCs are flattened HBCs that rarely

divide and rest on the basement membrane directly

adjacent to the LP (Mackay-Sim and Kittel 1991). In

contrast, the embryonic OE at each stage of its develop-

ment is a highly dynamic and changing structure that is

largely devoid of Sus cells and HBCs. The developing OE

contains clusters of both apical and basal progenitors, with

regions that are pre-neurogenic (quiescent, 2-cells thick),

neurogenic (apical and basal layers of PCNA + cells with

iORNS sandwiched between) and fully developed OE

within the same turbinate. (Fig. 1A, C). Labeling for

mitotic cells indicates ‘‘bursts’’ of embryonic neurogenesis

can produce bulges in the embryonic OE throughout

development that can measure 30–40 cells high (Farbman

1992; Schwob 2002; Cowan and Roskams 2004).

Candidate adult OE progenitors

Manipulating adult OE neurogenesis in vivo

The fact that ORN dendrites are directly exposed to a

potentially toxic external environment is the major rationale

provided for the increased vulnerability of ORNs to loss,

and the justification for the retention of progenitors capable

of fuelling their replacement to preserve the sense of

olfaction (Farbman 1990). Because the death and replace-

ment of ORNs is tightly coupled (Costanzo and Graziadei

1983; Schwob et al. 1992), ORNs that are inhibited from

environmental exposure and stimulation by naris occlusion,

demonstrate enhanced lifespan, and a net reduction in ORN

turnover and progenitor division. In the rat following naris

occlusion, basal cell proliferation and overall OE thickness

is reduced, but the number of OMP-expressing ORNs

Table 1 Working antibodies to stage-specific progenitors, olfactory and non-olfactory neurons and glia that designate cells at different stages of

development

Cell Type Gene/Marker References

Dividing Cells BrDU, PCNA, Phospho Histone H3 Carter et al. 2004

Basal Cells/Progenitors ICAM-1, b1 and b4 integrins, a1, 3 and 6 integrins;

Otx-2; Pax-6; Trk A; EGFR; GBC-2; BF-1; Msi-1;

Hes6, Mash-1; Hes1, Hes5; Sox2 Notch 1, 2 and 3,

Jagged 1 and 2, Delta 1 and 4, Numb, Ngn-1

Carter et al. 2004; Roskams et al. 1996; Krishna et al.

1996; Goldstein and Schwob 1996; Guillemot et al.

1993; Cau et al. 2000; Cau et al. 1997; Tietjen

et al. 2003

Immature Receptor

Neuron

NST; GAP-43; Ngn-1; nNOS; Trk B; Doublecortin;

NeuroD;

Illing et al. 2002; Roskams et al. 1994; Roskams et al.

1998

Mature Receptor

Neuron

Type III Adenylate Cyclase; Golf; OMP, OCNC; Trk C

OR degenerate primers
Illing et al. (2002); Roskams et al. (1998)

Olfactory Ensheathing

Cells/Other Glia

S100b; O4; GalC; p75; b1 integrin; GFAP; CNPase;

Nestin, P0, A2B5, BLBP

Au and Roskams 2003; Ramer et al. (2004); Carson

et al 2006

Other Neurons TH; 5-HT; Glut Ves Transporter; CGRP; Sub P;

GAD-67, Calret, Calbindin

Ramer et al. (2004)

Sustentacular cells Sus4; Pax6; RALDH1, CRABP II; Sox2; Cyp-2a4,

-2a5,-2g1, Cbr2; Steel
Carson et al. 2006; Davis and Reed 1996; Asson-

Batres and Smith (2006); Larouche and Roskams

unpublished; Piras et al. (2003); Yu et al. (2005);

Murray et al. 2003
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remains unchanged (Farbman et al. 1988). Reversal of naris

occlusion, stimulates progenitor activity and the OE

restores its ORN population within 6–10 days (Cummings

and Brunjes 1997). Although sensory deprivation can be

used to manipulate the kinetics of ‘‘normal’’ turnover, the

most revealing demonstrations of OE progenitor activity

have come from a series of lesion models that each carry a

different repopulation demand. In different lesion models,

the time course and pattern of ORN replacement depends

both on the type and rate of ORN death, and the extent of

cell types lost (Carter et al. 2004).

Bulbectomy: In rodents, surgical removal of the olfactory

bulb (bulbectomy), induces a retrograde wave of apoptosis

in ORNs within 72 h of lesion (Cowan et al. 2001), stim-

ulating mitosis in local progenitors (Graziadei and

Graziadei 1979). Several million ORNs are then generated

from adult OE-residing progenitors by 2–3 weeks after

bulbectomy (Costanzo and Graziadei 1983; Schwob et al.

1992). Although a clean lesion for studying repopulation of

ORNs only (where the unlesioned OE serves as a built-in

control), the removal of the OB means that the bulbectomy

is of limited use in testing mechanisms of axon re-targeting.

Chemical/pharmacological lesion: Alternatively, an

intranasal chemical lesion applied directly to the nasal

cavity leaves the olfactory bulb available for re-targeting,

but also destroys multiple cell types. Detergent (Triton

X-100), zinc sulphate (ZnSO4) (Harding et al. 1978),

methylbromide (MeBr) gas (Schwob et al. 1995) and the

thyroid drug, methimazole (Bergman et al. 2002; Berg-

strom et al. 2003) have all demonstrated efficacy in

inducing widespread OE cell loss, and stimulating regen-

eration of multiple lineages. If the damage is too excessive,

reconstitution can be incomplete (ZnSO4), or respiratory

epithelium will replace the OE (Schwob 2002). After MeBr

treatment, proliferation occurs 1–2 days following lesion,

peaking after 1 week and continuing for up to 4 weeks,

with BrdU, a thymidine analog, being incorporated into

Sus, HBCs, and GBCs during the regeneration response.

The OE is almost fully restored to its pre-lesion state by

6 weeks. Since MeBr is a highly toxic gas and regulations

restrict its widespread usage, Methimazole (Mx; 1-methyl-

2-mercaptoimidazol), a drug used to treat hyperthyroidism,

provides an excellent alternative. Upon binding of Mx to

Sus and Bowman’s gland (BG) cells, OE destruction

occurs via the formation of toxic metabolites in the

olfactory mucosa, mediated by cytochrome P450 (Brittebo

1995; Bergman et al. 2002), multiple cell types in the OE

are lost, and the olfactory bulb is left intact for re-targeting.

Although there appears to be some variability in strain

sensitivity to methimazole, in our hands, two sequential

intraperitoneal injections of Mx, 3 days apart, causes the

OE to thin to 52 ± 0.7% 3 days after the final injection in

both CD-1 outbred and C57/Bl6 inbred mouse strains.

