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The odorant receptors (ORs) play a key part in the organization 
of the olfactory system. They detect odors in the olfactory epi-
thelium and also define the targets of olfactory sensory neuron 
(OSN) axons in the olfactory bulb, the first relay station of the 
olfactory system. The dual role of the OR began to emerge 
more than 20 years ago, during the first investigations on the 
topographic organization of the olfactory system. Each OSN 
expresses only one in a repertoire of more than 1000 OR 
genes. The OR is a G protein-coupled receptor, which, upon 
binding odors, leads to an increase in cAMP (cyclic adenosine 
monophosphate) and Ca2+ (Figure 1). In the olfactory epithe-
lium, neurons expressing a given OR are confined within over-
lapping zones along the dorsoventral axis, randomly intermingled 
to neurons expressing different receptors.1 Spatial order, how-
ever, is achieved in the olfactory bulb, where neurons expressing 
the same OR converge to make synapses with the postsynaptic 
cells in invariant positions, i.e., glomeruli, on the medial and on 
the lateral side of each olfactory bulb.2 This spatial segregation 
of sensory afferents provides the topographic map that defines 
the quality and the intensity of sensory stimuli (Figure 2). From 
the character of this organization emerges that, unlike other 
sensory modalities, the spatial distribution of sensory afferents 
does not reflect the spatial relation among neighbor OSNs in 
the periphery, whereas it is based on the identity of the OR. 
This concept was corroborated by elegant genetic experiments, 
the results of which clearly indicated that alterations of the OR 
sequence result in altered convergence of OSNs.3 These data 
provided compelling evidence that the ORs play an instructive 
role in the formation of the sensory map and posed the question 

on the mechanism by which the ORs could regulate sensory 
axon segregation. To direct OSN axons to their target, ORs 
should be expressed at the axon terminal, as any axon guidance 
molecules, to detect cues in the target area. A few years later, 
this hypothesis was confirmed by the evidence that the ORs are 
locally expressed and translated at the axon terminal.4,5 It is 
worth noticing that the ORs were found to be expressed specifi-
cally and exclusively in 2 locations, the cilia and the axon termi-
nal-growth cone, suggesting distinct functions for the ORs in 
the respective locations.

The expression and the local translation of the OR at the 
axon terminal is in line with a number of evidence6 that indi-
cates the axon terminus as an autonomous compartment where 
molecules involved in axon guidance are locally translated and 
expressed. The major advantage of the axon as an autonomous 
compartment that modulates locally protein synthesis and 
expression is to endow the axon with the ability to respond 
promptly to cues encountered in the environment along the 
path to the proper target.

However, whether the OR expressed at the axon terminal 
was involved in guiding sensory neurons to their specific loca-
tions in the olfactory bulb remained unknown. The first evi-
dence in support of such a possible role came from the work of 
Maritan and collaborators7 that investigating, with real-time 
imaging, the spatiotemporal dynamics of cAMP and Ca2+ 
upon the axonal OR activation, demonstrated that the ORs 
expressed at the axon terminal are functional and coupled to 
localized increases of cAMP and Ca2+ (Figure 1). These results 
were of relevance for the potential role of the axonal ORs as 
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axon guidance molecules, as these second messengers are 
known to play an important role in regulating axonal motility 
in many systems, including the olfactory system. The impor-
tance of the OR-signaling in the formation of the sensory map 
was unraveled by Imai et al8 that generated a defective OR, 
unable to couple G protein and therefore to synthesize cAMP. 
This manipulation did not allow to identify whether the OR 
expressed at the cilia or the OR expressed at the axon terminal 
was involved in the axonal convergence, although it made pos-
sible to understand the importance of the OR signaling in the 
sensory map formation. OSNs expressing the mutant OR, 
failed to converge to form glomeruli in the olfactory bulb. The 
disrupted convergence could be ascribed to altered axon termi-
nal-growth cone dynamics and/or to aberrant gene expression, 
associated with the lack of cAMP synthesis. Imai et al8 investi-
gated the latter and reported that cAMP modulated the expres-
sion of molecules involved in axon guidance, such as 

Neuropilin-1 that, in turn, dictates the position of glomeruli 
along the anteroposterior axis of the olfactory bulb. The results 
obtained by Maritan and colleagues7 provided evidence of the 
dual action of the OR-derived cAMP, identifying the synthesis 
of the cAMP locally at the axon terminal and visualizing the 
nuclear translocation of the cAMP-activated protein kinase A 
(PKA), upon activation of the axonal OR. At the nuclear level, 
PKA could then trigger the expression of guidance molecules, 
such as Neuropilin-1, that direct axon targeting.

