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The identification of large families of odorant receptor (OR) genes in several different animals has generated
a great flurry of research in the development and functioning of the olfactory system. Olfactory receptor
neurons (ORNs) from the periphery project to the olfactory lobe where they synapse with interneurons
in distinct glomeruli. Results from studies using a variety of imaging methods suggest that a glomerulus
is a functional unit of odour coding and stimulus quality is represented as a spatial map of activation among
different glomeruli. What are the mechanisms that create this highly stereotyped map? In vertebrates,
targeting of sensory neurons to glomeruli is regulated, at least to some extent, by the ORS themselves.
In Drosophila, this is probably not the case since OR expression occurs at a time during development well
after glomerular patterning has been established. The facile genetics of Drosophila has allowed rapid progress
in the rules governing axonal connectivity and synapse formation in other regions of the central nervous
system. This information is of great value in deciphering mechanisms during olfactory pathway development.
The specification of ORN identities and their targeting to the distinct glomeruli is a subject of intense
investigation in Drosophila. The close parallels in organisation of the olfactory pathway between vertebrates
and invertebrates validate the use of Drosophila melanogaster useful model system for investigation of
the basic mechanisms of olfactory coding and development. From our current knowledge it is apparent
that the development of neural circuits underlying olfactory behaviour involves a precisely choreographed
interaction between ORN, glial cells lobe interneurons. How this is regulated to give rise to precisely sculpted
and yet behaviourally plastic circuits is a fundamental question in neurobiology.
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Olfactory behaviour is well known for the richness
and complexity of response generated to simple
stimuli. Chemical cues are known to induce dramatic
changes in physiology as well as behaviour of
animals; the type of response varies with the context
in which the stimulus is presented. Very striking
examples of chemical control of behaviour are seen
in response to pheromones in a variety of animals
including humans (reviewed in McClintock 1998).
How do neural circuits that underlie such complex
processing tasks develop and function? This review
attempts to highlight our current understanding of
the development and functioning of the olfactory
system. The discussion will focus largely on the
olfactory system of Drosophila although we will
refer to results from other animals where appropriate.
Anatomical and genetic similarities between
the olfactory systems of insects and vertebrates
have been the subject of a number of several
recent reviews and the reader is referred to these