The replacement of ORNs in the adult OE following

lesion results from the division of GBCs, HBCs, or a

combination of both (Graziadei and Graziadei 1979; Cag-

giano et al. 1994; Schwob et al. 1994). It is clear that the

ORN replacement program is not uniform across all tur-

binates (Weiler and Farbman 1997; Cowan et al. 2001;

Carter et al. 2004), and lesion-induced ORN neurogenesis

appears to be governed by a balance between the loss rate

of mature ORNs (demand for replacement) and the degree

of readiness of the local endogenous progenitor population

(in active versus quiescent zones). During post-bulbectomy

neurogenesis, rather than undergoing uniform neuronal

replacement following the loss of mature ORNs (Moulton

1974; Camara and Harding 1984; Carr and Farbman 1992;

Gordon et al. 1995; Huard et al. 1998; Schwob 2002),

adjacent regions of OE in a given turbinate demonstrate a

highly patchy pattern of neurogenesis. This is likely due to

(i) a dynamic spatiotemporal retrograde ORN apoptosis

leading to localized changes in feedback induction/

repression signaling (Cowan et al. 2001; Bauer et al.

2003); (ii) a change in lateral inhibition from neighboring

cells that relieve inhibitory mechanisms that normally

permit only a subset of basal cells to respond to a mitotic

stimulus (Shou et al. 2000; Morrison 2001; Watt 2001) and

(iii) Stimulation of neurogenesis from underlying OECs

that are no longer in contact with axons. In the contralateral

OE, a delayed (but surprising) significant increase in local

basal cell mitosis also suggests that a feedback loop could

exist from the central nervous system that senses the loss of

ipsilateral ORN input and instructs the contralateral OE to

compensate (Carter et al. 2004).

Candidate adult multipotent progenitors in vivo and

in vitro

Globose basal cells: Several lines of evidence suggest that

the olfactory mucosa contains more than one kind of pro-

genitor in vivo and in vitro (Calof et al. 1998a; Schwob

2002; Carter et al. 2004). ORN progenitors are largely

localized to the basal cell compartment of the OE, and

GBCs in particular have been identified as neuronal pre-

cursors for ORNs (Graziadei and Graziadei 1979; Calof

and Chikaraishi 1989; Caggiano et al. 1994; Schwob et al.

1994; Calof et al. 1998b; Huard et al. 1998). GBCs are

neurogenic and bipotential in that they can produce both

ORNs and Sus cells. Some GBCs are Mash1-expressing

neuronal precursors, their mitosis and differentiation is

stimulated by lesion, is regulated by BMP4 and FGF2, and

they appear to have a limited ability to divide (Calof and

Chikaraishi 1989; DeHamer et al. 1994; Shou et al. 1999).

Mash-1 + or FoxG1-expressing GBCs are the only staged

precursor that has been identified in both embryonic and
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adult OE (Regad et al. 2007). Although some GBCs are

clearly neuronal precursors, there is little evidence to

suggest that GBCs can self renew or demonstrate the

multipotency required for regenerating all the cell types in

the OE, and are therefore not likely to be long-term

repopulating (‘‘stem’’) cells (Jang et al. 2003; Beites et al.

2005; Schwob 2005).

Retroviral vector (RV) labeling of mitotic cells and their

progeny after MeBr lesion has revealed localized clones of

cells containing both neuronal and non-neuronal cell types,

including ORNs, Sus, HBCs and GBCs (Huard et al.

1998). Although highly supportive of the existence of a

GBC bipotential progenitor (the majority of dividing cells

after MeBr are GBCs), HBCs also divide after MeBr, thus

making identification of the infected basal cell type, and

progenitor of origin of these diverse progeny, difficult.

Following bulbectomy, mitotic OE cells, include HBCs but

are mostly GBCs, (Holcomb et al. 1995; Carter et al.

2004). Retrovirally labeled GBCs transplanted into one of

two differentially conditioned rat hosts generate only ret-

rovirally tagged ORNs in a bulbectomy model, whereas in

MeBr-treated hosts, marked neurons, sustentacular and

basal cells were found (Goldstein et al. 1998). GBC

bi-potentiality has also been further confirmed by the

transplantation of GBC-2 + FACS-selected cells into

MeBr lesioned murine hosts that were demonstrated to

repopulate GBCs, ORNs and Sus cells (Chen et al. 2004).

These results indicate that the differentiation of OE pro-

genitors is regulated by signals within the host environment

(Goldstein et al. 1998), in which GBC (and potentially

HBC?) precursors, can produce neuronal and non-neuronal

cell types.

HBC multipotent progenitors: Although bipotential

progenitors clearly reside among GBCs, it is evident that

other basally situated multipotent neuro-glial and/or glial

OE progenitors may exist. The location of HBCs atop the

OE basal lamina, and their reluctance to divide in vivo is

more indicative of quiescent ‘‘stem-like’’ cell behavior

(Carter et al. 2004). The existence of cells with a mor-

phology between HBCs and GBCs suggests that HBCs

could be GBC precursors (Graziadei and Graziadei 1979;

Holbrook et al. 1995), and the co-expression of some HBC

and GBC antigens following MeBr lesion suggests a close

relationship between the two BCs. The expression of GBC

antigens preceding HBC antigens in ventral rat OE fol-

lowing MeBr (Schwob et al. 1995), and because GBCs can

be identified earlier in development than HBCs (Holbrook

et al. 1995), has been suggested as evidence that GBCs

could be hierarchical to HBCs. However, ontogenic time of

emergence is not evidence for hierarchical progenitor

lineage, because adult progenitor or stem cells may shift

into an ‘‘adult’’ state just prior to the establishment of a

mature tissue, hence embryonic and adult stem cells that

repopulate the same tissue can appear at different times

(van der Kooy and Weiss 2000).

In contrast with GBCs, HBCs are relatively quiescent,

and both in vivo and in explant or mixed culture are EGF-

and TGFa-responsive (Mahanthappa and Schwarting 1993;

Farbman and Buchholz 1996; Getchell et al. 2000). In

earlier work from our lab, we found that rarely dividing

HBCs may contribute to neurogenesis in vivo, and can

demonstrate limited self-renewal and multipotency in vitro.

To do this, we built on the established biology of adult

stem cells in the bone marrow, colon and epidermis where

progenitors, transit amplifying cells and mature, terminally

differentiated cells are organized in discrete laminae,

similar to the OE (Booth and Potten 2000; Watt 2001). The

HBC niche utilizes integrin combinations that are now

established as the most highly conserved adhesion recep-

tors shared between different primitive stem cells and SVZ

neural stem cells, in both functional and gene expression

studies (Hurley et al. 1995; Papayannopoulou et al. 1995;

Hirsch et al. 1996; Hurley et al. 1997; Voura et al. 1997;

Levesque and Simmons 1999; Potocnik et al. 2000; Suzuki

et al. 2000; Lemischka 2001; Ivanova et al. 2002; Rama-

lho-Santos et al. 2002; Campos et al. 2004). HBC adhesion

receptor expression profile enabled us to develop in vitro

conditions to positively select HBCs, and also to control

their behavior to demonstrate that a HBC can exhibit

multipotency in vitro. In tracking the receptor expression

profiles of HBCs, we found that, rather than possessing a

singular identity, HBCs are a heterogeneous population of

cells, some of which can generate colonies containing

multiple olfactory and non-olfactory neural lineages, as

well as glia and GBC-like precursors, from single cells.

