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Multiple axon guidance cues establish the olfactory topographic
map: how do these cues interact?
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ABSTRACT Each primary olfactory neuron stochastically expresses one of ~1000 odorant receptors.
The total population of these neurons therefore consists of ~1,000 distinct subpopulations, each of
which are mosaically dispersed throughout one of four semi-annular zones in the nasal cavity. The
axons of these different subpopulations are initially intermingled within the olfactory nerve. However,
upon reaching the olfactory bulb, they sort out and converge so that axons expressing the same
odorant receptor typically target one or two glomeruli. The spatial location of each of these ~1800
glomeruli are topographically-fixed in the olfactory bulb and are invariant from animal to animal. Thus,
while odorant receptors are expressed mosaically by neurons throughout the olfactory neuroepithe-
lium their axons sort out, converge and target the same glomerulus within the olfactory bulb. How is
such precise and reproducible topographic targeting generated? While some of the mechanisms
governing the growth cone guidance of olfactory sensory neurons are understood, the cues respon-
sible for homing axons to their target site remain elusive.
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Introduction

Sensory perception relies on the conversion of external stimuli
into some form of internal neural representation. In the auditory,
visual and somatosensory systems this process is dependent on
the presence of point-to-point topographical maps between the
sensory apparatus and specific brain regions. As in these other
sensory systems, the discrimination of odours depends on the
formation of a sensory topographical map. This olfactory sensory
map is not based on a simple point-to-point map of the sensory
epithelium onto olfactory processing areas in the brain. Instead,
the odotopic map within the glomerular sheet of the olfactory bulb
is based on the massive convergence of axons expressing like
odorant receptors (Fig. 1) (Ressler et al., 1994; Vassar et al.,
1994; Mombaerts et al., 1996; Royal and Key, 1999). Within the
olfactory neuroepithelium in rodents, each olfactory sensory
neuron expresses only one of ~1000 different types of odorant
receptor (Chess et al., 1994; Malnic et al., 1999). Sensory
olfactory neurons expressing a particular odorantreceptor protein
reside within one of four longitudinally oriented zones within the
olfactory neuroepithelium (Ressler et al., 1993; Vassar et al.,
1993). Within each zone these neurons appear to be stochasti-
cally distributed. However, all neurons expressing a particular
odorant receptor project their axons to a small number of glom-

eruli within the olfactory bulb (Ressler et al., 1994; Vassar et al.,
1994; Mombaerts et al., 1996; Royal and Key, 1999). The task of
sorting approximately 1000 subsets of axons is compounded by
the high degree of convergence of olfactory sensory neurons onto
individual glomeruli. In the mouse there are approximately 107
sensory neurons on each side of the nasal cavity and approxi-
mately 1800 glomeruli per olfactory bulb. Therefore, approxi-
mately 5000 axons converge onto a single glomerulus (Royet et
al., 1988; Pomeroy et al., 1990).

The degree to which distinct subpopulations of olfactory sen-
sory axons converge to specific glomeruliin the olfactory bulb was
not fully realized until after the cloning of olfactory receptor genes.
By using in situ hybridisation for detection of receptor mRNA in
axons it was possible to show that neurons expressing the same
receptor projected specifically to a small number of glomeruli in
each olfactory bulb (Vassar et al., 1994). This was confirmed in
the P2-IRES-tauLacZ line of mice which express a recombinant
fusion protein consisting of the tau microtubule associated protein
and B-galactosidase in neurons that express the P2 odorant
receptor (Mombaerts et al., 1996). In these mice the sensory
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Fig. 1. Primary olfactory neurons are distributed in a mosaic pattern.
A schematic representation of olfactory targeting in a sagittal view of the
olfactory bulb. Different subpopulations of primary olfactory neurons are
mosaically distributed throughout the olfactory neuroepithelium. While
each neuron expresses a specific odorant receptor, neighbouring neurons
may express different odorant receptors. The axons from neurons project
to the olfactory bulb in large fascicles in which all axons are intermingled.
Despite the mosaic distribution of neurons and the intermingling of axons,
when the axons enter the nerve fibre layer (NFL) they sort out and target
specific glomeruli in topographically-fixed positions according to which
odorant receptor is expressed by the neuron.

neurons expressing the P2 odorant receptor project their (-
galactosidase-positive axons to a few (1 to 4) glomeruli on both
the medial and lateral olfactory bulb (Mombaerts et al., 1996,
Royal and Key, 1999). The positions of these glomeruli are highly
conserved between bulbs, both within the same animal as well as
between different animals (Schaefer et al., 2001).

