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Summary

Olfaction is a highly sophisticated sensory modality able to
detect and discriminate thousands of different odours, even
at very low concentration. How such a challenging task is
achieved remains to be fully understood. A unique feature
of the olfactory system is the dual role of the odorant re-
ceptor: it does detect odours in the olfactory epithelium but
it also contributes to neuronal circuit formation in the ol-
factory bulb. The odorant receptors are indeed expressed
on the cilia that protrude in the nasal cavity, where they
bind odorants, and at the axon termini, where they could
act as axon guidance molecules. In this review we discuss
findings that show how the odorant receptor contributes in
regulating neuronal connectivity.
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Representation of the external world
in sensory systems: the topographical
maps

Specificity of connectivity in the central nervous system is
essential for normal brain function. In the sensory systems
neurons in the peripheral organs/areas project their axons
in specific loci in the central nervous system to create an
internal representation of the external world. The spatial se-
gregation of sensory afferents provides topographic maps
that encode the quality and the location of sensory stimuli.
The topographic organisation of the olfactory system (OS)
differs in many ways from that of other sensory modalities
such as the visual or the auditory systems. Olfactory sens-
ory neurons (OSNs) regenerate constantly throughout the
life of the individual and they project with exquisite preci-
sion in the same loci in the olfactory bulb (OB), the first
retransmission area of the OS, to maintain the sensory map.
How the specificity of synaptic connections is achieved
and maintained remains to be completely understood. Al-
though several aspects have been elucidated, some critical
points remain to be addressed.

This review is limited to the mammalian OS and the con-
tribution of the odorant receptor (OR) in neuronal circuit
formation in the OB, with selective coverage reflecting the
authors’ research interests. More extensive studies on ax-
on guidance molecules and electrical activity involved in
neuronal wiring in the OB can be found in several excellent
recent reviews [1-4].

Organisation of the olfactory
epithelium and the olfactory bulb

The olfactory epithelium exhibits a coarse topographic or-
ganisation. Each OSN expresses only one in a repertoire
of more than 1 000 odorant receptor genes, described as
the “one neuron, one receptor” rule [5—10]. OSNs express-
ing the same OR are located within a broad but circum-
scribed area of the olfactory epithelium, where they are in-
termingled with OSNs bearing different ORs. According to
the distribution of OSNs expressing a specific OR within a
given area [11-13], the olfactory epithelium (OE) has been
subdivided in different zones, along the dorsoventral axis

(fig. 1).

Figure 1

Schematic of the olfactory sensory neuron (OSN) projections to the
olfactory bulb (OB). The olfactory epithelium (OE) is divided in
zones along the dorsoventral axis, which are defined by the
expression of the odorant receptors (ORs). OSNs expressing the
same receptor (red or green) are confined within a zone and project
their axons to a corresponding area (along the dorsoventral axis) of
the olfactory bulb.

D = dorsal; V = ventral.
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Spatial order is achieved in the OB, where axons of OSNs
expressing the same OR converge to form glomeruli in spe-
cific loci on the medial and on the lateral side of each OB
(fig. 2A) [14-16]. A hallmark of mature glomeruli is that
they are formed exclusively by axons bearing the same OR
(i.e. homogeneous glomeruli), defined as the “one glom-
erulus, one receptor” rule. A glomerulus is a spherical
structure of neuropil formed by the OSN axon terminals
that make synapses with the postsynaptic cells, namely
the mitral and tufted cells, along with the periglomerular
and the granule cells, connected to them. Notably mitral
and tufted cells extend their single apical dendrite into a
given glomerulus. Each glomerulus defines, therefore, a
module that processes the sensory information related to
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Figure 2

Schematic of neuronal wiring in the olfactory bulb. A. Olfactory
sensory neurons (OSNs) expressing the same odorant receptor
(green and red) converge to form glomeruli on the medial and on
the lateral side of each olfactory bulb (OB). Glomeruli receiving
axons expressing the same odorant receptor (OR) (i.e. homologous
glomeruli) are specifically and reciprocally connected by the
intrabulbar link, related to external tufted cells (arrow). Dashed line
indicates the line of symmetry between the two mirror-symmetric
maps in horizontal sections (Lodovichi et al., 2003 [27]). B.
Schematic of the intrabulbar connections between homologous
glomeruli. Briefly, external tufted cells (ETC) connected to a given
glomerulus form an axonal projection in the internal plexiform layer
(IPL) precisely underneath the homologous glomerulus, on the
opposite side of the OB. In the IPL, ETC form excitatory synapses
with the granule cells, the major inhibitory interneurons in the OB.
This connection is reciprocal.