These data do not argue against the existence of a GBC-

like progenitor in the OE, but reveal the possibility that

heterogeneous populations of GBC and HBC progenitors

exist. Although HBCs remain relatively quiescent, and let

GBCs lead the repopulation effort when only ORNs are

required after bulbectomy, the multi-lineage potential of

HBCs during extensive OE regeneration following MeBr

lesion in vivo has now been confirmed using inducible

Cre-mediated lineage tracing in Keratin 5-Cre transgenic

reporter mice (Leung et al. 2007). However, in both this

study and ours, only a subpopulation of HBCs was either

labeled (in vivo) or selected (in vitro), leaving open the

possibility that these HBCs may still represent a multipo-

tent daughter of a more primitive stem cell in the OE that

has yet to be identified.

Sustentacular progenitors? Fully differentiated Sus cells

are highly elongated, demonstrate a low rate of mitosis in

most lesion studies, and may not seem attractive candidate

progenitors. However, their retained expression of the

established neural progenitor transcription factors Pax6

(Davis and Reed 1996), Sox 2 and Otx-2 in the adult OE

J Mol Hist (2007) 38:581–599 585
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(Larouche and Roskams unpublished), concurrent with the

c-kit ligand, Steel (Murray et al. 2003), suggests their

potential contribution should not be overlooked. Despite

this intriguing expression profile, however, Sus4-expressing

cells transplanted into MeBr-lesioned OE produce only

sustentacular and duct cells after transplantation, making

them an unlikely functional progenitor (Chen et al. 2004).

Adult models of OE regeneration have thus played a key

role in establishing the potential lineage contribution of

some OE progenitors. Similarly, gene expression assays

following OE lesions have provided clues to genetic and

epigenetic factors regulating the progenitor regenerative

response (Getchell et al. 2002; Iwema et al. 2004; Shetty

et al. 2005). The subsequent application of transgenic

mouse and in vitro models (reviewed below) has enabled

us to understand the contribution of some of these factors

to regulating ORN genesis.

Molecular regulation of OE neurogenesis

OE precursors clearly possess an extensive capacity for

proliferation and differentiation, and must be tightly reg-

ulated, spatially and developmentally, to maintain the

integrity of the OE over a lifetime. ORN genesis is thus

controlled by the balance of positive regulatory factors

from cells (e.g. apoptotic ORNs, macrophages, OECs) that

sense a need for more ORNs and stimulate mitosis and

differentiation, and a reduction in negative feedback from

mature ORNs to inhibit additional ORN production (Shou

et al. 2000; Bauer et al. 2003; Wu et al. 2003).

Factors that positively regulate ORN genesis:Leukemia

inhibitory factor (LIF) is a mitogen that contributes to

proliferation in embryonic and postnatal OE in vitro and

in vivo (Satoh and Yoshida 1997; Nan et al. 2001; Getchell

et al. 2002; Bauer et al. 2003; Carter et al. 2004). LIF and

its receptor transcripts are also up-regulated and required

acutely following bulbectomy for an adequate proliferation

response, and subsequent ORN production (Getchell et al.

2002; Bauer et al. 2003).

Fibroblast growth factors are secreted proteins that sig-

nal via four tyrosine kinase receptors (FGFr1–4), which are

stabilized by a proteoglycan receptor (Yayon et al. 1991).

FGF receptor transcripts are expressed in the E15 OE, but

the specific cells expressing these receptors have not been

identified in vivo (DeHamer et al. 1994). GBC-like cells

proliferate in response to FGF2 in E14.5 OE explants or

when dissociated, allowing for 1–2 divisions prior to dif-

ferentiation into NCAM + ORNs (DeHamer et al. 1994;

Mumm et al. 1996) or bIII tubulin positive neurons in the

adult OE (Newman et al. 2000). These studies suggest a

role for FGF2 in the OE as a mitogen of neuronal pre-

cursors, likely GBCs, without inducing immediate neuronal

differentiation. The source of FGF2 in the OE, however,

has yet to be definitively established, and appears to vary

with species and detection approach (Goldstein et al. 1997;

Chuah and Teague 1999; Hsu et al. 2001).

Epidermal growth factor (EGF) and TGF-a bind to,

and signal through, the EGF receptor (EGFR), part of the

EGF receptor family of tyrosine kinases (Schlessinger

2000). The EGFR is most prominently expressed in HBCs

and Sus cells while TGF-a and EGF stimulate mitosis of

basal cells in vitro, and in vivo (Holbrook et al. 1995;

Farbman and Buchholz 1996; Ezeh and Farbman 1998;

Carter et al. 2004). HBCs demonstrate a 6 fold increase in

proliferation, shown by cytokeratin + BrdU incorporation,

without any proliferative effect on GBCs, when TGF-a
expression is directed specifically to HBCs via the regu-

lation of a human keratin-14 promoter/enhancer in

transgenic mice (Getchell et al. 2000). These results

suggest that HBCs are the primary EGF/ TGF-a-respon-

sive OE cell.

Factors that negatively regulate ORN genesis:The TGF-b
superfamily of growth factors includes TGF-b, activins and

BMPs. They are highly conserved proteins that play active

roles during differentiation and development in a variety of

tissues, and signal via a serine-threonine kinase receptor

complex (Attisano and Wrana 2002). Transcripts for

growth and differentiation factor 11 (GDF11), a TGF-b
family member, and its receptors can be detected in E12.5

to adult ORNs and their progenitors (Wu et al. 2003).

GDF11 can inhibit neurogenesis through division arrest in

FGF2-stimulated neurogenin1 + INPs, via up-regulation of

the cyclin dependent kinase inhibitor p27Kip1, and prolif-

erative arrest is reversed by either genetic loss or

antagonism of GDF11 (Wu et al. 2003). GDF11 therefore

appears to act as a negative regulator of OE neurogenesis,

in parallel with a similar role in retinal development (Kim

et al. 2005).