(Hildebrand & Shepherd 1997, Strausfeld &
Hildebrand 1999).
Odour Coding
Organisation at the Periphery
Olfactory receptor neurons (ORNs) are present within
epithelia of the nasal cavity in vertebrates and on
various appendages in invertebrates. Antennae of insects
are the major smell organs and are exquisitely designed
trapping-devices that allow efficient interaction of the
chemical world with the detection surface (Boeckh
et al. 1965). The description of antennal anatomy and
ultrastructure has been the subject of a large body of
work reviewed by Keil (1992) and Halberg and Hansonn
(1999). In Drosophila, the organisation of olfactory
sense organs on the antenna and maxillary palps have
been chartered in some detail (Venkatesh & Singh 1984,
Stocker 1994, Shanbhag et al. 1999). There are
approximately 450 sense organs on the antennal surface
which are of three morphologically distinct sensillar
types. These sensilla are located in a fixed pattern on
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the antennal surface which is conserved between
animals. The diversity of sense organ types makes
the Drosophila antenna an attractive model for the
analysis of determination of sense organ identity
and cell fate (Ray & Rodrigues 1995, Reddy et al.
1997, Gupta & Rodrigues 1997, Goulding et al.
2000, Jhaveri et al. 2000b, Sen et al. 2003).
Electrophysiological measurements from ORNs
in insects, amphibians and some vertebrates suggest
that they are rather broadly tuned, detecting a range
of chemical stimuli (reviewed in Getchell 1986, Siddiqi
1987). A subset of neurons have narrow stimulus
specificity and they may act as labelled lines to the
central nervous system. de Bruyne and his colleagues
systematically measured the electrical responses of
individual ORNs on the Drosophila antenna to a
panel of odorants and suggested that sensory units
of similar function are clustered together. Such an
organisation could have important implications in the
modulation of neuronal activity and generation of
olfactory behaviour (Boeckh 1981). A similar distribution
of response properties exists other insects (Grant et al.
1998) and in mammals (Araneda et al. 2000).
Odorant Receptors
In the last decade, experimental approaches and
novel computer algorithms have identified large
families of candidate ORs in different animals (Buck
1996, Vosshall et al. 1999, Clyne et al. 1999, Gao &
Chess 1999). In Drosophila as well as all vertebrates
studied, each ORN expresses a single OR gene; this
needs to be reconciled with the broad stimulus
selectivities of each ORN. In the nematode C. elegans,
on the other hand, each chemosensory neuron expresses
an average of about 20 chemoreceptor genes (Bargmann
1998). OR genes encode seven transmembrane domain
G-protein coupled receptors with little structural
homology between species (Troemel et al. 1995, Buck
1996, Clyne et al. 1999, Vosshall et al. 1999, Gao &
Chess 1999, figure 1). Ligands for these candidate
receptors are currently being deciphered using
adenoviral mediated gene expression systems and
elegant calcium imaging strategies (Zhao et al. 1998,
Malnic et al. 1999). Targeted misexpression studies
in Drosophila have identified ligands for one of the