EPL = external plexiform layer; GC = granule cells; GL = glomeruli;
MC = mitral cells

a given OR [17]. Cells within the same glomerular unit
could, however, respond to odours in a nonhomogeneous
fashion. Differences in odour responses can be related to
the cell types, for instance mitral cells are more narrowly
tuned than periglomerular cells [18, 19]. The modulatory
inputs from interneurons and/or centrifugal afferents can
also modulate differently the response of principal neurons
connected to the same glomerulus [18-20].

As a consequence of the spatial segregation of the sensory
afferents that gives rise to the sensory (or glomerular) map
of the OB [1], an odour is encoded by a spatial pattern
of activated glomeruli [21-24]. The specificity of the to-
pographical organisation in the OB is therefore crucial for
normal sensory information processing.

The presence in each OB of a medial and a lateral glom-
erulus receiving OSN axons expressing the same OR (i.e.
homologous glomeruli) provides each OB with two mirror-
symmetric maps of homologous glomeruli (fig. 2). This
feature distinguishes the spatial organisation of sensory af-
ferents in the OB from other sensory modalities, in which
sensory neurons form, mostly, a single continuous repres-
entation. Whether homologous glomeruli form independ-
ent structures or are symmetric elements of an integrated
system remained unknown. Schoenfeld (1985) [25] de-
scribed in the hamster olfactory bulb an intrabulbar associ-
ational system related to external tufted cells that reciproc-
ally connected large areas of the medial and the lateral side
of each OB. Because Schoenfeld’s study was performed
prior to the discovery of odorant receptors and their rep-
resentation in symmetric maps, it was unknown what this
system was connecting. By targeting tracer injections to
identified glomeruli in transgenic mice, it was found that
external tufted cells form an axonal projection, confined
to a single glomerulus precisely underneath the homolog-
ous glomerulus (fig. 2B) on the opposite side of the OB
[26, 27]. The connection is reciprocal between homologous
glomeruli throughout the bulb, as demonstrated by injec-
tions targeted to the medial or the lateral glomerulus, and
analysis of the corresponding external tufted cell projec-
tions on the opposite side of the OB [27]. These studies re-
vealed a precise topographically organised linkage between
the mirror-symmetric maps of homologous glomeruli in ro-
dent OB [27].

The OB therefore exhibits two levels of topographic organ-
isation: (1) the sensory or glomerular map, resulting from
the convergence of like-axons to form glomeruli in specif-
ic loci of the OB and (2) the intrabulbar link that connects
homologous glomeruli.

Sensory map in the olfactory bulb:
role of the odorant receptor

The development of a sensory map is regulated by the
complex interactions between axon guidance molecules ex-
pressed in a specific spatio-temporal pattern and electrical
activity.

The tight connection between the OR identity and the spa-
tial organisation of the sensory afferents in the OB promp-
ted the hypothesis that the OR was involved not only in
odour detection in the olfactory epithelium, but also in ax-
onal convergence in the OB. This hypothesis was corrobor-
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ated by elegant genetic experiments that demonstrated how
mutations in the OR gene sequence resulted in mistargeting
of the OSNs expressing the mutated OR and, consequently,
in an altered sensory map [28—30]. These studies demon-
strated that by swapping the sequence of a given OR in
the locus of another OR, the axon expressing the swapped
OR targeted a glomerulus that was not the original one, nor
the one of the swapped OR. The mistargeted glomerulus
could be more or less close to the original or to the swapped
one, according to the homology between the swapped OR
gene sequences and the zones of the OE where they were
expressed. All together these works demonstrated that the
OR plays an instructive role in the axonal convergence, al-
though it is not the only determinant (see below).