BMPs are morphogenetic proteins whose effects can

vary according to their concentration and target cell

(Mehler et al. 2000). Although multiple BMPs can be

found in the OE during development (Peretto et al. 2002),

BMP4 is the predominant transcript detected in the mid-

late gestation embryonic OE and ORN layers in the adult

(Shou et al. 2000). BMPs can inhibit OE neurogenesis at

high concentrations and stimulate neurogenesis at low

concentrations. High concentrations (10–20 ng/ml) of

BMP 2, 4 or 7 added to in vitro colony assays from E14.5–

15.5 OE, inhibits progenitor proliferation and the formation

of neuronal colonies, without affecting non-neuronal sub-

types (Shou et al. 1999). BMPs block ORN genesis by

targeting Mash 1 for proteolysis via the proteasome path-

way (Shou et al. 1999). Alternatively, BMPs at low

concentrations (0.1–0.2 ng/ml) promote the survival (but

not the proliferation) of newly generated ORNs (Shou et al.
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2000). Thus BMPs exert opposing effects on cells at dif-

ferent stages of the ORN lineage, and different TGF-b
subfamily members regulate OE progenitors using differ-

ential regulatory pathways. During OE homeostasis,

concentrations of negative regulatory molecules produced

by mature ORNs remains, thus inhibiting additional neu-

rogenesis. Following the lesion-induced removal of adult

ORNs, the concentration of negative regulators drops to a

critically low level, thus relieving inhibitory feedback and

allowing positive regulatory molecules of neurogenesis to

stimulate basal progenitors to proliferate and generate

replacement ORNs (Calof et al. 1998a; Shou et al. 2000;

Bauer et al. 2003).

In vitro assays for OE-based progenitors and regulators:

‘‘neurosphere’’ assays

Stem cells are largely defined by their function—a com-

bination of multipotency with the ability to self-renew—

whilst retaining their plasticity (van der Kooy and Weiss

2000). The ‘‘neurosphere assay’’ applied under highly

defined conditions is commonly used to assess the presence

of potential neural stem cells in the CNS, and how their

activity may change under altered growth factor conditions,

or following the ablation of regulatory genes (Reynolds

and Weiss 1992; Shingo et al. 2001; Vanderluit et al.

2004). Self-renewal of neural stem cells is usually assessed

as the ability of single neurospheres to reform spheres

while retaining the production of neurons and glia over

several passages (Reynolds and Weiss 1996). There is clear

evidence that GBCs and HBCs contain subpopulations with

varying degrees of multipotency, but do either of them self-

renew? Attempts to reproduce the neurosphere assay in the

murine OE have not succeeded at recapitulating the pri-

mary and subsequent vast expansion capacity obtained

from SVZ progenitors (Othman et al. 2003; Murdoch and

Roskams 2007). Some investigators have produced OE-

derived ‘‘neurospheres’’ from mixed, non-selected OE

cells, after a period of starvation or expansion in serum-

containing media in vitro. Human and mouse OE-derived

cells with significant proliferative potential and capacity to

make multiple cell types have emerged after several weeks

of culture, but the primary origin of these cells is unknown,

and the extended time in culture may have enabled epi-

genetic events to occur that underlie this enhanced

plasticity (Roisen et al. 2001; Morshead et al. 2002). After

extended time in culture, OE-derived neurospheres may not

accurately represent their true abundance or in vivo

mechanisms of regulation (Murrell et al. 2005; Othman

et al. 2005).

Because both the abundance and phenotype of

OE-based progenitors appears to change significantly

from early embryonic to adult life (Fig. 1), we tested if

neurosphere assays could provide a read-out of progeni-

tor activity (including potency) or abundance in mouse

OE from different ages. Cells isolated from P5 or adult

OE and cultured in EGF and/or FGF2 under the same

serum-free conditions as those used for SVZ cells of the

lateral ventricle (LV) produce non-adherent cell clusters

that appear similar to CNS neurospheres, together with

adherent colonies, reminiscent of those produced from a

subpopulation of ICAM-1 + HBCs (Fig 2A–C) (Carter

et al. 2004). Sphere-forming cells from the P5 and adult

OE however, have a very low frequency—less than 0.1%

of those from the SVZ of the same mice, under identical

conditions (Murdoch and Roskams 2007). P5 spheres and

adherent colonies demonstrate a very limited capacity to

serially passage under defined conditions, where they can

reproduce more spheres or adherent colonies, but this

capacity rapidly declines with successive passages, unlike

CNS neurospheres that can expand extensively (Reynolds

and Weiss 1996; Halpern and Martinez-Marcos 2003).

Adult OE-derived spheres and colonies are 4- and 9- fold

less abundant, respectively, than their P5 counterparts. P5

and adult spheres/colonies are, in turn, significantly less

abundant than those obtained from the E13.5 OE, and

also differ significantly in their time course of genera-

tion, morphology and passaging activity. Thus, when a

simple biological assay is applied, progenitor activity in

the OE not only changes over developmental time, but is

also significantly different than that from age-matched

CNS neurogenic regions.

The cellular expression of genes associated with CNS

progenitors and neuroblasts, is also different in the

postnatal OE. In P5 OE, the putative neural stem cell

marker, nestin, is not expressed in candidate HBC

progenitors, but is found largely in a subpopulation of

S100b-expressing OECs of the LP (Fig. 2D, F). The

microtubule-associated protein, Doublecortin, is not

found on neuroblasts, as in the CNS (Gleeson et al.

1999), but is expressed in immature ORNs and their

axons (Fig. 2E). Immunocytochemical analysis of sec-

tioned neurospheres from P5 OE reveals largely lineage-

negative cells at the core of OE-derived spheres and

colonies (Fig. 2G–L). Nestin is found in cells predom-

inantly on the periphery of spheres and colonies, in

close apposition to ICAM1 + HBCs (Fig. 2G), and near

immature ORNs expressing neuron-specific (bIII) tubu-

lin, NST (Fig. 2H). Glia expressing S100b are usually

found closer to the centre of spheres, in a similar

arrangement to that seen in CNS neurospheres (Fig. 2I)

(Campos et al. 2004). Subpopulations of cells express-

ing ICAM-1 or nestin are found in adherent colony

cores, or more often at their periphery where they are

usually clustered adjacent to S100b + cells (Fig. 2J–L).
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NST + ORNs are usually on the surface of adherent

colonies, and in the periphery of spheres, adjacent to

nestin + and/or S100b + cells (Fig. 2H, I, K, L). With

passaging of primary spheres, the production of neurons

decreases (similar to CNS neurospheres), and glial

production predominates. Thus, although the production

and passaging of postnatal spheres and colonies is

limited under serum-free conditions, the organization of

the cells produced in vitro closely mimics the in vivo

environment, and may serve well as a limited model

system for testing mechanisms regulating OE neuro-

and glio-genesis.