In order to begin to understand how this complex topographic
map is constructed itis convenient to divide the developing primary
olfactory pathway into three stages. First, the pioneer sensory
axons leave the nasal pit and extend through the intervening
mesenchyme tothe telencephalon. These axons are accompanied
by a heterogeneous population of cells and together, the axons and
cells, are referred to as the migratory mass. One of the cell types
is a specialised glia, the olfactory ensheathing cell (OEC), which
forms a glial bridge between the nasal pit and the rostral surface of
the telencephalon (Doucette, 1989; Tennet and Chuah, 1996).
Second, axons and accompanying cells commence penetrating
the boundary of the telencephalon and begin to form the outer
nerve fibre layer of the olfactory bulb. During this stage, axons
begin to sort out into subsets destined to target restricted domains
within the olfactory bulb. Third, primary sensory axons terminate in
tufts of neuropil called glomeruli in topographical-fixed positions to
form the olfactory sensory map.

The Key Stages in the Development of the Olfactory
System

The Growth of Olfactory Axons from the Olfactory Neuroepi-
thelium to the Olfactory Bulb

The olfactory neuroepithelium originates from cranial ectoderm
overlying the presumptive cerebral hemispheres. Inthe mouse, the
olfactory placodes are first observed at E10 as distinct rounded
thickenings of epithelium, separated from the presumptive telen-
cephalon by mesenchyme (Hinds, 1972a). At E11, the placodes
invaginate forming nasal pits and primary olfactory sensory neu-
rons are first identified (Hinds, 1972b). Axons then begin to extend
from the neuroepithelium, forming small fascicles which pierce the
basal lamina (Marin-Padilla and Amieva, 1989). Axons grow dor-
sally into the intervening frontonasal mesenchyme and by E11.5,
small fascicles have started to coalesce to form a single nerve
(Whitesides and LaMantia, 1996).

Penetration of Olfactory Axons into the Bulb

Once the first olfactory sensory axons reach the telencephalon,
they form a transient mass residing just outside, but not in contact
with the telencephalon. In the mouse, this stalling period is accom-
panied by the expression of inhibitory molecules containing CS-56
chondroitin sulfates (Treloar et al., 1996) within the marginal zone.
We have shown that the penetration of the first olfactory axons is
accompanied by a down-regulation of these chondroitin sulfates
(Treloar et al., 1996). Following this down-regulation, the contents
of the migratory mass fuse with the telencephalon to become the
presumptive nerve fibre layer. In the chick, the inhibitory secreted
glycoprotein semaphorin-3A is found on the surface of the telen-
cephalon at the equivalent time, while its ligand neuropilin-1 is
expressed by all olfactory sensory neurons. The down-regulation
of semaphorin-3A at the telencephalic border coincides with the
entry of neuropilin-1 positive axons into the olfactory bulb (Kobayashi
etal., 1997). Over-expressing a dominant-negative neuropilin-1in
chicks results in many olfactory axons entering the telencephalon
prematurely (Renzi et al., 2000). Together these findings suggest
that during this period of stalling, a combination of inhibitory
influences prevent the premature entry of olfactory axons into the
olfactory bulb.

Within the olfactory nerve, olfactory axons expressing different
odorant receptors intermingle within bundles (Royal and Key,
1999). However, once they enter the outer region of the olfactory
nerve fibre layer, there is considerable defasciculation and sorting
such that at least with respect to the P2 subset of axons, axons
begin to sort out into smaller subsets which subsequently coalesce
and form distinct glomeruli (Royal and Key, 1999). Therefore, the
outer nerve fibre layer appears to be a sorting zone for olfactory
axons in the same way it is a sorting zone in the olfactory pathway
of insects (Rossler et al., 1999).

The Formation of Glomeruli

We have analysed the development of the P2 subpopulation of
olfactory sensory neurons and their projections to the olfactory bulb
using the P2-IRES-tau-LacZ line of transgenic mice (Mombaerts et
al., 1996). P2 axons begin to target a specific region on both the
medial and lateral surfaces of the olfactory bulb as early as E15.5
(Royal and Key, 1999). However, initially within the glomerular
layer, axons intermingle with other odorant receptor-expressing



axons and terminate diffusely. At E17.5, P2 axons start to cluster
and to target a specific region within the glomerular layer and by
E18.5 the P2 axons form 2 to 3 tufts. Between E18.5 and P7.5,
these tufts either condense and form a single glomerulus or clearly
separate into discrete glomeruli connected by a bundle of axons.
By P14.5, all interconnected glomeruli have separated and formed
discrete glomeruli.