The role of the OR in OSN axon targeting was strengthened
by the evidence that the OR is specifically expressed not
only at the cilia but also at the axon terminal. The soma and
the proximal part of the axon appear devoid of OR expres-
sion [31, 32]. Furthermore, the OR is locally translated in
the distal portion of the axon [33]. Such a discrete and spa-
tially compartmentalised expression of the OR at the axon
termini pointed to a specific function of the OR in that loc-
ation, where it could act as a axon guidance molecule.

To affirm that the OR at the axon terminal could act as
an axon guidance molecule, it was critical to demonstrate
that the receptor in that location is functional and coupled
to a signalling pathway. The OR is a G protein-coupled
receptor. At the cilia, upon binding odour molecules, the
OR activates a specific G protein, G that in turn induces
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Figure 3

Signalling pathway coupled to the odorant receptor (OR). Left,
schematic of an olfactory sensory neuron (OSN). Right, signalling
pathway coupled to the OR expressed at the cilia (top) and at the
axon terminal (bottom).

AC = adenylyl cyclase; CNG channel = cyclic nucleotide-gated
channel; CO = carbon monoxide; G = olfaction-specific G protein;
NO = nitric oxide; NOS = nitric oxide synthase; PKA = protein
kinase A; sGC = soluble guanylyl cyclase.

the synthesis of cyclic adenosine monophosphate (cAMP)
via activation of adenylyl cyclase III. Cyclic AMP then
binds to cyclic nucleotide gated (CNG) channels allowing
an influx of Na" and Ca®" [34]. The rise in Ca>’ level
opens Ca®'-gated CI™ channels [35], resulting in an efflux
of CI that contributes to depolarising the OSNs leading,
ultimately, to the action potentials (fig. 3) [36—38]. Wheth-
er the same signalling pathway was coupled to the OR ex-
pressed at the axon terminal remained unknown. By study-
ing the spatiotemporal dynamics of cAMP and Ca®" in
single OSNs in real time imaging experiments, Maritan et
al. (2009) demonstrated that focal application of odours
(the only known ligands of the ORs, until now) with a glass
pipette at the axon terminal elicited a prompt rise in cAMP
and Ca®*, via CNG channel activation, at the axon terminal
of OSNs. A prompt rise in Ca®" was observed also in glom-
eruli in response to odours focally applied with a pipette to
the olfactory bulb [39]. Altogether, these data showed that
the OR at the axon terminal is functional and coupled to
local increases of cAMP and Ca?" (fig. 3).

Cyclic AMP appears to exert its action locally at the growth
cone, modulating Ca?" level and cytoskeleton rearrange-
ments, but also at the nucleus where it can regulate the ex-
pression of genes coding for axon guidance molecules. The
latter hypothesis was corroborated by the evidence that ax-
onal OR activation was coupled not only to the local in-
crease of CAMP but also to the translocation of protein
kinase A, the major target of cAMP, to the nucleus [39,
40]. At the nuclear level protein kinase A can modulate,
via cAMP response element-binding protein (CREB) phos-
phorylation, the expression of molecules involved in axon
targeting.

Although cAMP is the primary second messenger gener-
ated upon OR activation, cyclic guanosine monophosphate
(cGMP) is also synthesized. The slow kinetics of cGMP
suggests that it is not involved in the initial odour detec-
tion events but rather in long-term cellular responses, such
as adaptation and developmental processes. The mechan-
ism regulating cGMP production and its interaction with
cAMP remain unknown. Pietrobon et al. (2011), by study-
ing cGMP dynamics in vivo in OSNs, demonstrated that
cGMP is generated in the entire OSN, including the axon
terminal, upon OR activation. The odour-dependent rise
in cGMP is due to soluble guanylyl cyclase activation by
nitric oxide (NO) and required an increase in cAMP. The
link between cAMP rise and the synthesis of cGMP is an
increase in cytosolic Ca®" (fig. 3). As observed for cCAMP,
cGMP exerts its action locally at the cilia and at the axon
terminal growth cone, but also at the nuclear level, where
it has been shown to regulate CREB phosphorylation [41,
40]. Pietrobon et al. thoroughly dissected the mechanism
underlying cGMP generation and its strict interplay with
cAMP and Ca®". This connection is of relevance for the
OSN axon targeting, since these second messengers have
been shown to modulate axon elongation and targeting in
several systems [42]. The levels of cAMP regulate the turn-
ing behaviour of the axon in response to a gradient of the
same molecules [43]. The ratio of cAMP to cGMP con-
tributes in setting the polarity (attraction or repulsion) of
the axon response to guidance cues [44]. All together these
data provide compelling evidence that the OR expressed at
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the axon terminal contributes to providing OSNs with in-
structions to reach the proper target.