Fig. 2 In vivo and in vitro correlates of postnatal and adult OE

spheres and adherent colonies Cells plated at clonal density in serum-

free medium supplemented with FGF and/or EGF from postnatal day

5 (P5) or adult mice, produce (A) SVZ-derived non-adherent

neurospheres (B) OE-derived non-adherent spheres and (C) adherent

OE colonies. (D–F) At postnatal day 5 (P5) nestin (green) is found in

rare cells within the OE (F, arrowheads), but mainly localizes to

olfactory ensheathing cells of the lamina propria, some of which co-

express S100b (F, arrows, red). Nestin expression does not coincide

with (D) ICAM-1 + basal cells (arrowhead, red), and (E) immature

neurons (Dcx+, red). (G–I) Sectioned P5 OE-derived spheres and

(J–L) adherent colonies retain these cellular relationships and

expression profiles where they contain cells expressing (G, J) nestin

(green) distinct from ICAM-1 + basal cells (red), (H, K) Nes-

tin + cells (green) adjacent to bIII tubulin + neurons (NST; red) and

glia (S100b; red). (I, L) Nestin + cells (green); S100b + cells (red).

(L) Inset shows nestin + S100b + /– expressing cells migrating away

from a colony. Nuclear stain DAPI (blue); dotted line denotes basal

lamina; OE, olfactory epithelium; LP, lamina propria; ORN, olfactory

receptor neuron; Ax, axon bundle; SVZ, subventricular zone. Scale

bar represents: in A-100 lm (A, C); B-50 lm; in E-50 lm (D–F); in

I-50 lm (G–I); J-50 lm; in K-100 lm (K, L)
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Embryonic OE progenitors

Although HBCs and Sus cells exhibit molecular and cel-

lular expression profiles characteristic of a potential

multipotent progenitor, neither cell type is found (with its

unique gene expression profile, Table 1) until late in

embryonic development (Murdoch and Roskams 2007).

Adult ORNs (and OECs) are thus likely to be produced

from regionally restricted adult-residing precursors derived

from embryonic neuro-glial progenitors, but the establish-

ment of their specific identity has been stalled by the

paucity of identifiable genes we can use to distinguish, and

assay the potential of, individual candidate progenitors,

similar to other stem cell-containing tissues (Weissman

et al. 2001). Early placode-derived embryonic progenitors

clearly demonstrate the highest multipotency of all OE-

based progenitors, generating peripheral (olfactory,

vomeronasal) and central (hypothalamic LHRH+) neurons,

and glia, but this multipotency doesn’t appear to continue

in the adult, despite the persistence of active progenitors

(Wray et al. 1989; De_Carlos et al. 1995; Schwanzel-

Fukuda 1999). This may be because of a progressive

restriction in potential in olfactory or vomeronasal neuron

development (similar to other CNS regions like retina and

cerebral cortex) (Cayouette et al. 2003; Cayouette and Raff

2003; Fishell and Kriegstein 2003; Fishell and Kriegstein

2005), or due to differences in the local environment of the

embryonic and adult OE (Fig. 1).

Embryonic ORNs originate from a subset of cells within

the olfactory placode, paired oval-shaped epithelial patches

in the anterolateral region of the head. The placode

becomes first evident at embryonic day 9.5 (E9.5) in the

mouse, and invaginates to form a nasal pit by E10.5

(Cuschieri and Bannister 1975), concurrent with formation

of the medial and lateral nasal processes (Farbman 1992).

Induction mediated by local molecular signals orchestrates

axis formation, patterned gene expression, morphogenesis,

and cellular differentiation during the initial formation of

the OE and nerve (LaMantia et al. 2000). Axial signaling is

established by interactions between the fronto-nasal mes-

enchyme and developing OE in a similar manner to other

bilaterally symmetrical non-axial structures such as the

limbs, branchial and aortic arches (reviewed in Balmer

et al. 2005). The classic neuronal inducers retinoic acid

(RA; lateral), bone morphogenetic protein 4 (BMP4; pos-

terior), fibroblast growth factor 8 (FGF8; medial), and

sonic hedgehog (SHH; medial) are all implicated in ORN

induction (LaMantia et al. 2000), and are reviewed else-

where in this edition. FGF8 is also critical for the normal

development of the OE, as FGF8 null mice exhibit a loss of

virtually all OE neuronal subtypes (Kawauchi et al. 2005).

Underlying these morphological cellular changes in the

olfactory primordium are discrete spatial patterns of gene

expression ascribed to primitive neural progenitors, where

cells in the ventral rim of the invaginating nasal pit induce

transcription of SOX2, Pax6, Dlx5 (Kawauchi et al. 2005).

The proneural basic helix-loop-helix (bHLH) transcription

factors Mash1 and Ngn1 are also detected in a pattern of

successive dorsal expression in the olfactory pit, desig-

nating a progressively more committed neural progenitor

phenotype (Kawauchi et al. 2005).

Mash1-expressing precursors: key intermediates

in ORN production

Mash1 is a basic helix-loop-helix (bHLH) transcription

factor found in progenitors throughout the embryonic OE,

but becomes more restricted to basal OE progenitors as

development proceeds (Cau et al. 1997; Cau et al. 2000;

Tietjen et al. 2003). Concurrent with the relocation of

Mash1 + cells over time, PCNA + proliferating cells are

redistributed from the apical to basal OE, as cells in the

apical OE begin to express the sustentacular cell marker,

Sus4 (Fig. 3A) (Smart 1971; Murdoch and Roskams 2007).

Apical embryonic progenitors are thought to be the pre-

cursors of basal progenitors (Cau et al. 1997) and are

distinguished by their expression of distinct transcripts,

such as Notch signaling components, or other bHLH

transcription factors (like Ngn1), that drive neuronal dif-

ferentiation (Cau et al. 1997; Cau et al. 2000; Cau et al.

2002; Tietjen et al. 2003; Carson et al. 2006).

Mash1 is thus thought to be a pro-neural determination

gene, required in a subpopulation of ORN progenitors

during early ORN specification to activate Notch signaling

and initiate neuronal differentiation. Different combina-

tions of Notch receptors, ligands and effectors have been

implicated in regulating both ORN and OEC development

(Manglapus et al. 2004; Carson et al. 2006), and are

reviewed elsewhere in this edition. Mash1 expression

peaks during embryogenesis, when neurogenesis is exten-

sive, and is down-regulated in the adult OE. Mash1 induces

the expression of later bHLH proteins, like Ngn1 followed

by NeuroD, to drive eventual exit from the cell cycle and

ORN differentiation. Mash1-/- mutants have a significantly

reduced ORN population, fail to express Notch signal

transducers, neurogenin 1 (Ngn1) and NeuroD, and lose

mitotic basal, but retain apical, progenitors (Guillemot

et al. 1993; Cau et al. 1997; Cau et al. 2000; Cau et al.