The Cellular and Molecular Cues that contributeto Axon
Guidance

Axons grow in Fasciculated Bundles along the Olfactory
Nerve

Within the olfactory nerve, axons grow in small fascicles that
become intimately associated with the surface of migratory cells
(Marin-Padilla and Amieva, 1989). Cell adhesion molecules such
as the neural cell adhesion molecule (NCAM) and L1 which are
expressed ubiquitously within the olfactory nerve, may mediate the
fasciculation of olfactory axons (Linnemann et al., 1988, Linneman
and Bock, 1989). These adhesion molecules are believed to
stimulate axon outgrowth by activating intracellular signalling path-
ways mediated by the SRC-family tyrosine kinases, p59"" and
pp60°sc, Mice deficient in both of these tyrosine kinases have
defectsin the fasciculation of the olfactory nerve suggesting that L1
and NCAM are important cell adhesion molecules during develop-
ment of the peripheral trajectory of primary olfactory axons (Morse
et al., 1998). While olfactory axons in p59%" and pp60°-s double
mutants continue to reach the telencephalon despite their aberrant
fasciculation, it remains to be determined whether these axons
terminate in their correct glomerular targets.

The fasciculation of olfactory axons within the nerve might also
be modulated by molecules such as the neuronal condroitin sulfate
proteoglycan (CSPG), neurocan. Neurocan, which is expressed
during development by both olfactory sensory neurons and OECs
(Clarris et al., 2000), can inhibit the homophilic binding of both
NCAM and L1 (Grumet et al., 1993). We assessed the effect of
recombinant neurocan on the growth of olfactory axons in vitro
(Clarris et al., 2000) and found that neurocan, both as a substrate-
bound molecule and in secreted form, stimulated the growth of
neurites from dissociated embryonic olfactory sensory neuron
(Clarris etal., 2000). These results suggest that neurocan supports
the growth of primary olfactory axons through the extracellular
matrix (ECM) as they project to the olfactory bulb during develop-
ment, possibly by modulating the interactions of NCAM and L1.
Like the action of polysialylated (PSA) NCAM in inhibiting adhesion
along the olfactory nerve during development (Aoki et al., 1999),
neurocan may stimulate olfactory sensory axon growth by inhibit-
ing their adhesion either to each other or to OECs within the nerve.

The Role of Olfactory Ensheathing Cells in Olfactory Axon
Growth

The olfactory axons grow out of the olfactory neuroepithelium
accompanied by a heterogeneous population of migrating cells.
These migratory cells consist of both neuronal and glial pheno-
types. The glial cells go on to form OECs that populate the olfactory
nerve and the olfactory nerve fibre layer (Tennent and Chuah,
1996). During early development, a close association is observed
between olfactory axons and OECs within the olfactory nerve and
this is maintained as they enter the olfactory bulb (Fig. 2) (Marin-
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Padilla and Amieva, 1989). In situ, OECs express glial fibrillary
acidic protein (GFAP) (Barber and Dahl, 1987), S100 (Pixley,
1992), the low affinity nerve growth factor receptor p75 (Gong et al.,
1994; Turner and Perez-Polo, 1994) and the adhesion molecules
L1 (Miragall et al., 1989), NCAM (Miragall et al., 1988, 1989;
Doucette, 1990; Miragall and Dermietzel, 1992) and PSA-NCAM
(Miragall et al., 1988, 1989; Miragall and Dernietzel, 1992). They
also express laminin (Doucette, 1990) and possibly tenascin
(Gonzales and Silver, 1994).

We and others have found OECs to be a highly conducive
substrate for olfactory axon outgrowth in vitro (Goodman et al.,
1993; Chuah and Au, 1994; Key et al., 1996; Kafitz and Greer,
1998, 1999). ECM molecules such as laminin, heparan sulfate
proteoglycan (HSPG) and collagen IV are stimulatory to the growth
of olfactory axons and are expressed within the olfactory nerve as
these axons first grow towards the telencephalon (Treloar et al.,
1996). To investigate the interaction between the ECM, migrating
OECs and olfactory neurites, we developed a technique whereby
explants of embryonic rat olfactory neuroepithelium were plated
onto various substrates (Tisay and Key, 1999). On a substrate of
Matrigel (Collaborative Biomedical Products, Bedford MA) OECs
migrated prodigiously from these explants and olfactory neurites
grew out avidly over the surface of these migrating OECs. To
examine the role of various ECM components, explants were
grown on substrates of laminin, HSPG and CSPG. We found that
both Matrigel and laminin promoted the migration of OECs away
from explants, while HSPG and CSPG appeared to restrict the
number of OECs migrating. Of interest was the finding that the
extent of neurite outgrowth from explants was directly proportional
to the degree of OEC migration, suggesting that in vivo olfactory
axons may follow the migratory path of OECs within the olfactory
nerve. Itis therefore likely that growth and guidance cues that affect