The critical question that remained open was the mecha-
nism of activation of the OR expressed at the axon terminal, its 
possible ligands. The classical paradigm of axon guidance 
implies that cues elaborated in the target area activate mole-
cules expressed on the growth-cone to instruct axon targeting. 
In this scenario, the ORs expressed at the axon terminal are 
supposed to recognize molecular cues elaborated in the olfac-
tory bulb. This hypothesis, formulated more than 20 years ago,3 

Figure 1. Schematic of an olfactory sensory neuron. The odorant receptors (ORs) are expressed at the cilia, where they bind odors, and at the axon 

terminus, where the ORs interact with cues elaborated in the olfactory bulb, such as PEBP1, the first putative ligand. OR activation is coupled to local 

increases of cAMP and Ca2+.
ACIII indicates adenylyl cyclase III; cAMP, cyclic adenosine monophosphate; CNG, cyclic nucleotide gated channel; Golf, G protein; PEBP1, 
phosphatidylethanolamine-binding protein 1.



Lodovichi 3

remained open until recently, when Zamparo et al,9 through 
an unbiased screen, characterized protein extract from the 
olfactory bulb able to elicit Ca2+ responses when locally applied 
to OSN axons. Further support that Ca2 rise was due to the 
OR activation was obtained by transfecting human embryonic 
kidney (HEK) cells expressing specific ORs. Only HEK cells 
expressing distinct ORs exhibited Ca2+ rise in response to 
olfactory bulb proteins and to the corresponding odor ligand. 
Ca2+ responses were not observed in HEK cells not expressing 
OR. The physiological relevance of these findings was deduced 
by time-lapse imaging, in which it was shown that the active 
pool of molecules from the olfactory bulb can modulate OSN 
axon turning, in a classic turning assay.9

Finally, by mass spectrometry of the active pool of mole-
cules, Zamparo and collaborators identified the first putative 
ligand of the OR expressed at the axon terminal: phosphati-
dylethanolamine-binding protein 1 (PEBP1). PEBP1 is a 
small molecule, ~21 kDa, widely expressed in the brain and in 
nonbrain tissue, the function of which remains elusive. The 
small molecular weight, the ability to be secreted, although in 
a nonclassical way, and to modulate G protein-coupled recep-
tor made PEBP1 a suitable candidate. Furthermore, it was 
reported that mice carrying a null mutation in PEBP1 exhib-
ited olfactory deficits.10 Its role as a putative ligand of the 

axonal receptor was strengthened by its expression around the 
glomeruli, in periglomerular cells, an ideal location to interact 
with the incoming sensory neuron axons.9 As for the pattern 
of expression in the bulb, PEBP1 is expressed in a global gra-
dient along the anteroposterior axis (Figure 2), although at 
the local level, glomeruli with high expression of PEBP1 are 
intermingled with glomeruli in which PEBP1 can be hardly 
detected.9 This pattern resembles the expression of 
Neuropilin-1, another molecule involved in directing the 
position of glomeruli along the anteroposterior axis.11