2002). Mash1 and Ngn1 may transmit distinct responses to

environmental cues such as mitogens, survival and differ-

entiation factors, serving as checkpoints at successive

stages of ORN development to ultimately control neuron

production (Cau et al. 1997; Cau et al. 2002). Following

the induction of lesion-induced neurogenesis, the number

of mitotic Mash1 + cells is increased. This precedes the
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appearance of differentiated ORNs and immediate neuro-

nal precursors—cells that divide one or two times before

becoming postmitotic neurons, which express Ngn1 and/or

NeuroD (Gordon et al. 1995). Mash1 thus appears to be a

common hierarchical regulator of both embryonic and

adult OE neurogenesis. Other factors that we have identi-

fied that demonstrate a unique embryonic expression

pattern in transgenic reporter mice (from the GENSAT

database; (Gong et al. 2003)) that indicate a potential role

in the regulation of ORN or OEC development, are sum-

marized in Table 2.

CNS-like precursors in the embryonic OE

Beyond the central role of Mash1-expressing precursors,

relatively little is known about the identity of other ORN

progenitors that pattern the OE, compared with other CNS

regions (Corbin et al. 2001; Yoshida et al. 2006). From

E10–E15, the OE contains proliferating progenitors, lack-

ing expression of neuronal, glial and sustentacular lineage-

specific antigens that undergo massive expansion to lay

down the initial turbinates that will contain the zones

containing ORNs of different classes (Farbman 1992;

Iwema et al. 2004). The PCNA + nuclei of proliferating

cells are equally distributed between the apical and basal

OE during early embryonic development, but by E16.5 and

later, become largely located at the basal OE (Fig. 3A).

Mitotic cells actively undergoing cytokinesis in embryonic

OE are often clustered at the OE apical surface, and fre-

quently grouped on apposing apical membranes

(Fig. 3B–E). Progenitors in S-phase are localized to the

basal OE, distinct from apical cytokinetic progenitors, in an

distribution highly reminiscent of the organization of

embryonic CNS ventricular zone progenitors (Gotz et al.

2005), and very different from the pattern in adult OE. Like

neuro-epithelial cells of the VZ, cells clustered at the apical

embryonic OE express the transmembrane protein, Prom-

inin-1, a putative stem/progenitor marker in neural and

non-neural tissues, which may signal nearby progenitor

proliferation by releasing prominin-containing particles

into the adjacent fluid filled cavity (Fig. 3F) (Gotz et al.

2005; Marzesco et al. 2005; Corti et al. 2007). If these

PCNA + apical cells are a distinct class of progenitors,

then their preferential localization in apical OE suggests

that basal neurogenesis in adult rodent OE must be derived

from neural progenitors different to those in the embryo

(reviewed in (Brazel and Rao 2004; Rao 2004)).

Given the striking parallels between the organization of

cortical and OE embryonic neurogenic zones, we recently

tested if embryonic OE contains progenitors that morpho-

logically or antigenically resemble multipotent CNS radial

glia. Previously, investigators have searched for cells in

adult OE that may express Nestin, an intermediate filament

protein characteristic of CNS neuroepithelial stem cells

(Hockfield and McKay 1985), during the neurogenic

Fig. 3 Proliferating OE progenitors change location and frequency

between embryonic and adult development (A) Proliferating

(PCNA+) cells become relocated over time from predominantly

apical to basal OE with age (n = 3–5 mice/group). Immunohisto-

chemistry of E13.5 OE labeled with (B, E) PCNA (red), (C, E) DAPI

(blue) and (D, E) nestin (green). Cells undergoing cytokinesis are

found at the apical OE (arrowheads), and (F) express the neural

progenitor marker, Prominin-1 (red) at their extreme apical mem-

brane, alongside developing dendrites of immature NST+ (green)

ORNs. Inset shows larger version of boxed area. P5-postnatal day 5;

Adult-2 months of age. OE-olfactory epithelium; LP-lamina propria;

NC-nasal cavity. Dotted line indicates basal lamina. Size bar

represents: in E-50 lm (B–E); F-100 lm
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response following OE lesion. Nestin in the OE has pre-

viously been localized to the end-feet of adult sustentacular

(Sus) cells in vivo (Doyle et al. 2001), in OECs (Pixley

1996; Au and Roskams 2003), in a cytokeratin + neuro-

genic basal cell line (Satoh and Yoshida 2000) and human

OE-derived neurospheres, in vitro (Othman et al. 2003;

Zhang et al. 2004). These studies all consistently show that

the predominant Nestin-expressing cells of the adult

olfactory mucosa are OECs (Au and Roskams 2003).

However, improved detection methods using multiple

Nestin antibodies have revealed that Nestin expression can

be detected at E10.5 in cells with a radial glia-like mor-

phology (termed radial glial-like progenitors; RGLPs)

(Murdoch and Roskams 2007), adjacent to columns of

immature ORNs expressing neuron-specific bIII tubulin

(NST) (Fig. 4A–C). These RGLPs appear similar to those

found in the developing forebrain and embryonic OB

(Fig. 4A), and are most abundant at the in-fold of each

developing turbinate. Within the embryonic OE and

developing VNO, the majority of embryonic nes-

tin + RGLPs co-express PCNA and are anchored at the OE

basement membrane and apical surface, with processes

spanning the OE (Figs. 3E, 4B, C) (Murdoch and Roskams

2007). In contrast to the CNS, the neuroblast marker

Doublecortin (Dcx) is not found in migrating, mitotic

neuroblasts, but is first found in post-mitotic NST-

expressing immature ORNs (Fig. 4C, D). Interestingly, we

have also found Doublecortin-expressing mitotic neuro-

blasts encased within the olfactory nerve from E10–E17

(Carson et al. 2006). The co-expression of NST and Dcx in

iORNs begins at E10.5 and continues postnatally, but in

regions of the OE that are more developed, NST is

expressed by immediately post-mitotic, new iORNs, where

iORNs migrating through the OE co-express NST and Dcx,

prior to the onset of OMP expression (Fig. 4D, E).

Does the embryonic OE contain radial glia?

Radial glia cannot be identified by the expression of a single

antigen, but are usually characterized by a combination of

markers, including nestin and RC2, and are distinguished

Table 2 Examples of genes from GENSAT database, whose reporter expression is detected in the E15.5 OE or lamina propria. Gene symbols in

italics. GENSAT-gene expression nervous system atlas; (Gong et al. 2003)

Regions of restricted distribution Subclass of gene product Gene

Developmental ORN

subpopulations

Receptors Dopamine receptor 2,3 (Drd2, Drd3); Very low density lipoprotein receptor-

related protein 2 (Lrp2); G protein-coupled receptor 37 (Gpr37); G protein-

coupled receptor 83 (Gpr83);

Transcription factors Atonal 1 (Atoh1); Nescient helix loop helix 1 (Nhln1); embryonic lethal,

abnormal vision Drosophila-like 2 (elav); POU domain, class 2, transcription

factor 1 (Pou2f1); early B cell factor 2 (Ebf2); orthodenticle homolog 2

(Otx2); oligodendrocyte transcription factor 2 (Olig2); C. elegan ceh-10

homeo domain containing homolog (Chx10)