olfactory receptors, Or 43a which responds to cyclic
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molecules such as benzaldehyde and cyclohexanone
(Stortkuhl & Kettler 2001).
How does each neuron select one from among
hundreds of OR genes for expression? This is clearly
a very challenging issue in studies related to of gene
regulation. In Drosophila, Clyne et al. (1999) have
identified a POU domain protein Acj6 which is involved
in OR gene regulation in a subset of ORNs. The gene
was first identified in a screen for mutants defective
in olfactory behaviour (reviewed in Carlson 1996).
Spatial distribution of ORs among cells of olfactory
epithelia is tightly programmed. In rodents, neurons
expressing a given OR are confined to one of four
zones, although the distribution within each zone is
somewhat randomly dispersed (Ressler et al. 1993).
The patterning of OR expression among cells in the
epithelium attains an added degree of complexity in
vertebrates where ORNs are being turned over
throughout adult life. In Drosophila in situ hybridisation
has demonstrated the expression of 32 OR genes on
the antennae, 7 on the maxillary palp and 1 in both
organs (Vosshall et al. 1999, Clyne et al. 1999). The OR
that a given ORN expresses is related to its fate; this
predicts a linkage between genetic cascades that regulate
sense organ identity and receptor expression (Bhalerao
et al. 2003, Sen et al. 2003).
The Central Odotopic Map
The organisation of insect olfactory lobes is remarkably
similar in design to that of vertebrates (Hildebrand
& Shepherd 1997, figure 2). ORNs from the periphery
project to stereotypically arranged glomeruli in the
olfactory lobes. Glomeruli are regions of high synaptic
density formed by the terminal branches of sensory
afferents and the dendritic arborisation of their target
interneurons. In Drosophila there are 43 glomeruli
which are characterised by their size, shape and
invariant topographic position in the lobe (Stocker
1994, Laissue et al. 1999). Local interneurons connect
glomeruli within the lobe and projection neurons
(PNs) carry information out of the lobe to the calyx
of the mushroom bodies and the lateral horn (figure
2A; Stocker 1994). The vertebrate equivalents of PNs
are the mitral/tufted cells that relay information from
the ~1800 glomeruli to the higher olfactory centres
which comprise the piriform cortex, olfactory tubercle,

Figure 2 The organisation of the olfactory system in Drosophila (A) and mammals (B). In both cases the olfactory lobe
is characterised by an array of glomeruli that receive axonal projections from the olfactory epithelia. In the fly, most
of the receptor neurons arborize in the ipsilateral glomeruli and also send a collateral branch to corresponding glomeruli
on the contralateral side. Local neurons and projection neurons (mitral cells) arborize within glomeruli and connect to
the higher centres in the brain.
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Rodents

Nematode
(C. elegans)

Fruit fly
(D. melanogaster)

Size of the family
(including pseudogenes)

~1000

~500

~60

Year of discovery

1991

1995

1999

Selective singlecell PCR

Genetics and
bioinformatics

Computer
algorithms

1?