Fig. 2. Fascicles of intermingled olfactory axons are surrounded by
olfactory ensheathing cells. Primary olfactory neurons express different
odorant receptors and their axons project to the olfactory bulb in large
fascicles. These fascicles are surrounded by olfactory ensheathing cells.
As axons leave the olfactory neuroepithelium the axons intermingle with
axons from neurons that express different odorant receptors. However,
when the axons enter the outer nerve fibre layer of the olfactory bulb, they
defasciculate, sort out and refasciculate with similar axons.
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the migratory capacity of OECs are crucial to the development of
the olfactory nerve.

To more closely examine the effect of the ECM specifically on
the migration of OECs, we prepared dissociated cultures of OECs
from olfactory nerve fascicles teased from the submucosa of the
sheet of neuroepithelium lining the nasal septum of early postnatal
rats (Tisay and Key, 1999). We grew these dissociated OECs on
substrates of Matrigel, laminin, HSPG or CSPG and found that
while both Matrigel and laminin substrates facilitated the spreading
of OECs, HSPG and CSPG did not. These studies showed that the
ECM can have indirect effects on the growth of olfactory neurites
via modulation of OEC growth. A previous study has also shown
that during development, OECs migrate toward the rostral telen-
cephaloninresponse to a soluble trophic factor(s) released specifi-
cally by the presumptive olfactory bulb (Liu et al., 1995). We
propose that OECs secrete ECM molecules such as laminin that
then act autocrinely to stimulate their migratory and neurite-
outgrowth promoting activities. The chemoattractive factor(s) re-
leased from the olfactory bulb may act directly on the OECs to
promote growth, but may also act to regulate their expression of
molecules such as laminin. Although we have shown that in vitro
molecules like laminin can affect the growth-promoting properties
of OEC:s, this has yet to be shown in vivo.

Mesenchymal Influences on the Trajectory of Olfactory Axons

While the migration of OECs and the subsequent growth of
olfactory axons are stimulated by molecules present within the
olfactory nerve, the surrounding frontonasal mesenchyme ex-
presses molecules that confine their migration to defined regions
(Treloar et al., 1996). We have examined the expression of several
ECM constituents during the formation of the olfactory nerve
pathway and found that CSPG is selectively present in the mesen-
chyme between the olfactory nerve pathway and the nasal pit and
in the marginal zone of the telencephalon (Treloar et al., 1996). In
a search for possible candidate CSPGs involved in the delineation
of the olfactory nerve route, we found that the expression of the
proteoglycan phosphacan was confined to the mesenchyme sur-
rounding the early migratory mass (Clarris et al., 2000). Phosphacan
and possibly other CSPGs are probably secreted by mesenchymal
cells that demarcate boundaries over which migrating olfactory
ensheathing cells and accompanying olfactory axons cannot cross.
Whether CSPGs act by directly inhibiting the extension of neurites
or by inhibiting the migration of OECs is not known. However, at
least in vitro, we have shown that OECs fail to spread and migrate
on a substrate containing CSPG and that this subsequently re-
duces their ability to promote the growth of olfactory axons (Tisay
and Key, 1999). While CSPGs appear to play an important role in
restricting the trajectory of the first olfactory axons, their role after
the olfactory nerve pathway has become continuous with the
central nervous system is unclear.

Molecules produced within specialised domains of the mesen-
chyme may also promote the growth of the migratory mass. The
dorsolateral surface of the olfactory nerve is bounded by a region
of neural crest-derived mesenchyme that selectively expresses
Pax-7 (LaMantia et al., 2000). In vitro, reduction of Pax-7 expres-
sion within this domain alters the trajectories of olfactory axons
from neuroepithelial explants (LaMantia et al., 2000), suggesting
that this region of the mesenchyme is important in peripheral axon
navigation. Whether these mesenchymal influences affect the

migratory capacity of OECs and/or directly impact on the growth
activity of olfactory axons remains to be determined.