PEBP1 was reported to activate a subset of axonal OR and 
regulate their axon turning behavior, in a classic turning assay, 
in vitro. The physiological relevance of PEBP1 was obtained by 
in vivo experiments. Mice carrying a null mutation for PEBP1 
exhibited a deeply perturbed sensory map, characterized by the 
displacement of the main glomerulus along the anteroposterior 
axis and by the presence of additional heterogeneous glomeruli. 
The fundamental principles that define the olfactory map, 
namely the formation of homogeneous glomeruli (i.e., formed 
by axons expressing the same OR) in a specific location of the 
olfactory bulb, resulted to be subverted in the absence of 
PEBP1. Noteworthy, the alterations in the convergence of 
sensory axons were observed only for OSNs expressing OR 
responsive to PEBP1 in in vitro experiments and not for OSNs 
expressing OR not responsive to PEBP1, in vitro, corroborat-
ing the role of PEBP1 in directing a distinct subset of OSNs to 
their targets.9

The fact that PEBP1 activates only a subset of ORs sug-
gested that other candidates remain to be unraveled. Two sce-
narios can be envisioned. First, the number of ligands in the 
olfactory bulb is the same than the number of ORs. Second, a 
few cues elaborated in the olfactory bulb can bind, with dif-
ferent affinity, a subset of ORs. The rather broad expression 
of the first putative ligand and its interaction with several 
ORs strengthen the second hypothesis. Based on this evi-
dence, we favor a model in which a given cue elaborated in 
the OB guides a subset of the sensory axons in a specific area 
of the olfactory bulb. Within this district, the different affin-
ity of distinct ORs for the ligand directs the formation of 
specific glomeruli.

It is known since the early studies3 that although the OR 
plays a key role in the formation of the sensory map, it is not 
the only determinant. Other molecules, the expression of 
which is highly correlated to and/or regulated by the OR, 
such as the ephrin-A12 and Neuropilin-1,8 contribute to the 
formation of the sensory map. How can this ensemble of cues 
orchestrate axon targeting? In agreement with a previous 
hypothesis3 and according to the recent evidence,9 we favor a 
model in which each OSN expresses at the axon terminal-
growth cone the OR along with a unique combination of 
cues, which, interacting with specific molecules in the olfac-
tory bulb, provide sensory axons with information to reach 
the proper targets. This model is in line with the classic 

Figure 2. Schematic of the topographic organization of the olfactory 

system. In the olfactory epithelium, olfactory sensory neurons (OSNs) 

expressing the same odorant receptor (same color) are confined within 

broad areas, intermingled to OSNs expressing different types of 

receptors. Spatial order is achieved in the olfactory bulb, where like 

axons converge to form glomeruli in specific locations. Molecules 

elaborated in the olfactory bulb, such as PEBP1, the first putative ligand 

of the axonal OR, play a key role in directing sensory axons to their final 

destination.
PEBP1 indicates phosphatidylethanolamine-binding protein 1.
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paradigm of axon targeting, in which an array of molecules 
expressed on the axon terminal interacts with positional cues 
in the target areas to reach the proper location.

Despite the fact that the topography of the olfactory bulb 
hinges on OR identity, odor-evoked activity does not have a 
significant impact on the formation of the sensory map. 
Spontaneous afferent activity, on the contrary, plays an impor-
tant role in the refinement and in the maintenance of the topo-
graphic organization of the olfactory bulb.13 Interestingly, the 
identity of the OR modulates not only the evoked but also the 
spontaneous firing of OSNs.14 It was, therefore, suggested that 
ligand-independent activation of the OR could trigger the 
increase of OR-derived cAMP required for axon targeting.15 
Due to the high variability of spontaneous firing even among 
neurons expressing the same receptor, it is difficult to conceive 
how specificity could be achieved in these conditions.

The role of the OR expressed at the axon terminal unravels 
a very elegant mechanism by which Nature solved the chal-
lenging problem to create spatial order in a population of more 
than 1000 different types of neurons, by assuming the same 
OR identity as the discriminating factor that defines the range 
of odors a given neuron is responsive to and the target the same 
neuron projects to. After more than 20 years from the charac-
terization of the role of the OR in the topographic organiza-
tion of the olfactory bulb, the identification of the first putative 
ligand of the axonal OR allowed to begin to understand the 
mechanism that links the OR identity to its internal represen-
tation. This finding opens a new field of investigation to 
unravel the complete set of axonal OR ligands expressed in the 
olfactory bulb and the mechanism through which they coordi-
nate the formation of the sensory map.
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