~20

1?

Several
e.g. OR 17/octanal

ODR-10/diacetyl

Or43a/benzaldehyde,
cyclohexanol,
cyclohexanone

Method of discovery
Number of genes
expressed/neuron
Receptors with
known ligands
Other related families

Vomeronasal
receptors
~240
(1)

Gustatory receptors
~56
(2)

Figure 1A-C Olfactory receptor gene families. The Table above figures summarises information on the olfactory receptors
in rodents, worms and flies. In addition to the ORs, families of vomeronasal receptors (1- Belluscio et al. 1999) and gustatory
receptors have also been described (2- Scott et al. 2001). Figures A and B show the distribution of neurons expressing one
of the Drosophila receptors Or22a. (A) Antenna (courtesy A. Sen) with arista indicated (Ar) (B) olfactory lobe showing projection
of neurons to DM1 and an accessory glomerulus (arrows). (C) olfactory lobe showing multiple glomeruli marked with GFP
using the Gal4 line SG18.1.
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anterior olfactory nucleus and specific parts of
amygdala. (Shepherd 1972, figure 2B).
A variety of functional imaging methods have
revealed that olfactory information is encoded as an
activity map among the lobe glomeruli (Jourdan
et al. 1980, Lancet et al. 1982, Rodrigues 1988, Hansson
et al. 1992, Rubin & Katz 1999, Galazia et al. 1999a,b,
Uchida et al. 2000, Fiala et al. 2002, Sachse & Galizia
2002, Ng et al. 2002, Wang et al. 2003). These methods
are advantageous over odour-evoked electrical
measurements since they allow monitoring of
populations, rather than individual neurons. The
earliest studies in Drosophila used 2-deoxyglucose
uptake to establish the presence of an overlapping
pattern of activation among lobe neurons in response
to odours (Rodrigues 1988). This method has the
disadvantage of poor temporal resolution coupled
with the limitations inherent to methods where fixation
of post-mortem tissue is required. More recent techniques
have great merit in allowing visualisation of neural
activity active in live animals, hence providing spatial
as well as temporal information (Falia et al. 2002,
Ng et al. 2002 and Wang et al. 2003). High resolution
imaging using a calcium-sensitive fluorescent protein
in ORNs and PNs suggests a faithful transmission of
information from the sensory input to higher brain
centres (Wang et al. 2003).
PNs innervating specific glomeruli show stereotyped
axon branching patterns and terminate in a defined
region of the lateral horn (Marin et al. 2002, Wong
et al. 2002). Neurons receiving input from neighbouring
glomeruli arborize in similar domains in the calyx and
lateral horn. This architecture provides a neuronal
substrate for integration of information from glomeruli
in the higher centres. In rodents, transneuronal tracing
using barley lectin has shown the existence of a
stereotyped map in the olfactory cortex (Zou et al. 2001).
Inputs from different ORs map onto partially overlapping
clusters of neurons in the olfactory cortex and those
from the same receptor are targeted to multiple cortical
areas. This would, in principle, permit parallel and
differential integration of olfactory information.
Recent advances in Functional Magnetic Imaging
(fMRI) and Positron Emission Tomography (PET)
technology have greatly advanced out knowledge of
odour coding in human brains (Savic 2002). Analysis
of imaging data from human subjects coupled with
psychophysical experiments is likely to provide very
valuable information about modulation of complex
behaviour by chemical stimuli. A growing body of
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imaging data suggests that perception of odorants is
mediated by a set of core regions which are distributed
across different brain centres.
Wiring the Olfactory System
Two pathways for processing of olfactory information
exist in mammals- the main and the accessory olfactory
bulb. The accessory bulb receives predominant input
about pheromones from the vomeronasal organ. In the
main olfactory bulb, ORNs expressing a single OR
gene project largely to a single glomerulus in the
olfactory lobe (Mombaerts et al. 1996), ORNs expressing
vomeronasal receptors, on the other hand, project to
multiple glomeruli in the accessory bulb (Rodriguez
et al. 1999, Belluscio et al. 1999). In Drosophila,
Vosshall et al. (2000) and Gao et al. (2000) suggest that
ORNs of a single OR-type project to the same glomerulus.
Where does the instruction for this wiring come
from? This issue has been addressed in variety of
experimental systems ranging from rodents, zebrafish
and amphibian systems to moths and flies (reviewed
in Tolbert 1998, Lin & Ngai 1999).
Vertebrates
In rodents, compelling evidence exists for the role of
the ORs themselves in providing guidance information
during development (Mombaerts et al. 1996, Wang
et al. 1998, Mombaerts 2001). In support of this
hypothesis, in situ hybridisation experiments detected
early embryonic expression of receptors and revealed
presence of specific receptor mRNAs at axon termini
within the olfactory lobe (Ressler et al. 1994, Vassar
et al. 1994). Receptor substitution, as well as mutation
of receptor genes in mice demonstrated that ORs are
key players in establishing the topographic map
(Mombaerts et al. 1996, Wang et al. 1998). The
mechanisms underlying this process are still elusive.