Role of Carbohydrates in Axon Fasciculation

Cell surface carbohydrates are emerging as key regulators of
cell-cell interactions in many tissues (Anderson and Key, 1999;
Rudd etal.,2001; Zhuand Wang, 1998). Although these molecules
are typically ubiquitously expressed throughout the nervous sys-
tem there are examples where unique glycoforms of cell adhesion
molecules, such as PSA-NCAM, exhibit spatiotemporal variations
in expression (Nakayama et al., 1998). In the olfactory system,
several discrete glycoforms of N-CAM, such as NOC-3 and NOC-
4 (Dowsing et al., 1997) and Gal-N-CAM (Pays and Schwarting,
2000) are expressed by subpopulations of primary olfactory neu-
rons while a 205 kD fucosylated form of NCAM is expressed by all
primary olfactory neurons (Pestean et al.,, 1995). While those
subpopulations of axons that express unique NCAM glycoforms
are mosaically dispersed in the olfactory nerve, they sort out and
selectively fasciculate into like bundles in the olfactory nerve fibre
layer (St John and Key, 2001a). Thus, this restricted expression of
NCAM glycoforms may provide a mechanism for selective fascicu-
lation of axons.

We believe that the restricted expression of cell surface carbo-
hydrates on olfactory axons provides a “glycocode” that mediates
the sorting out of olfactory axons through interactions with carbo-
hydrate-binding proteins such as galectin-1. We have shown that
in the developing rat, galectin-1 is expressed by OECs both in
olfactory nerve and in the nerve fibre layer of the olfactory bulb (St
John and Key, 1999). Furthermore, we have shown that a galectin-
1ligand, N-acetyl-lactosamine is expressed by olfactory axons that
terminate specifically in glomeruli present in the ventromedial and
lateral olfactory bulb (St John and Key, 1999). Galectin-1 may bind
and cross-link axons expressing galectin-1 ligands such as N-
acetyl-lactosamine (Puche and Key, 1996), thereby facilitating the
sorting out of olfactory axons into subpopulations.

Tomoredirectly assess the function of galectin-1 in axon sorting
and glomerulartargeting we examined the projection of a subpopu-
lation of olfactory axons in mice deficient for galectin-1 (Puche et
al., 1996). The plantlectin Dolichos biflorus agglutinin (DBA) binds
to a subpopulation of olfactory sensory neurons that are widely
scattered within the olfactory neuroepithelium (Key and Akeson,
1993; Treloar et al., 1996). The DBA-reactive axons are widely
dispersed within the olfactory nerve but sort out within the outer
region of the olfactory nerve fibre layer (Key and Akeson, 1993).
These axons then terminate in glomeruli present predominantly in
the dorsomedial olfactory bulb. In mice deficient in galectin-1,
although rostral regions of the bulb appear unaffected, few DBA-
reactive axons grew into caudal regions of the olfactory bulb.
These results supported our earlier findings suggesting that galectin-
1 plays an important role in the sorting of axons and subsequent
glomerular targeting.

To date, most of the cell surface carbohydrates identified are
expressed on large subsets of olfactory axons and therefore
project to a widely dispersed set of glomeruli (Plendl and Sinowatz,
1998). Therefore it has been difficult to accurately map the position
of glomeruli in different animals. This has precluded evidence for
the role of cell-surface carbohydrates in the sorting and subse-
guent glomerular targeting of olfactory axon subsets. However, we
have recently identified three large glomeruliin the caudal olfactory



bulb targeted by axons expressing the NOC-3 glycoform of NCAM
(StJohn and Key, 2001a). These glomeruli are in fixed topographi-
cal positions in both the left and right bulbs as well as in the bulbs
of different animals. Thus axons innervating the same glomerulus
are identified uniquely not only by expression of odorant receptor
type but also by cell surface carbohydrates.

The Role of Chemorepulsion inthe Sorting of Olfactory Axons

Little attention has been paid to the role of chemorepulsive
molecules in the sorting out of olfactory axons within the olfactory
nerve fibre layer. One possibility is that chemorepulsive molecules
are expressed on OECs and that these molecules act on appropri-
ate receptors expressed on olfactory sensory axons. In this way,
particular axon subsets could be prevented from entering certain
regions within the nerve fibre layer. Neuropilin-1 is expressed by a
subpopulation of olfactory sensory neurons that are diverted away
from ensheathing cells expressing the secreted neuropilin-1ligand,
semaphorin 3A in the outer nerve fibre layer of the bulb (Crandall
et al., 2000; Schwarting et al., 2001). Furthermore, in semaphorin
3A homozygous mutant mice, the sorting of axons is disrupted in
the nerve fibre layer and axons target topographically inaccurate
glomeruli (Schwarting et al., 2000).