The expression and the local translation of the OR at the
axon terminal is in line with a growing body of evidence
that indicates the axon terminus is an autonomous compart-
ment [45], where molecules involved in axon targeting are
locally translated and expressed. The major advantage of
the axon as an autonomous compartment that regulates loc-
al 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.

One critical open question is the mechanism underpinning
the generation of the OR-derived cAMP involved in the ax-
on targeting process. In a recent work in transgenic mice
that express activity mutants of the beta-adrenergic recept-
or (a G protein coupled receptor like the OR) in OSNs, it
was found that mutants with altered agonist-independent
activity exhibit different levels of axon guidance molecules
such as neuropilin 1 and plexinl. The authors hypothesized
that a similar agonist-independent activity mechanism
could apply to the OR. The different levels of agonist-in-
dependent activity could then be responsible for regulating
expression of axon guidance molecules, via the OR-derived
cAMP signals [46]. An alternative or a complementary hy-
pothesis envisions that a few molecules expressed in gradi-
ents in the OB can bind and activate the OR at the ax-
on termini, providing the OSN with information to reach
the proper target [28, 31, 39, 40]. The presence of a func-
tional OR at the axon termini corroborates this hypothes-
is. However, the identity of these molecules remains, at the
moment, unclear. The two mechanisms could coexist and
regulate different phases of the development of the sensory
map.

Axon guidance molecules involved in
the sensory map formation in the
olfactory bulb

Although the OR identity plays an instructive role in the
OSN axonal convergence, it is not the only determinant.
The location of a glomerulus in the OB can be defined by
coordinates along different axes: dorso-ventral, medio-lat-
eral, antero-posterior. Several molecules that regulate the
targeting of OSNs along these axis, contribute to the co-
alescence of like-axons to form glomeruli in specific loci
of the OB.

A coarse correspondence between the location of OSNs in
zones of the olfactory epithelium and the location of glom-
eruli along the dorso-ventral axis of the OB has been ob-
served. OSNs located in the most dorsal area of the OE pro-
ject to the most dorsal region of the OB, while the ones
located more ventrally form glomeruli in the more ventral
region of the OB (fig. 1) [13]. Factors associated with the
location of the OSNs in a given zone of the OE are likely to
dictate the target of the OSN axons along the dorso-ventral
axis. However the mechanism underpinning the location of
a given OR in a zone of the epithelium and how this associ-
ation may bear on the targeting to the OB remains to be un-
derstood. Two sets of repulsive ligand/receptor molecules
seem to modulate the axonal project along this axis: Slit/
Robo [47, 48] and Sema 3F / neuropilin 2 [49-52].

The antero-posterior axis appears to be regulated by the OR
derived cAMP [53], whose levels are thought to regulate
expression of neuropilin 1 and its ligand semaphorin 3A
[53-56]. Other molecules involved in the antero-posterior
localization of glomeruli are Ephrins, namely Ephrin A3
and A5 and their receptor Eph A [57]. Deletion or overex-
pression of Ephrin A3 or A5 determine a shift in the loca-
tion of glomeruli along the antero-posterior axis. Mice de-
ficient in Sema 3A exhibited more significant defects in
the sensory map, including alterations in the coalescence of
like axons in the proper target and aberrant targeting.

The spatial segregation of sensory axons along the me-
diolateral axis is poorly understood. Insulin-like growth
factor 1 appears to be required for innervation of the lateral
side of the OB [58].