Growth factors,

chemokines

Chemokine (C-X3-C motif) ligand 1 (Cx3cl1);

Other Glutamic acid decarboxylase 2 (Gad2); ATPase, Na+/K + transporting, beta 1

polypeptide (Atp1b1); Cholecystokinin (cck); Solute carrier family 6 (Slc6a2);

cerebellar degeneration-related (Cdr2); adenylate kinase 3 alpha-like 1

(Ak3l1); cadherin 1 (Cdh1); Tribbles homolog 2 (Drosophila) (Trib2); limb-

bud and heart (Lbh); UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-

acetylgalactosaminyltransferase 5 (Galnt5); amphoterin-induced gene and

ORF (Amigo); brain protein 44-like (Brp44l);

Developmental OEC

subpopulations

Receptors Chemokine (C-X-C motif) receptor 7 (Cxcr7); endothelin receptor type B

(Ednrb); G protein-coupled receptor 83 (Gpr83);

Transcription factors Iroquois related homeobox 3 (Drosophila) (Irx3); RE1-silencing transcription

factor (Rest); oligodendrocyte transcription factor 2 (Olig2); empty spiracles

homolog 2 (Drosophila) (Emx2);

Growth/secreted factors,

chemokines

Hepatocyte growth factor (Hgf); secreted frizzled-related sequence protein 1

(Sfrp1); wingless-related MMTV integration site 5B (Wnt5b);

Other p21 (CDKN1A)-activated kinase 1 (Pak1); protein inhibitor of activated STAT 3

(Pias3); acyl-CoA synthetase bubblegum family member 1 (Acsbg1); cadherin

3 (Cdh3); signal inducer and activator of transcription 3 (Stat3); claudin 5

(Cldn5); tryptophan hydroxylase 2 (Tph2); suppressor of variegation 3–9

homolog 1 (Drosophila) (Suv39h1); limb-bud and heart (Lbh); signal-

regulatory protein alpha (Sirpa); tetraspanin 7 (Tspan7);
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from neuroepithelial stem cells by markers that include the

glutamate transporter, NGLAST (Furuta et al. 1997). Some

Nestin-expressing RGLPs in the OE and VNO co-express

other radial glia proteins, such as GLAST and RC2, but do

not express the neurogenic radial glia protein, Brain Lipid

Binding Protein (BLBP) (Anthony et al. 2004; Murdoch

Fig. 4 Novel markers in OE

development: radial glia-like

progenitors At E10.5,

presumptive olfactory

epithelium (pOE) contains cells

expressing (A–C) nestin (green)

exclusive of (A, B) neuron-

specific b III tubulin (NST) or

(C) Dcx (both red) in immature

ORNs. Dcx (red) and NST

(green) co-localize in (D) E10.5

pOE but in (E) more highly

developed regions of OE E17.5,

Dcx is not found in the most

basal neuronal layers, where

NST is induced prior to Dcx

(arrowhead). (F–I) P14 Nestin-

cre / Rosa YFP mice show YFP

reporter expression in a

subpopulation of ORNs in zone

1 (margins indicated by

arrowheads), whose cell bodies

and axons are independent of

OCAM-expression (red) in

zones 2–4. YFP + ORNs are

found in the (G, I) Mature

OMP + (red) and (H) immature

NST + ORN layers (red). OB,

olfactory bulb; VZ, ventricular

zone; LV, lateral ventricle; NC,

nasal cavity; OE, olfactory

epithelium; LP-lamina propria;

Sep, septum; Ax, axon bundles.

Dotted line indicates basal

lamina; ‘‘**’’dorsal recess.

Scale bar represents: in

A-200 lm (A, F, G); in

B-50 lm (B–E, H, I)
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and Roskams 2007). If OE-based Nestin-expressing cells

are RGLPs, then lineage tracing of nestin transgene-acti-

vating cells, similar to that performed in the CNS (Tronche

et al. 1999) should reveal this. By combining Nestin-Cre

mice with flox’d reporters that initiate YFP expression upon

excision (Novak et al. 2000; Srinivas et al. 2001), all

progeny derived from cells employing CNS nestin-specific

enhancers should become YFP+(Joyner and Zervas 2006).

We can clearly detect nestin protein expression in the E10.5

OP (Fig. 4A), but reporter expression in Nestin-Cre mice is

difficult to detect prior to E15, regardless of the reporter

cross (ZEG, Rosa YFP) (Novak et al. 2000; Srinivas et al.

2001). In each of these crosses, Nestin reporter is only

found in a small subpopulation of OE cells. Delay of

reporter detection is common developmentally, where the

transgene has to be induced sufficiently to generate suffi-

cient Cre to excise, followed by a lag in accumulating

reporter product over time (Joyner and Zervas 2006).

However, at every stage of development examined, we can

only detect GFP/YFP in rare OE or VNO cells that express

endogenous nestin, that give rise to restricted subpopula-

tions of Y/GFP + ORNs (Murdoch and Roskams 2007).

Transgene-expressing cells not only appear to be committed

neural precursors (as opposed to multipotent), but are also

zonally limited in their production and distribution of

chemosensory neurons. The most striking finding from

examining YFP-expressing progeny derived from nestin

transgene-expressing precursors indicates they produce

ORNs restricted to Zone 1 and VNRNs restricted to the

VR1 zone of the VNO (Fig. 4F, G) (Murdoch and Roskams

2007). Within these regions, only a sub-population of

immature or mature ORNs express the reporter transgene

(Fig. 4H, I). It is important to note that, although the

majority of Nestin-expressing RGLPs in the OE do not

drive this Nestin CNS enhancer transgene (and must

therefore employ different regulatory elements), those that

do reveal a highly restricted zonal pattern, that is the first of

its kind reported in OE development.

GFP-expressing selected cells from VZ of Nestin:GFP

mice are the predominant embryonic cortical source of

multipotent embryonic neurospheres (Mignone et al.

2004). Although E13.5 SVZ-derived progenitors form only

neurospheres in vitro, under identical conditions embry-

onic OE yields three morphologically distinct semi-

adherent colony subtypes, that we termed fusiform,

polygonal and spherical (Murdoch and Roskams 2007).

These distinct phenotypes emerge over 10 days in vitro,

contain PCNA + cells, and can produce both neurons and

glia in a pattern that changes depending upon the growth

factor stimulation and colony subtype (Murdoch and

Roskams 2007). In colony-forming assays, cells from

Nestin-cre/ZEG transgenic OE, immediately form single

cells, doublets and early colonies that were largely

Nestin-expressing/lineage-negative cells that formed the

same colony subtypes as littermate controls and wildtype

CD-1 mice (Murdoch and Roskams 2007). OE-derived

colonies that contained GFP + cells (60–70% of all colo-

nies from E13.5) were twice as likely to be neurogenic than

GFP-negative colonies. GFP reporter expression was con-

fined to ORNs generated from these colonies in vitro,

suggesting that Nestin-transgene-expressing cells from the

E13.5 OE cells are not multipotent, but are primarily

neurogenic in vivo and in vitro.

