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Abstract. Olfactory sensory neurons detect an enormous
variety of small volatile molecules with extremely high
sensitivity and specificity. The actual recognition and
discrimination of odorous compounds is accomplished
by specific receptor proteins located in the ciliary mem-
brane of the sensory neurons. Axonal connections into
the olfactory bulb, the first relay station for odor proces-
sing in the brain, are organized such that all neurons ex-
pressing the same odorant receptor converge their axons
onto common glomeruli which are located at similar po-

CMLS, Cell. Mol. Life Sci. 58 (2001) 531–537
1420-682X/01/040531-7 $ 1.50 + 0.20/0
© Birkhäuser Verlag, Basel, 2001 CMLS Cellular and Molecular Life Sciences

sitions in all individuals from one species. For the estab-
lishment of this precise targeting of olfactory axons to
their appropriate glomeruli, combinatorial functions of
axon-associated cell adhesion molecules and odorant
receptor proteins appear to be required. Odorants that
stimulate distinct receptor cell populations will thereby
activate a specific combination of glomeruli in the bulb;
this characteristic activity pattern may be used by the sys-
tem to encode the quality of a particular odorant.
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Introduction

Odorants for terrestrial animals are typically hydropho-
bic, volatile organic compounds. Subtle alterations in
their molecular structure can lead to profound changes in
the perceived odor quality. An immense variety of
odorous molecules are recognized and discriminated by
the sense of smell. The discriminatory capacity is suppos-
ed to derive from precise information processing at
different levels of the olfactory system, which begins in
the chemosensory epithelium of the nose, where odorous
molecules stimulate distinct sets of olfactory neurons,
followed by the glomeruli of the main olfactory bulb
(MOB), which receives the sensory information and re-
lays it to higher brain centers like e.g. the piriform cortex
and the entorhinal cortex.
The initial steps in odor reception occur in olfactory neu-
rons. These bipolar nerve cells reside in the olfactory
epithelium that lines the walls of the posterior nasal cav-
ity, including the nasal septum [1, 2]. Millions of neurons
are distributed over the wide and thin sheet of nasal
epithelium which covers the surface of an intricate array
of complex convolute structures of the nasal cavity, called
turbinates. Each neuron extends a single dendrite to the
surface of the epithelium; the apical dendritic knob ex-
tends into several ciliary processes bathing in the mucus

layer that covers the olfactory epithelium. These cilia are
the specialized sensory compartments of the olfactory
neurons comprising odorant receptors as well as the
molecular machinery for signal transduction [3]. Odor
molecules entering the nasal cavity by the stream of in-
haled air dissolve in the mucus and are supposed to bind
to specific odorant receptors in the ciliary membrane. In
mammals, the large repertoire of odorant receptor types
is encoded by about a thousand different genes, each gene
encoding a distinct seven-transmembrane domain recep-
tor protein [4]. Individual olfactory neurons are believed
to express only one of the thousand receptor types [5].
Upon binding of an appropriate ligand, the receptor trig-
gers an intracellular reaction cascade mediating the che-
moelectrical signal transduction process that generates
the receptor potential which elicits action potentials con-
veyed to the MOB. Distinct odorants are supposed to ac-
tivate various subpopulations of olfactory neurons to a
different extent, thus eliciting a characteristic pattern of
neural activity.
Thus, by the chemoelectrical transduction process, the
chemical structures of odor molecules are mapped in neu-
ral space within the large population of olfactory neu-
rons. Whereas in the visual and somatosensory system,
sensory cells encode spatial attributes of the stimulus by
virtue of their exact position in the sensory epithelium,



the olfactory system does not encode external spatial
cues. It has therefore been proposed that neural space
may map molecular properties, based upon binding of
odorous ligands to odorant receptors of distinct sensory
cell populations [6]. Approaching the question whether
neurons activated by a given odor and expressing a given
receptor type are distributed randomly in the olfactory
epithelium, or whether they are grouped in spatial pat-
terns led to conflicting findings. Whereas physiological
investigations have provided evidence that particular
odors elicit localized responses (‘activity hot spots’) in
the nasal epithelial sheet [7–9], in situ hybridization
studies have indicated that neurons expressing a specific
receptor type are segregated within one of several broad
but circumscribed anterior-posterior zones within the
epithelium [10–12]. The current data indicate that within
one of the zones most olfactory neuron subpopulations
are randomly distributed. It is presently unclear how the
rather broad topographical distribution of chemospecific
neurons and the localized physiological activity patterns
can be reconciled. However, for a small receptor sub-

family it was found that the expressing neurons are organ-
ized in clusters [13–15]. 