During embryonic and postnatal life, the convergence of
OSN axons to form glomeruli in the OB is a process that
develops in subsequent steps ([59], NR and CL unpub-
lished data). OSN axons project to a coarse area of the OB
and then, progressively, they coalesce to form glomeruli
that at first can be heterogeneous (i.e. glomeruli that re-
ceive OSN axons expressing different OR). Through a re-
finement process, glomeruli reach their mature organisa-
tion of homogeneous glomeruli (for a detailed description
see [59]). In the final targeting process, homophilic interac-
tions among axons are likely to take place. Several molec-
ules have been associated with this process, such as Kirrel
2 and 3 [60], Big 2 [61], Ephrin A and Eph A [57].

Role of electrical activity in the
development of the topographic
organisation of the olfactory bulb

In most sensory systems, both spontaneous and stimulus-
evoked electrical activity exert a prominent role in sculpt-
ing the specificity of neuronal connectivity. Whether and
how electrical activity contribute in circuit formation in the
olfactory bulb remains a matter of significant debate.
Mutant mice lacking functional CNG channels, a critical
component in the signalling pathway coupled to the OR,
failed to respond to a wide array of odours. However the
convergence of sensory axons to form glomeruli was only
slightly altered in these mutant mice [62, 63]. The intrabul-
bar links between homologous glomeruli were present, but
appeared unrefined in the CNG ko mice [64]. Analogous
results were observed in mice knockout for G, the G pro-
tein coupled to the OR. Despite a significant reduction in
response to odours, the sensory map was not perturbed in
G,r knockout mice [65].

Electrical activity can also regulate the expression of mo-
lecules involved in the axon guidance process such as Kir-
rel and Ephrin As — Eph A. In CNG knockout mice the ex-
pression of Kirrel 2 and Eph A5 is downregulated while the
expression of Kirrel 3 and Eprhin A5 is upregulated [60].
Despite the different levels of these proteins in absence of
activity, the sensory map was not perturbed in CNG knock-
out mice, suggesting that different mechanisms regulate the
coalescence of like axon to form glomeruli.

When the odour evoked activity was reduced by naris oc-
clusion, the glomerular map was perturbed by the persist-
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ence of additional heterogeneous glomeruli [66], indicating
that the refinement process was altered.

A completely different scenario was observed in mice
knockout for adenylyl cyclase III. In these mutant mice,
odour-evoked responses were abolished and the sensory
map was deeply perturbed [67-69]. OSN axons targeted
the glomerular layer but did not coalesce to form distinct
glomeruli. A similar alteration of the sensory map was ob-
served in mutant mice in which the cytoplasmic end of
the transmembrane domain III of the OR, the one respons-
ible for coupling to G protein, was mutated. As a conse-
quence of this genetic modification, the OR was not able to
couple to G protein [53]. In both cases (adenylyl cyclase 11
knockout mice and OR mutated mice), the genetic modi-

P2-GFP

Kir2.1 x P2-GFP

Kir 2.1 x P2-GFP

B P2-GFP

Figure 4

Neuronal wiring in the olfactory bulb of Kir2.1 mice. A. Organisation
of glomeruli in control and Kir2.1 mice. Organisation of P2 glomeruli
was revealed by immunolabelling horizontal sections of the
olfactory bulb (OB) with antibodies against olfactory marker protein
(OMP, in red). GFP expressed in P2 axons (green). Nuclei stained
by the nuclear marker, DAPI (blue). Aa, Ab, P2-axons coalesce to
form glomeruli formed by fibres expressing OMP and GFP, i.e.
bearing P2 receptor, in P2-GFP and in Kir2.1 X P2-GFP mice
(arrows). Ab, P2-axons innervate also additional adjacent glomeruli
formed by fibres expressing GFP and OMP, but also only OMP (i.e.
expressing a different receptor than P2, arrowheads) in Kir2.1 X
P2-GFP mice. B. Schematic of the experimental procedure. The
dashed line indicates line of symmetry between glomerular maps,
within each olfactory bulb. Homologous glomeruli are indicated by
green labels. The red arrowhead indicates the tracer injection
targeted to the lateral glomerulus (top). The red line refers to
external tufted cell (ETC) projection just underneath the medial
homologous glomerulus on the opposite side of the OB (bottom). C.
Intrabulbar circuitry in control and Kir2.1 mice. Examples of focal
tracer injections (red spots) targeted to the medial P2-GFP
glomerulus in control (a) and Kir2.1 mice (b). ETC axons labelled in
(a) and (b) give rise to anterograde projections (yellow brackets)
underneath the homologous P2-GFP glomeruli on the opposite side
of the olfactory bulb in control (c) and Kir2.1 (d) mice. In Kir2.1 mice
the anterograde projection is not confined to the homologous
glomerulus, as in controls, but larger (d) (Lorenzon et al., 2015
[76]). Scale bar = 200 ym.