Olfactory Axons initially target Glomeruli Aberrantly

In many neuronal systems exuberant neuritic growth is often
followed by subsequent pruning to establish discrete neuronal
connections. For example, in the chick retinogeniculate system, the
growth and arborisation of temporal retinal axons is initially impre-
cise. However, subsequent axonal remodelling results in the
retinotopic ordering of terminal arborisations characteristic of the
mature projection (Nakamura and O’Leary, 1989). We examined the
trajectories of primary olfactory axons as they formed glomeruliin the
olfactory bulb and found evidence of considerable exuberant over-
growth of axons into deeper layers between postnatal (P) day 0 and
1.5 (Tenne-Brown and Key, 1999). The number of these misguided
axons progressively decreased from P2.5 until at P14.5. This over-
shooting of axons was confirmed when we examined the P2 subset
of axons during the development in the P2-IRES-tau-LacZ line of
mice (Royal and Key, 1999). The extent of exuberant growth de-
creased with age and was absent from adults. This analysis revealed
that although P2 axons target specific loci in the olfactory bulb as
early as E15.5, discrete glomeruli emerge slowly and navigational
errors occur for up to the next 10 days of development.

Although we have little understanding of the molecular basis of
this exuberant growth and subsequent refinement in the olfactory
systemitis possible that interactions between the chemorepulsive
Eph receptors and their ephrin ligands may be involved (St John et
al., 2000, 2001b). During the highly plastic period of glomerular
formation, EphAS5 is differentially expressed by mitral cells while its
ligands are differentially expressed by olfactory sensory axons,
leading to the presence of subpopulations of glomeruli with high
and low levels of these molecules (St. John et al., 2000). Thus,
axons expressing high levels of ligands may synapse with the
dendrites of mitral cells expressing low levels of EphA5 and vice
versa (St. John et al., 2000). The dynamic and tightly regulated
spatiotemporal expression patterns of several Eph and ephrins by
specific primary and secondary olfactory cell populations suggest
that these molecules also have the potential to regulate other
important developmental events in the olfactory system.
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Targeting and the Role of the Odorant Receptors

The glomerulus targeted by an olfactory axon is dictated by its
choice of odorant receptor (Mombaerts etal., 1996). Itis therefore
possible that odorant receptors may be bifunctional: regulating
signal transduction in the nasal cavity and contributing to axon
guidance in the growth cone to enable axons to target specific
glomeruli. This has been tested with both P2 deletion and substi-
tution experiments which demonstrated that odorant receptor
molecules play an instructive role in glomerular targeting
(Mombaerts et al., 1996; Wang et al., 1998). Substitutions that
replaced the P2 coding sequences with receptor sequences
expressed either in different zones or from different chromosomal
loci resulted in the convergence of axons to glomeruli distinct and
more distant from their wild type counterparts (Wang et al., 1998).
These results indicate that selection of precise glomerular targets
involves both odorant receptor and additional guidance receptors
that reflect the neuroepithelial zone within which the odorant
receptor is expressed. In the most conservative substitution in
which the P2 odorant receptor was swapped for the coding
sequence of P3, expressed within the same zone of P2, axons
targeted to a glomerulus immediately adjacent to the P3 glomeru-
lus (Wang et al., 1998). This targeting to adjacent glomeruli could
be due to an altered level of P3 expression in these neurons in
comparison to wild type P3-expressing axons. If graded guidance
cues are read by sensory axon termini, then even slight changes
in the level of P3 may result in positional alterations in axon
projections.

Two possible speculations have been raised regarding the
role of the odorant receptor in axon guidance. One is that the
odorant receptor itself functions as a guidance receptor, which
binds the proposed ligands presentin an anteroposterior gradient
across the bulb. In this model, the binding affinities of highly
homologous odorant receptors to these putative ligands are
similar, resulting in the projection of axons from neurons express-
ing these receptors to neighbouring glomeruli (Tsuboi et al.,
1999). Another speculation is that odorant receptors themselves
do not bind to putative guidance ligands, but instead, each
odorant receptor gene locus contains a second and distinct set of
receptors co-expressed with the odorant receptor.

The Role of Activity in Glomerular Targeting

The targeting of olfactory axons and the formation of glomeruli
has the potential to be influenced by activity-mediated pruning of
axonal arbours. Activity-dependent mechanisms are important in
the visual system for the creation of ordered ocular dominance
columns of alternating input to the lateral geniculate nucleus from
either eye (Katz and Shatz, 1996). However, itremains debatable
whether similar activity dependent mechanisms are occurring in
the olfactory system. Two recent studies have reported conflicting
results regarding the role of neural activity in axon targeting in
mice deficient in the olfactory cyclic nucleotide-gated channel
OCNC-1 (Lin etal., 2000; Zheng et al., 2000). While the trajecto-
ries of P2 and M50 axons were unaffected by the loss of odorant
evoked neural activity (Zheng et al., 2000), M72 axons formed
aberrant small ectopic glomeruli (Lin et al., 2000). As yet the
effects on axon overshooting in the glomerular layer are yet to be
examined inthese mice. Nonetheless itappears thatthere may be
differences in the sensitivities of different olfactory neuron sub-
populations to the loss of neuronal activity. What is clear however



644 J.A. S John et al.

is that despite such an intrusive insult to the olfactory system,
primary olfactory axon navigation is only minimally affected.