Zone-to-zone topography

Each olfactory neuron projects an unmyelinated axon to
the brain; the axon penetrates the cribriform plate and ter-
minates in the MOB within discrete anatomical structures
called glomeruli. Glomeruli are spherical conglomerates
of complex neuropil, formed by the axonal processes of
olfactory neurons and the dendritic trees of MOB neu-
rons (mitral/tufted cells). Since the axons of olfactory
neurons neither have collaterals within the epithelium nor
terminal branches projecting to multiple glomeruli [16,
17], it is conceivable that an olfactory neuron conveys its
information to a single glomerulus. Whether the olfac-
tory neurons project their axons from the epithelium to
the bulb in a diffuse or a topographically organized
manner, has been a long-standing issue in the field of
olfaction [18]. Although the apparently random arrange-
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Figure 1. (A) Cross-section through the olfactory epithelium of an OR-IRES-tau-lacZ mouse after X-gal staining. Cell body, dendrite and
axon of neurons expressing the mutated receptor gene are stained blue. (B) Whole-mount view of an olfactory bulb after X-gal staining.
Axons from neurons expressing tau-lacZ under control of a distinct receptor type converge onto the same glomerulus. The axons approach
this point of convergence from different directions. (C) Cross-section through the olfactory bulbs after X-gal staining. Counterstaining with
neutral red shows the outlines of all glomeruli present on this particular section. Only a single glomerulus in each bulb is intensely stained
blue due to the incoming axons from tau-lacZ expressing neurons. The location of the glomeruli is bilaterally symmetric in the two bulbs
from one individual.



ments of nerve bundles in the olfactory nerve layer of the
bulb suggested little topographical organization, recent
anatomical, functional and molecular studies have pro-
vided experimental evidence indicating topographical
specificity. 
Various tract-tracing approaches, including the Nauta 
degeneration technique and horseradish peroxidase retro-
grade transport, revealed that distinct areas of the olfac-
tory epithelium are topographically related to defined re-
gions of the MOB [19–23]. Comparing the locations of
neurons that were found to project to different regions of
the bulb in those studies with the spatial zones based on
expression of receptor types suggested that neurons in a
specific expression zone project their axons selectively to
a characteristic region in the MOB.
Recent studies try to identify molecules that might be in-
volved in this regional patterning. So far, the best-charac-
terized molecule is the olfactory-specific cell adhesion
molecule (OCAM), which is an integral protein of the
axonal membrane [24]. It appears to be selectively ex-
pressed in olfactory neurons located in the three ventro-
lateral zones of the sensory epithelium, but not in neurons
residing in the dorsomedial zone. The two neuron popu-
lations show a clearly segregated projection of their
axons: OCAM-positive cells project onto glomeruli in the
ventro-lateral regions, and OCAM-negative cells project
onto glomeruli in the dorso-medial regions of the bulb. It
has been proposed that OCAM may contribute in guiding
olfactory axons to their appropriate target region in the
bulb by selective fasciculation of zonal subsets of olfac-
tory axons [24]. It is assumed that probably OCAM-relat-
ed molecules are present in the OCAM-negative dorsal
zone. A subset of olfactory neurons in the dorso-medial
zone can be visualized by a monoclonal antibody CC2;
these cells project to a corresponding dorso-medial re-
gion of the bulb [25].
Subpopulations of olfactory neurons which are inter-
mingled in the nasal epithelium not only have to find their
target region in the bulb but also their specific target glo-
merulus. This raises the question how axons of a neuron
population which are widely scattered throughout an
epithelial zone specifically terminate in exactly the same
glomerulus. Based on the discovery that subpopulations
of olfactory neurons carry distinct cell surface carbohy-
drates, it has been proposed that these molecules may
play a role in targeting axons to their specific glomeruli
[26]. Recently, the first experimental evidence has been
provided supporting this notion; the lectin Dolichus bif-
lorus agglutinin (DBA) specifically labels a subset of
neurons which are dispersed throughout the epithelium,
but their axons coalesce into discrete fascicles in the
nerve fiber layer of the bulb before terminating in select
glomeruli [26]. In mutant mice that lack the endoge-
nously expressed lectin galectin-1 [27], a subpopulation
of the DBA-positive neurons that normally project to the