EPL = external plexiform layer; GL = glomerular layer; IPL =
internal plexiform layer ;MCL = mitral cell layer.

fications hamper the synthesis of cAMP associated with
the OR activation. These results corroborate the function of
the OR-derived cAMP in axon targeting. In G, knockout
mice, cCAMP synthesis is likely assured by the expression
of G,, which is expressed during embryonic development
and might be re-expressed upon elimination of G expres-
sion.

Odorant exposure, per se, did not seem to affect circuit
formation and/or function in the OB [70, 71]. However
when odour exposure was associated with aversive condi-
tioning in the early neonatal period, it was found to influ-
ence OSNs axon wiring accelerating glomeruli refinement
[70]. In adult mice, odorant exposure associated to a foot
shock significantly increased OSN response to the condi-
tioned odour [71].

Altogether these data indicate that odour-evoked activity
does not play an instructive role in the convergence of
OSNs to form the glomerular map or in the formation of the
intrabulbar circuitry. However the refinement of the sens-
ory map appeared to be affected when odour-evoked activ-
ity was reduced by naris occlusion, but not in genetically
modified mice (see above).

Odour exposure, per se, did not affect the plasticity of the
system, which was modified when odour exposure was as-
sociated with a conditional stimulus, suggesting a role of
centrifugal afferents in this form of plasticity and learning
[70-72].

The OR modulates not only odour-evoked activity but also
spontaneous firing in OSNs. In Drosophila [73] and in the
mouse [74] it has been shown that OSNs expressing dif-
ferent ORs exhibit different spontaneous firing rates. OSNs
expressing a mutant inactive OR lack spontaneous firing,
although they are able to fire action potentials in response
to current injections [75]. These results indicate that the
spontaneous firing in OSNs originates from spontaneous
activation of the OR.

What is the role of afferent spontaneous activity in the to-
pographic organisation of the OB?

Spontaneous activity is known to play a crucial role in the
early development in many sensory modalities such as vis-
ion. The role of basal activity in the OS remained to be un-
derstood. To address this question, Yu et al. (2004) gener-
ated a mutant line of mice in which OSNs overexpressed
the Kir 2.1 channels. As a consequence of this genetic ma-
nipulation, OSNs are hyperpolarized and the basal firing
is dramatically reduced, while the odour evoked responses
are superimposable between Kir 2.1 and control mice [76].
This line of mice therefore represents a unique useful mod-
el to dissect the role of spontaneous afferent activity in
the wiring of the OB. Yu et al (2004) found that in Kir
2.1 overexpressing mice the sensory map is altered by the
presence of additional glomeruli. Whether these glomeruli
were homogenous or heterogeneous, how they affected the
functional map and olfactory behaviour remains unknown.
Whether the lack of spontaneous afferent activity perturbed
the intrabulbar connections, the second level of the topo-
graphic organisation of the olfactory bulb remained to be
investigated.