Vassalli et al. (2002) misexpressed of OR transgenes
and found that these occasionally gave rise to
additional glomeruli innervated by ectopic neurons
as well as those expressing endogenous OR. This
provides a clue that the transmembrane receptors
could act by promoting homotypic interactions
between sensory neurons of similar type.
It is unlikely, however, that ORs could provide all
the information necessary for patterning sensory neurons
within the antennal lobe. Cell adhesion moleculesolfactory cell adhesion molecule (OCAM), neural cell
adhesion molecule (NCAM), and neuropilin-1, - are
expressed in ORNs (Yoshihara et al. 1997, Treloar et al.
1997). Dominant-negative and mutant strategies in
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chick and mice respectively, suggested a role for
Sema3A/Neuropilin-1 mediated chemorepulsive
signalling in preventing premature innervation in the
bulb (Renzi et al. 2000, Schwarting et al. 2000). Different
Rb8 NCAM isoforms could also regulate broad zonal
distribution of neurons by homophilic cell adhesion
(Alenuius & Bohm 2003).
Analysis of lobe development in the zebrafish is
likely to reveal developmental principles distinct from
those in rodents. Whitlock and Westerfield (1998)
identified a population of transient, clonally distinct
set of pioneer neurons, which do not express ORs and
prefigure the olfactory pathway Ablation of these
pioneers severely disrupts axonal targeting of follower
neurons, suggesting that these provide essential
guidance cues for pathfinding by later sensory neurons.
Insects
Studies on olfactory lobe development have been most
extensively been carried out in the moth Manduca
sexta. In a classic series of experiments, Hildebrand
and his colleagues (reviewed in Hildebrand 1996)
transplanted the antennal disc from a male to a female
pupa. This resulted in the formation of a male-specific
glomerulus in the female lobe. This structure allowed
the female to show behavioural responses to pheromones
comparable to that in males (Schneiderman et al. 1986,
Oland et al. 1998). These experiments provide evidence
for the instructive role of ORNs in glomerular patterning.
In addition to sensory neurons, glial cells have been
implicated to act as intermediaries in developmental
interactions between pre and post-synaptic populations
of neurons within the lobe (Bailey et al. 1999). Glial
cells present around the lobe prior to the entry of
sensory neurons provide sorting cues and also help
to stabilise axonal proto-glomeruli within the
developing lobe (Baumann et al. 1996, Rossler et al.
1999). The timing of invasion of the ORNs into the lobe
anlage is an important factor in proper development,
implying the presence of temporally defined cues in
the olfactory lobe (Rossler et al. 2000). Thus, accurately
orchestrated interactions between sensory neurons,
glial cells and interneurons are crucial during formation
of structural units underlying the olfactory coding.
In Drosophila, the adult olfactory system arises
during pupal life by modification of its larval counterpart
as well as by de novo neurogenesis (Tissot & Stocker
2000). In the larvae, about 21 sensory neurons from
the dorsal organ (figure 3A) project via the larval
antennal nerve to the antennal lobe (Tissot et al. 1996).
The lobe is approximately 30 µm in diameter and is
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composed of glomerular-like structures (Python &
Stocker 2002, figure 3B). This simple architecture is
capable of detecting and discriminating a variety of
chemical stimuli even though the behaviour generated
is less sophisticated than that of adults (reviewed in
Carlson 1996, Siddiqi 1987).
Adult ORNs develop from cells of the antennal disc
and are guided to the brain by persistent larval neurons
(Ray & Rodrigues 1995, Tissot et al. 1996, Reddy et al.
1997). The expression of OR genes in sensory neurons
occurs late in pupal life well after lobe development is
completed (Vosshall et al. 1999, Clyne et al. 1999,
Jhaveri et al. 2000). This makes it unlikely that the ORs
play a role in targeting to the lobe suggesting the
presence of other mechanisms. We have demonstrated
the presence of a distinct subset of neurons- those
specified by the proneural gene atonal  which guide
the rest of the neurons to the olfactory lobe (Jhaveri &
Rodrigues 2002). Recent work from Hummel et al.
(2003) has demonstrated that ORN classes require the
Down Syndrome Cell Adhesion Molecule (Dscam) to
synapse in the correct glomeruli. This finding is exciting
since the Dscam locus could potentially generate 38,016
isoforms by alternative splicing (Schmucker et al. 2000).
Prior to sensory neuron entry, the lobe anlage contains
remnant larval neurons as well as PNs. surrounded by
glial cells probably of larval origin (figure 4A-C). Afferent
innervation from the antenna arrives at the brain within
the first 30% of pupal life, but remain along the periphery
of the lobe also crossing over to the contralateral side
(figure 4D,E). Sensory neurons remain in close association
with glial cells around the lobe and processes from these
two cell types invade the lobe simultaneously
(figure 4F, Jhaveri et al. 2000). Glomerular formation first
becomes apparent as loose structures after about 40% of
pupal life; these protoglomeruli become more compact