dorso-caudal region of the bulb, now fails to do so. The
lectin-carbohydrate interaction may mediate selective
fasciculation of axon subpopulations, e.g. by cross-link-
ing carbohydrate moieties on their axonal surface.

Axonal convergence of neurons expressing the same
odorant receptor 

Based on histochemical observations and physiological
recordings from the MOB, it was postulated that olfac-
tory neurons expressing the same odorant receptor may
converge their axons onto a few common target glomeruli
[28–30]. Experimental proof for this model has recently
been provided by means of molecular approaches. Using
an ultrasensitive in situ hybridization method, messenger
RNAs (mRNAs) for distinct odorant receptors were de-
tected at a few sites of the bulb [31, 32] which appear to
be glomeruli. These observations suggest that receptor
mRNAs transcribed in the somata of olfactory neurons in
the nasal epithelium may reach the axon terminals. It is
currently unclear whether this occurs by anterograde
transport or passive diffusion; also, the functional rele-
vance of mRNAs in the axon terminals is unknown. The
massive convergence of axons onto a distinct spot pro-
vides levels of mRNA sufficient for visualization. Using
this approach, the targets for distinct sensory cell popula-
tions have been identified: two loci in each bulb, one lo-
cated on the medial and one on the lateral side of each
bulb. These positions were found to be bilaterally sym-
metrical between the left and the right bulb and roughly
invariant among individuals from one species. These ex-
perimental data support the model of convergence for
axons from olfactory neurons expressing the same odo-
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Figure 2. Axonal convergence. The seemingly random distribution
of neurons within the epithelium expressing a given receptor is
turned into an ordered projection towards the bulb. Axons of neu-
rons expressing the same receptor type converge onto the same
glomerulus. Odorous molecules which stimulate different receptor
subtypes will thereby activate a characteristic pattern of glomeruli,
which may be used by the system to encode the quality of a par-
ticular odor. 



rant receptor. However, the demonstration that the axons
from a large number of olfactory neurons expressing a
given receptor converge onto common glomeruli did not
exclude the possibility that axons from certain neurons of
this population diverge to other targets and may thus be
below the detection level. 

Analysis of projection by axonal markers 

Mombaerts et al. [33] have developed a much more pre-
cise labeling technique allowing single-axon resolution.
They designed a genetic strategy in mice to follow the
projection of neurons expressing the same receptor. The
tau-lacZ gene, producing a fusion protein of the axon-tar-
geting signal of the microtubule-associated protein tau
and the bacterial b-galactosidase, was inserted immediat-
ely 3¢ the stop codon of the odorant receptor gene P2. In-
clusion of an internal ribosome entry site (IRES) ensured
that the tau-lacZ reporter was expressed in the exact sub-
set of neurons that express this particular receptor gene,
without disrupting the coding region (P2-IRES-taulacZ).
By a simple enzymatic reaction employing the b-galac-
tosidase substrate X-gal, P2-expressing neurons in-
cluding their axonal processes were stained blue (fig. 1a).
This elegant approach provided direct demonstration 
that all neurons expressing P2-IRES-taulacZ, which are
broadly distributed throughout zone III of the epithelium,
converge their axons onto two glomeruli in each bulb, one
on the medial side and one on the lateral side (fig. 1b).
The glomeruli were found in fixed positions in the 
bulb in all individuals (fig. 1c), confirming the results
obtained by in situ hybridization. The convergence of a
large number of functionally equivalent sensory neurons is
supposed to greatly enhance the sensitivity of the olfactory
system.