Combining electrophysiological recording, functional ima-
ging, anatomical tracing and behavioural analysis, Loren-
zon and colleagues (2015) found that the olfactory bulb
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of Kir 2.1 over-expressing mice exhibited unrefined con-
nectivity, which in turn affected the functional maps and
olfactory behaviour. To analyze the organisation of glom-
eruli, Kir 2.1 mice were crossed with P2 - GFP mice. In
the latter lines of mice, the OSNs expressing the odorant
receptor P2 co-express green fluorescent protein (GFP).
As a result of this genetic manipulation, the OSNs and
the corresponding glomeruli can be easily identified. Sec-
tions of Kir 2.1 X P2-GFP mice were immunolabelled with
antibodies against the olfactory marker protein (OMP), a
protein expressed by all mature sensory neurons. In Kir
2.1 mutant mice and in controls, the main glomeruli were
formed by fibres expressing GFP and OMP (i.e., axons ex-
pressing P2). However, in Kir 2.1 mutant mice, P2 axons
targeted also additional glomeruli that were formed by ax-
ons expressing OMP and GFP, but also by fibres expressing
only OMP (i.e. expressing a different OR, fig. 4A). These
data indicate that in Kir2.1 mice the sensory map was dis-
rupted by the presence of additional heterogeneous glom-
eruli. The functional maps were more blurred than in con-
trols, reflecting the anatomical alterations [76]. Although
preserved, the intrabulbar connections between homolog-
ous glomeruli were not confined to a single glomerulus, as
in controls, but coarser (i.e. larger, fig. 4C). These results
indicated that the absence of afferent spontaneous activity
hampers the refinement of the wiring in the OB, which also
maintains in adults a coarser structure, appropriate to early
stages of development.

What are the functional consequences of the altered con-
nectivity of Kir 2.1 mice? As stated in the first sentence of
this review, specificity of connectivity is essential for nor-
mal brain function. Kir 2.1 over-expressing mice exhibited
unrefined connectivity in the OB that resulted in the inabil-
ity to discriminate odours that give rise to similar function-
al maps such as enantiomers, i.e. mirror symmetric pairs of
molecules that differ only in their optical activity. Kir 2.1
mice retain, however, the ability to differentiate odours that
elicit a very different spatial pattern of activated glomeruli,
such as 2-methylbutyric acid and 2-cyclobutanecarboxylic
acid [76].

Notably, overexpression of Kir2.1 in adults induced regres-
sion of the already refined connectivity of the sensory map
and of the intrabulbar connections to a coarser status [76].
These data clearly demonstrate that spontaneous afferent
activity plays a crucial role not only in the development but
also in the maintenance of neuronal circuits in the OB.

To further dissect the role of the OR in the sensory map
formation and plasticity, a given OR was expressed in most
OSNs [77]. In this scenario, the sensory map was altered
by the presence of additional heterogeneous glomeruli. As
observed by Lorenzon et al. (2015), abolishing the expres-
sion of the transgene during embryonic and early postnat-
al life restored the stereotypical pattern of OSN conver-
gence. However if the sensory map developed abnormally,
the suppression of the transgene expression in a subse-
quent phase of life was unable to restore the typical pat-
tern of OSNs convergence, as if a memory of the bad map
persisted in the system [77]. A similar persistence of the
perturbed map, (when it developed in a wrong way) was
observed also in Kir 2.1 mice [78]. The mechanism under-
pinning these data, as well as their relationship with the in-

trabulbar connection remain to be understood, in a system
with such a high degree of plasticity.

Conclusions

The development of a sensory map is a complex phe-
nomenon regulated by molecules expressed in a specific
spatio-temporal pattern and by electrical activity.

The topography of the OB hinges on the OR identity. In
this review we discussed findings that show that the OR ex-
pressed at the axon terminus is functional and can regulate
neuronal connectivity. Furthermore, we discussed the com-
plex role of electrical activity in the OB topography. Re-
cent data indicated that the OR can mediate not only odour-
evoked activity but also spontaneous firing in olfactory
sensory neurons. Over the years, several studies analyzed
the role of odour-evoked activity, reaching the conclusion
that it does not play an instructive role in the topographic
organisation of the OB. It could, however, contribute to the
refinement and plasticity of the OB circuitry. The role of
spontaneous activity has recently been thoroughly investig-
ated. It was found that although spontaneous afferent activ-
ity does not instruct OSNs axon targeting, it exerts a crucial
role in the refinement and in the maintenance of the glom-
erular map and the intrabulbar link between homologous
glomeruli.
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Figures (large format)
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Figure 1

Schematic of the olfactory sensory neuron (OSN) projections to the olfactory bulb (OB). The olfactory epithelium (OE) is divided in zones along
the dorso-ventral axis, which are defined by the expression of the odorant receptors (ORs). OSNs expressing the same receptor (red or green)
are confined within a zone and project their axons to a corresponding area (along the dorso-ventral axis) of the olfactory bulb.