Targeting and the Role of Bulbar-Derived Guidance Cues

Odorantreceptors, or co-ordinately expressed sets of guidance
receptors, play animportantrole as address molecules in targeting
glomeruli (Mombaerts et al., 1996; Wang ef al., 1998). It is most
likely that spatial cues in the olfactory bulb direct axons to their
precise glomerular targets. Mitral cells have long been thought to
provide cues for the guidance of olfactory axons. They are present
within the bulb as olfactory axons first enter the bulb (Hinds, 1972a)
and form synaptic contacts with olfactory axons within glomeruli.
However, Bulfone et al. (1998) have shown that in transgenic mice
which lack most mitral cells, P2 axons continue to target topo-
graphically-fixed glomeruli. These authors suggested that the
critical cellular component for targeting in the bulb might instead be
the radial glial cells. Radial glial processes in the rat form “glial
glomeruli” at the same time that olfactory sensory axons coalesce
into glomeruli (Bailey et al., 1999). Positional cues may be pre-
sented by the endfeet process of radial glia, which interact with the
olfactory sensory axons at the earliest stages of glomerular forma-
tion (Puche and Shipley, 2001). In support of this is the finding that
each radial glial cell extends tufts into only a single developing
protoglomerulus (Puche and Shipley, 2001).

Wizl Latiersl

Fig. 3. Two-point source hypothesis of axon navigation in the primary
olfactory pathway. (A) Two point sources establish circular gradients of
guidance cues. Amounts of each guidance cue decrease radially from a
central point. Overlapping gradients define every point (putative glomeru-
lus coloured blue) in space and produce a duplication of identical points (like
glomeruli) on either side of the midline. Interestingly, the midline is not
duplicated and may represent sites of unpaired glomeruli. (B) During early
development the two circular gradients are distributed over the surface of
the presumptive olfactory bulb on the ventrorostral telencephalon. (C) As
the olfactory bulb evaginates the gradients are dispersed over its surface.
Local discrepancies in the growth of the bulb will distort the symmetrical
pattern of the map between the medial and lateral surfaces.

The Nature of Bulb-Derived Guidance Cues - the Two-Point
Gradient Model

Whatis the nature of the cue(s) in the bulb that determines target
sites? One possibility is that separate target-derived cues will guide
each olfactory axon subset to appropriate glomerular sites. How-
ever, since there are ~1000 odorant receptors, this would neces-
sitate the expression of 1000 separate guidance cues in topo-
graphically invariant positions. This seems uneconomical. It is
more likely that, as in other CNS systems, olfactory axons will be
guided to targets by a small number of topographically aligned
factors. We favour the hypothesis that glomerular target sites are
defined by the expression of two overlapping gradients of ligands
that are distributed over the glomerular surface of the olfactory bulb
(Gierer, 1998). Because axons expressing a particular odorant
receptor target one medial and one lateral glomerulus in each
olfactory bulb, a gradient model needs to incorporate duplicate
gradients both on the medial and lateral surfaces.

We propose a model thatis based on gradients set up from point
sources (Fig. 3) rather than the more typical linear sources, such
as those envisaged in the visual system (Loschinger et al., 2000).
Each point source would represent the centre of a gradient of
radially aligned cues with the level of cue decreasing with distance
from the point source. In this model, two point sources would create
a symmetrical co-ordinate system of radially dispersed cues. Such
a system is analogous to the patterns generated when two stones
are dropped in a pond. The intersection of radially expanding
waves defines points in space just as two overlapping gradients of
ligands emanating from point sources in a flat neuroepithelial
sheet. When such a two-dimensional sheet is wrapped over the
ellipsoidal shaped olfactory bulb (with the point sources lying
dorsal and ventral to each other over the rostral surface of the bulb)
duplicated gradients would be established on the medial and
lateral surfaces of the bulb.

The final stereotactic arrangement of cues depends on the
ultimate shape of the bulb. If one side of the bulb grew
disproportionably more than the other, there would be a skew in the
position of identical glomeruli between the medial and lateral
surfaces. This appears to be the case since identified glomeruli
never appear to be at the same rostrocaudal or dorsoventral
position on either the medial or lateral surface of the bulb. In fact,
for all glomeruli examined to date, the medial glomerulus is always
located slightly more caudally along the rostrocaudal axis than its
counterpart on the lateral surface. It appears that the gradient has
uniformly shifted caudally on the medial surface.