Role of the odorant receptor in axon guidance

The tight linkage between the receptor choice of an ol-
factory neuron and the site of its projection within the
MOB led to the concept that the receptor itself may be in-
volved in the targeting process. To test this hypothesis,
mice were generated in which the receptor gene P2 was
modified in a way that neurons which activate this gene
locus express only tau-lacZ but not the receptor [34]. It
was found that the population of neurons which lacked
the P2 receptor still extended their axons from the epithe-
lium toward the bulb; however, the axons did not enter
into the glomerular layer, but remained broadly dispersed
in the outer nerve layer. This observation strongly sugges-
ted that the presence of a functional receptor protein is re-
quired for axonal convergence and raised the question,
what role does the receptor play in this process? It seem-

ed conceivable that a functional receptor protein, inde-
pendent of its exact primary structure, may be necessary
to correctly target the axon. An alternative model sug-
gested that the receptor protein may be present in the
axon membrane, directly interacting with guidance cues
and thereby helping to navigate the growth cone to its ap-
propriate target. To scrutinize these models, Mombaerts
et al. [33] have genetically substituted the gene encoding
the odorant receptor P2 by the coding region of odorant
receptor gene M12. Neurons expressing the M12 receptor
normally project to glomeruli far distant from those ex-
pressing P2. If the receptor proteins guide the axons to
their destination in the bulb, M12-expressing P2 neurons
should now project their axons onto the wild-type M12
glomeruli. It was found that P2 neurons expressing M12
receptors converged onto two glomeruli, but surprisingly
these glomeruli were normally not innervated by either of
the two receptors [33]. This finding indicated that the re-
ceptor protein indeed seems to contribute to the targeting
of the axons, but the precise destination requires additio-
nal guidance cues, e.g. zone-specific surface molecules,
like OCAM. This idea was favored by the observation
that replacement of the P2 sequence by a receptor ex-
pressed in the same zone caused a projection to target si-
tes next to the wild-type glomeruli [34]; the slight incor-
rectness in targeting was explained by subtle sequence
changes in the ‘swapped’ receptor which were necessary
to generate the new allele. A coordinated interplay of
zone-specific guidance molecules and odorant receptors
thus may determine the precise destination of projection.
In fact, based on the location of the novel convergence
points, it has been hypothesized that zone-specific guid-
ance cues may determine the positioning of projection
within the dorsal-ventral axis, whereas the receptor pro-
teins dictate the positioning of the glomeruli along the an-
terior-posterior axis of the bulb [34]. Odorant receptor
proteins seem to play a dual functional role: detecting
volatile ligands at the level of the cilia and recognizing
guidance cues at the level of the axon.

Guidance labels in the bulb

Whereas some potential guidance molecules have been
identified for the olfactory neurons, possible interaction
partners in the bulb are still elusive. Such molecules are
supposed to be located on the dendritic membrane of the
mitral/tufted cells, the synaptic partners of the incoming
axons. However, recent studies have provided evidence
which seems to argue against such a model; when P2-
IRES-taulacZ mice were crossed with mutant mice that
lack mitral and tufted cells [35], it was observed that con-
vergence of olfactory axons still occurred; furthermore,
even the topographic location of the targeted glomeruli
was indistinguishable from the wild type. Similar results
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were obtained with mice that lack the major GABA-ergic
interneurons (periglomerular and granule cells) of the
bulb; convergence of axons onto glomerular targets
seemed not to be impaired [35]. These results leave the
question open, which cell type of the olfactory bulb pro-
vides the guidance cues for the incoming axons of olfac-
tory neurons. Also, the molecular nature of the guid-
ance cues is elusive. It has recently been proposed that
target cells in the MOB may also express olfactory re-
ceptors [36]; in this scenario, a homophilic interaction of
identical or similar receptor proteins would provide the
required specificity for targeting.