D = dorsal; V = ventral.
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Figure 2

Schematic of neuronal wiring in the olfactory bulb (OB). A. Olfactory sensory neurons (OSNs) expressing the same odorant receptor (green and
red) converge to form glomeruli on the medial and on the lateral side of each olfactory bulb. Glomeruli receiving axons expressing the same
odorant receptor (OR) (i.e. homologous glomeruli) are specifically and reciprocally connected by the intrabulbar link, related to external tufted
cells (arrow). Dashed line indicates the line of symmetry between the two mirror-symmetric maps in horizontal sections (Lodovichi et al., 2003
[27]). B. Schematic of the intrabulbar connections between homologous glomeruli. Briefly, external tufted cells (ETC) connected to a given
glomerulus form an axonal projection in the internal plexiform layer (IPL) precisely underneath the homologous glomerulus, on the opposite side
of the OB. In the IPL, ETC form excitatory synapses with the granule cells, the major inhibitory interneurons in the OB. This connection is
reciprocal.

EPL = external plexiform layer; GC = granule cells; GL = glomeruli; MC = mitral cells
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Figure 3
Signalling pathway coupled to the odorant receptor (OR). Left, schematic of an olfactory sensory neuron (OSN). Right, signalling pathway

coupled to the OR expressed at the cilia (top) and at the axon terminal (bottom).
AC = adenylyl cyclase; CNG channel = cyclic nucleotide-gated channel; CO = carbon monoxide; G, = olfaction-specific G protein; ; NO = nitric

oxide; NOS = nitric oxide synthase; PKA = protein kinase A; sGC = soluble guanylyl cyclase.
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Figure 4

Neuronal wiring in the olfactory bulb of Kir2.1 mice. A. Organisation of glomeruli in control and Kir2.1 mice. Organisation of P2 glomeruli was
revealed by immunolabelling horizontal sections of the olfactory bulb (OB) with antibodies against olfactory marker protein (OMP, in red). GFP
expressed in P2 axons (green). Nuclei stained by the nuclear marker, DAPI (blue). Aa, Ab, P2-axons coalesce to form glomeruli formed by
fibres expressing OMP and GFP, i.e. bearing P2 receptor, in P2-GFP and in Kir2.1 X P2-GFP mice (arrows). Ab, P2-axons innervate also
additional adjacent glomeruli formed by fibres expressing GFP and OMP, but also only OMP (i.e. expressing a different receptor than P2,
arrowheads) in Kir2.1 X P2-GFP mice. B. Schematic of the experimental procedure. The dashed line indicates line of symmetry between
glomerular maps, within each olfactory bulb. Homologous glomeruli are indicated by green labels. The red arrowhead indicates the tracer
injection targeted to the lateral glomerulus (top). The red line refers to external tufted cell (ETC) projection just underneath the medial
homologous glomerulus on the opposite side of the OB (bottom). C. Intrabulbar circuitry in control and Kir2.1 mice. Examples of focal tracer
injections (red spots) targeted to the medial P2-GFP glomerulus in control (a) and Kir2.1 mice (b). ETC axons labelled in (a) and (b) give rise to
anterograde projections (yellow brackets) underneath the homologous P2-GFP glomeruli on the opposite side of the olfactory bulb in control (c)
and Kir2.1 (d) mice. In Kir2.1 mice the anterograde projection is not confined to the homologous glomerulus, as in controls, but larger (d)
(Lorenzon et al., 2015 [76]). Scale bar = 200 pm.

EPL = external plexiform layer; GL = glomerular layer; IPL = internal plexiform layer ;MCL = mitral cell layer.
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