Figure 3 The larval olfactory system. A, Schematic
showing the larval chemosensory system. Neurons from
the dorsal organ project via the larval antennal nerve to
the larval antennal lobe. The terminal organ is believed
to be involved in contact chemoreception; B, Green
Fluorescent Protein (GFP) is expressed in the larval
olfactory neurons thus labelling the larval antennal nerve
(white arrowhead) and the lobe. The larval neuropile
outlined with dotted lines shows glomerular organisation.
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Figure 4 Development of the Drosophila olfactory lobe showing the interplay between sensory neurons, projection
neurons and glial cells. In the schematic diagrams in A,D,G glial cells are depicted in blue, sensory neurons in green,
PNs in red and larval remnant neurons in yellow. Pupal development lasts for about 100 hours at 25oC. At about 15%
of pupal life, the sensory neurons in the antenna have not yet differentiated (A-C). The anlage of the olfactory lobe (dotted
lines) is surrounded by glial cells (green in B) and is invested by larval remnant neurons (red in B). Cell bodies of the
PNs (arrowheads in C) have already projected their axons (arrows in C) into the lobe (demarcated with dotted lines).
By 30% of pupal life (D-F), the sensory neurons (green in E, F) have entered the lobe through the antennal nerve (AN),
but remain on the periphery of the lobe and cross over to the contralateral side via the antennal commissure (AC). The
sensory neurons remain in close association with glial cells (red in F). Late in pupal development when about 70% of
pupal development is completed (G-I) glomerular formation is complete. The glomeruli can be visualised as tightly packed
synaptic structures (* in H). At this time the cell bodies of the PNs (arrowheads) can be seen projecting axons (arrow
in I) terminals to individual glomeruli (* in I).
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as glial cells wrap around them and synaptic consolidation
takes places by 70% of pupal life (figure 4G-I).
Although PNs invade the lobe early in
development, they only target glomerular sites after
sensory neuron entry (figure 4C, I; Jhaveri & Rodrigues
2002). The glomerular targets of projection neurons
are pre specified depending on their lineage and birth
order (Jefferis et al. 2001). The wiring of the PNs are
specified by the POU domain transcription factors
Acj6 and Drifter (Komiyama et al. 2003).
Even though a great deal of progress in our
understanding of lobe development has been made in
recent years, the mechanisms that determine selective
targeting and synapse formation are far from understood
in the olfactory lobe of insects. Lessons can be learned
in Drosophila from our knowledge of development of
specificity in other systems in the fly- notably the
embryonic central nervous system (Tessier-Lavigne &
Goodman 1996, Dickson 2001). It would be interesting
to test whether the rules of connectivity that have been
uncovered in studies in the Drosophila embryonic
central nervous system also operate in the olfactory
lobe of the adult.
Does neural activity play a role in organisation
and maintenance of the olfactory system?
The development of cortical circuits has been shown
to occur first by the generation of a coarse pattern of
connections that is subsequently refined by activitydependent processes (Tessier-Lavigne & Goodman 1996,
Katz & Shatz 1996). What is the role of activity in the
development of olfactory circuits? In the moth, injection
of tetrodotoxin, a sodium channel blocker, prior to the
onset of glomerular formation failed to affect patterning
indicating that glomerular formation is largely
independent of neuronal activity (Oland et al. 1996).
Consistent with this finding, odour-evoked activity in
the receptor neurons was detected only during the last
stages of pupal development, well after the formation
of glomeruli (Schweitzer et al. 1976). More recent in vitro
data provides some evidence for the role of electrical
activity in neurons for development of connectivity and
cell fate (Mercer & Hildebrand 2002a,b).
In mice, odour-evoked neural activity was blocked
by disruption of the α subunit of cyclic nucleotide
gated channel (Lin et al. 2000, Zheng et al. 2000).
Projections of ORNs and the formation of glomeruli
were differentially affected; the glomeruli receiving
input from the OR-P2 expressing neurons formed
normally whereas those of OR-M72 failed to converge
on defined glomeruli. Taking advantage of the
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phenomenon of monoallelic expression of OR genes
in rodents, it was shown that the axonal projections
of channel-positive (functional) and channel-negative
(non-functional) sort out into separate glomeruli,
suggesting that activity-dependent neuronal
competition modulate the sensory map (Zhao &
Reed 2001).
A hard-wired circuit implies that olfactory information
from the environment would need to be matched against
a preexisting perceptual map in the brain. This suggests
a limited repertoire of behaviour which is contrary to
what has been observed in olfaction. The changes in
olfactory circuitry in response to previous exposure to
odorants is the subject of great interest (Galizia & Menzel
2000). In a recent study, it was shown that prolonged
exposure to odorants lead to central adaptation and
provided some evidence for the structural changes in
glomerular morphology in an odour-specific manner
(Devaud et al. 2001). Thorpe (1939) had shown that
larvae reared on some chemicals showed altered
behavioural responses to these stimuli. Similarly, associative
learning in the larvae has been shown to be preserved
into the adult (Tully et al. 1994). The availability of a range
of genetic and imaging techniques in vertebrates and
invertebrates now makes it possible to investigate plastic
changes that may occur during olfaction.
Conclusions and Future Directions
The last decade has seen great advances in our
understanding of how the olfactory system develops
and functions. Several OR receptor families have been
identified and we are beginning to identify the ligands
for several of these molecules (Kajiya et al. 2001). We
still need to understand how OR genes are regulated
to express in specified ORNs during development. The
mechanisms that specify the precise wiring between the
peripheral receptors and the central neurons still await
a complete description. Odour-induced behaviour
suggests a major role for plasticity in the olfactory
system. This is an area of research that requires attention
using a variety of different experimental methods. The
extent to which circuitry can be modulated both by
previous exposure to stimuli as well as by environmental
conditions and lifestyle of the animal remains a very
exciting unsolved question in neurobiology.
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