Projection pattern in the VNO

Pheromones are thought to be received by chemosensory
neurons of the vomeronasal organ (VNO); these neurons
transmit their information to the accessory olfactory
bulb (AOB). The chemosensory epithelium of the VNO,
unlike that of the main olfactory epithelium, is not di-
vided into anterior-posterior zones, but rather into apical
and basal layers of neurons. They are defined by the
complementary expression of two distinct putative
pheromone receptor families [37–40], as well as two di-
stinct G-protein a subunits, Gi2a and Goa , respectively
[41, 42]. Previous immunohistochemical studies have re-
vealed that the layered organization of the epithelium is
preserved at the level of the AOB: neurons from the api-
cal layer specifically project to the rostral part of the
AOB, whereas those from the basal layer target glome-
ruli in the caudal part [43]. 
To get further insight into the organizational principles
underlying the sensory map of the VNO, receptor genes
expressed in distinct subsets of VNO neurons were ana-
lyzed using the transgenic technology of expressing axo-
nal markers in these cells. In two different studies [44,
45], VNO receptor genes were tagged with tau-lacZ; the
knock-in constructs were specifically expressed in small
numbers of neurons in the VNO epithelium. Interestingly,
the population of VNO neurons expressing a particular
receptor type projected to many, between 20–30 glome-
ruli, in the AOB. This is in sharp contrast to the main ol-
factory system. Clusters of glomeruli were found in
several regions, suggesting that the AOB is divided into
several distinct subdomains for axon targeting. Further-
more, the projection patterns were surprisingly variable
among different individuals and even between the two
bulbs from one individual. Nevertheless, comparing the
projection patterns of two VNO neuron populations re-
vealed characteristic patterns for each population [45].
The fact that neurons expressing a particular receptor
type targeted about 20–30 different glomeruli implies
that there is far less convergence in the vomeronasal map
than in the olfactory map; it was calculated that only

10–20 VNO neurons converge their axons onto indivi-
dual glomeruli [44], in contrast to the several thousand in
the MOB. Although glomeruli in the AOB are small and
difficult to define morphologically, glomeruli were de-
tected that receive input from more than one VNO neu-
ron population [45], indicating that individual mitral 
cells may receive input from more than one type of re-
ceptor neuron, which is another striking difference to the
MOB.
The question whether VNO receptors are involved in
guiding axons to their glomerular targets was addressed
by generating mice in which particular VNO receptor ge-
nes were deleted. VNO neurons lacking a functional re-
ceptor projected into the AOB, but dispersed randomly,
indicating that a VNO receptor seems to be required for
normal targeting. Rodriguez et al. [44] performed an in-
triguing ‘swap experiment’: they replaced the coding re-
gion of a VNO receptor gene with that of a receptor gene
normally expressed in the main olfactory epithelium.
When this odorant receptor was expressed in VNO neu-
rons, their axons still projected into the AOB; inter-
estingly, they targeted many glomeruli, which seemed
comparable to the wild-type situation. However, the pro-
jection pattern was distinct from neurons expressing the
original VNO receptor. 
The VNO map thus apparently is more complex than the
simple spatial map characteristic of the main olfactory
system. It was proposed that this may be due to the na-
ture of pheromonal stimuli, which are usually blends of
compounds whose individual components are present in
several species. To recognize the correct pheromone
cocktail, the VNO may focus on the exact composition of
the mixture rather than individual components, losing
the enormous discriminatory power generated in the
MOB.

Conclusion

The emerging principle of axonal convergence has de-
fined the glomerulus as an important site for integrating
information from olfactory neurons expressing the same
odorant receptor type (fig. 2). The application of novel
approaches, like gene targeting, has provided fundamen-
tally new insights into the molecular mechanisms under-
lying the precise wiring of olfactory sensory neurons. It
is anticipated that detailed knowledge about the func-
tional organization of the olfactory system will ultimately
lead to a better understanding of the principles underlying
olfactory coding and information processing.
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