Insights into potential OEC progenitors

In contrast to CNS radial glia, brain lipid binding protein

(BLBP), a fatty acid-binding protein (FABP) expressed by

radial glia in the embryo and associated with CNS neuro-

genesis (Feng et al. 1994; Anthony et al. 2004), was not

detected at any developmental stage within the OE.

Although whole mount transgenic expression data place

BLBP-expressing cells in the region of the E10.5 olfactory

placode (Anthony et al. 2004), BLBP expression is segre-

gated to ensheathing cells surrounding ORN axons in the

nascent olfactory nerve in the presumptive lamina propria

(Fig. 5A–C). Olfactory ensheathing cells are a specialized

class of glia that are unique to the olfactory nerve that

exhibit a significant degree of developmental and func-

tional plasticity (Ramon-Cueto and Nieto-Sampedro 1992).

Although their origin is thought to be from the olfactory

placode (Farbman 1992), evidence from zebrafish suggests

at least some OECs could have a potential neural crest

origin, (Whitlock 2004), a finding that has yet to be verified

in the mouse or rat.

We have detected BLBP-expressing cells lying directly

under the invaginating olfactory pit as early as E10.5

(Richter and Roskams 2007). Although BLBP is

co-expressed with nestin in the embryonic CNS (Anthony

et al. 2004), these gene products are not co-expressed

within the developing OE, and BLBP is only found in cells

aligning Doublecortin-expressing immature ORN axons

(Fig. 5B, C), a pattern confirmed by transgenic BLBP-GFP

reporter mice (Gong et al. 2003). In assaying embryonic

OE-derived colonies, Nestin and BLBP expression is usu-

ally exclusive but with time in vitro, co-expression can be

detected in cells of a more differentiated ‘‘glial’’ phenotype

(Fig. 5D). In early colonies, mitotic BLBP-expressing

glioblasts derived from semi-adherent colonies clearly

give rise to S100b-expressing glia, suggesting that a

BLBP+/Lineage negative glial-restricted precursor may be

the hierarchical progenitor to OECs (Fig. 5E). Additional

insight into the contribution of BLBP + precursors to the

OEC lineage is seen in the olfactory nerve of transgenic

BLBP-cre/ROSA mice. In these crosses, b galactosidase is
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induced after cre-mediated excision of a stop codon, reg-

ulated by the induction of the BLBP promoter (Fig. 5F–I)

(Anthony et al. 2004). The exclusive contribution of BLBP

to the OEC lineage is demonstrated by the co-expression of

b galactosidase with BLBP in cells immediately sur-

rounding mesaxons (smaller groups of axons within a large

axon bundle) in the LP of transgenic BLBP-cre/ROSA

mice (Fig. 5F). Interestingly, only the OECs that are in

direct contact with axons co-express b-Galactosidase and

BLBP. OECs in the outer layer of LP axon bundles (which

maintain glial-glial contact), or coursing through the lam-

ina propria, express b-Galactosidase and are clearly

derived from a BLBP-expressing glial precursor, but the

maintenance of BLBP expression appears to require axonal

contact (Fig. 5G). Co-expression of BLBP and reporter

predominates in the Olfactory bulb nerve fibre layer (NFL),

where Cre expression can also be detected in cells aligning

axon bundles (Fig. 5H, I). Given that BLBP is regulated by

Notch signaling in radial glia (Anthony et al. 2005), and

OECs appear to express Notch 1 and 3 at different stages of

their development (Carson et al. 2006), it seems likely that

Notch signaling, combined with an axonal-derived signal

(Wewetzer and Brandes 2006) may be responsible, at least

in part, for the maintenance of a more ‘‘developmental’’

phenotype within BLBP-expressing, adult-residing OECs.

The OE and LP thus contain a complex, inter-dependent

system of progenitors and cells at varying stages of glial

and neuronal maturity, whose activity first patterns, then

maintains, the OE. Here, we have reviewed how advanced

gene expression analyses and antigen detection methods,

coupled with the use of transgenic reporter mice, has

revealed the existence of previously unappreciated distinct

Fig. 5 BLBP expression is exclusive to the olfactory ensheathing cell

lineage (A–C). In the embryonic OE, (A) Nestin (green) expression is

highest in CNS OB radial glia, but is also found in OE-based RGLPs.

(B) Dcx (red) expression is highest in immature ORNs and migrating

neuroblasts of the OB, whereas CNS radial glia express BLBP (green)

which is not expressed in the OE, but (C) is highly expressed in the

migratory mass of mitotic olfactory ensheathing cells that are aligned

along Dcx + (red) ORN axons. Semi-adherent colonies formed after

serum-free culture of E13.5 OE with FGF +/– EGF (D, E), whose

cores can express BLBP (green) produce (D) migratory cells that

frequently co-express Nestin and BLBP, which can asymmetrically

divide to produce S100b + cells (inset), which then become

segregated to the colony periphery. In adult BLBP-cre/Rosa 26 mice

(F–I) BLBP (green) and b galactosidase (red; LacZ) are co-expressed

(arrowheads) in OECs surrounding axon bundles. BLBP neg

b galactosidase + OECs (arrows) are also detected on the periphery

of axon bundles and in the LP. (H) BLBP + (green)/b galactosi-

dase + (red) OEC processes are also detected in the nerve fibre layer

of the OB, some of which express detectable levels of (I) nuclear Cre

recombinase (red). Scale bars represent: in A-100 lm (A, B); C-

50 lm; D, E-100 lm; in H-50 lm (F–I)
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precursors that contribute to regionally restricted ORN

genesis (Nestin Tg + ORN precursors), adult OE repopu-

lation (Cytokeratin5 Cre- expressing HBCs) and OECs

(BLBP + embryonic glial restricted precursors). In addi-

tion, we reveal the presence of a Nestin-expressing RGLP

and the existence of in vitro colony-forming OE cells that

are unique to the embryonic OE, whose full potential has

yet to be tested (summarized in Fig. 6). Clearly, the

embryonic and adult OE have distinct differences in their

progenitor repertoire, and clues to the identity and regu-

lation of adult OE-residing progenitors will certainly be

found in understanding more about their hierarchical

embryonic parents. With the continued identification of a

greater repertoire of candidate stem cell genes in cells of

the OE, the definitive identification of more multipotent

embryonic and adult neural stem cells using a combination

of transgenic, lesion and in vitro approaches, will allow us

to unlock the mechanisms used by the olfactory epithelium

to adapt to a changing environment, maintain plasticity and

chemosensory function.
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