A Model of Axon Guidance in the Olfactory System

It is now clear that while odorant receptors play an instructive
role in olfactory axon targeting, other molecules are likely to actin
a combinatorial way to guide the axons from the sensory neu-
roepitheliumto the target glomerulus. Thus, we favour a hierarchi-
cal model of axon navigation to explain formation of the olfactory
pathway (Fig. 4). First, ubiquitously expressed cell adhesion
molecules such as N-CAM and L1 may promote fasciculation of
olfactory axons. Second, molecules such as OCAM (Alenius and
Bohm, 1997; Yoshihara et al., 1997; Nagao et al., 2000), which
are expressed in zones 2-4 of the olfactory neuroepithelium, may
sub-partition the olfactory nerve into large regional domains.
Third, adhesion molecules may also facilitate the selective fas-



ciculation of axons arising from single zones. While
zone-specific adhesion molecules remain to be identi-
fied there is evidence for restricted expression of other
molecules in a single zone (Miyawaki et al., 1996). The
sequential or hierarchical expression of cell adhesion
molecules as described here would provide a mecha-
nism for maintaining a gross topographic order of pro-
jections between the nose and the bulb. Of course
these chemoadhesive interactions may be comple-
mented by chemorepulsive sorting that drives axons
away from inappropriate bulbar regions (Nagao et al.,
2000; Schwarting et al., 2000). Fourth, subpopulations
of axons express unique cell surface carbohydrates
such as NOCs (Dowsing et al., 1997; St John and Key,
2001a; Pays and Schwarting, 2000). These NOCs
could form a glycocode that would enable sorting of
axons into small fascicles in the nerve fibre layer (St
John and Key, 2001a) through interactions with carbo-
hydrate-binding proteins such as galectin-1 (Puche et
al., 1996; St John and Key, 1999; Tenne-Brown et al.,
1998). Eventhoughthese carbohydrates are expressed
by subpopulations of axons dispersed across all zones
of the nasal cavity they would still promote the self-
fasciculation of axons into small fascicles within a single
zone since zonal specific cell adhesion or
chemorepulsive molecules would maintain the gross
ordering of axons. The role of cell surface carbohy-
drates in the hierarchy of interactions would ensure the
fine partitioning of axons, a necessary prerequisite for
their subsequent convergence. Finally, subpopulations of axons
expressing specific receptor proteins then converge and target
specific glomeruli.

Where to Next?

While itis clear that we have progressed considerably in the last
ten years with regards to our understanding of the organization of
the olfactory system there is still a long way to go before we
understand the intricacies of axon navigation in this highly complex
pathway. What is the role of odorant receptor in axon targeting?
Does it participate in a classical receptor-ligand based interaction
in order to drive the convergence of axons to a single site in the
olfactory bulb? Or does it act indirectly to facilitate axon-axon
adhesion prior to the growth cone responding to other guidance
cues? What are the other guidance molecules that are obviously
important in directing the growth of axons expressing the same
receptor to their target site?

The specific and discrete expression of cell surface carbohy-
drates by subpopulations of olfactory axons indicates to us that
carbohydrates might play an important role in axon navigation. We
are therefore concentrating on addressing the role of cell surface
carbohydrates in the sorting of axons as they gradually home in on
their glomerular targets. We hope to alter the “glycocode” and
perturb the growth of olfactory axons by genetically engineering the
composition of cell surface oligosaccharides. In proof-of-principle
experiments we have successfully mis-expressed a specific
glycosyltransferase in all primary olfactory neurons in transgenic
mice and generated neurons with inappropriate cell surface carbo-
hydrates. The task in hand is to now generate mice with perturba-
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Fig. 4. Hierarchical model of axon targeting
in the olfactory pathway. The olfactory neu-
roepithelium is compartmentalised into four
zones according to the expression of odorant
receptor proteins. Each zone expresses a unique

complement of receptors. All axons express cell adhesion molecules (CAMs, repre-
sented as green), such as N-CAM and L1. These CAMs are involved in fasciculating
primary olfactory axons into large bundles. Expression of other CAMs such as OCAM
(represented as mauve) partition axons into two discrete bundles — those arising from
zone 1 and those from zones 2-4,; other CAMs may further partition subpopulations of
axons into smaller bundles. In the outer nerve fibre layer the axons sort out according
to the expression of cell surface carbohydrates such as NOCs (represented by yellow
and black). In the final stage of targeting, the expression of odorant receptor proteins
(represented as blue and red) directs axons to their topographically correct position.

tions in specific “glycocodes” and analyse the effects on subpopu-
lations of primary olfactory axons.
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