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The development of precise neural circuits is initially directed by genetic programming and subsequently
refined by neural activity. In the mouse olfactory system, axons from various olfactory sensory neurons
expressing the same olfactory receptor converge onto a few spatially invariant glomeruli, generating the
olfactory glomerular map in the olfactory bulbs. Using the glomerular map formation as a model, this
review summarizes the current understanding of mechanisms underlying topographic map development
in the mouse olfactory system and highlights how neural activity instructs the map refinement process.
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1. Introduction

During development, topographic maps are established through
multi-step processes, including interactions of molecular cues
expressed in a gradient manner, spontaneous activity-dependent
structural changes, and plastic changes driven by sensory experi-
ence.

It is widely accepted that spontaneous activity fine-tunes
topographic maps during development. Extensive theoretical and
experimental studies have elucidated the role of neural activity in
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circuit formation based largely on the theoretical work by Donald
O. Hebb (Hebb, 1949). Hebbian theory postulates that correlated
activity plays a major role in directing the formation of topographic
map (Butts, 2002; Debski and Cline, 2002; Stent, 1973). The corre-
lated activity between pre- and post-synaptic neurons mediates
the strengthening of synaptic connections, whereas uncorrelated
or lack of activity weakens them. Furthermore, the model also
predicts that the correlation of activity between projection neu-
rons that form synapses on the same targets refines topographic
organizations by strengthening coordinated inputs and/or weak-
ening uncorrelated inputs. For example, in the developing visual
system, spatially correlated activity travel across the retina in a
wave-like manner (Meister et al., 1991; Wong et al., 1993). The
retinal wave drives synaptic changes in a distance-dependent man-
ner; neighboring retinal ganglion cells (RGCs) strengthen their
synaptic connections onto post-synaptic neurons, while distant


https://doi.org/10.1016/j.neures.2020.06.007
http://www.sciencedirect.com/science/journal/01680102
http://www.elsevier.com/locate/neures
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neures.2020.06.007&domain=pdf
mailto:anaka@mol.f.u-tokyo.ac.jp
https://doi.org/10.1016/j.neures.2020.06.007

2 A. Nakashima et al. / Neuroscience Research 170 (2021) 1-5

RGCs weaken and withdraw their connections. These Hebbian-
type plastic changes mediated by correlated waves may explain
the activity-dependent refinement of the continuous visual map,
where spatial relationships in the retina are maintained in the tar-
get. In several brain regions including the spinal cord, hippocampus
and cortex, there are transient periods during development when
these regions spontaneously generate waves of correlated activity
(Kirkby et al., 2013).

In contrast, spontaneous activity in the developing olfactory
epithelium (OE) occurs independently of neighboring olfactory sen-
sory neurons (OSNs), showing no spatial or temporal correlation
(Nakashima et al., 2019). Moreover, OSN axons fasciculate accord-
ing to expressed olfactory receptor (OR) types before synapse
formation, and are capable of forming glomerular-like structures
even in mutant mice lacking synaptic partners (Bulfone et al., 1998;
St John et al., 2003). Therefore, Hebbian theory, which postulates
the interaction between pre- and post-synaptic neurons, is not
suited for explaining formation of the olfactory glomerular map.
Here, we describe how the olfactory topographic map is generated
during development, and then review the recent progresses in the
activity-dependent neural map formation in the mouse olfactory
system.

2. Glomerular map formation in the olfactory bulb during
development

Olfaction is a vitally important sense for all animals to survive
and reproduce in the natural environment. Since the discovery of
olfactory receptor genes by Buck and Axel (Buck and Axel, 1991),
there has been much effort to understand the mechanisms behind
the detection of odor stimuli and how these stimuli are represented
in the brain. Environmental odorants are detected by ORs expressed
by OSNs in the OE of the nasal cavity. In the mouse olfactory system,
ORs comprise the largest family of G protein- coupled receptors
with > 1,000 genes. Each OSN expresses only one functional OR out
of this rich repertoire of OR genes (Buck and Axel, 1991), and OSNs
expressing a given type of OR converge their axons to a specific
set of glomeruli at stereotyped locations in the olfactory bulb (OB)
(Mombaerts et al., 1996). Individual ORs can be activated by mul-
tiple odorants, and individual odorants can activate multiple OR
species with differential magnitudes (Malnic et al., 1999), There-
fore, the odor information detected in the OE is topographically
represented as a pattern of activated glomeruli in the OB (Fig. 1).

Fig. 1. The mouse olfactory system.

In the olfactory epithelium (OE), each olfactory sensory neuron (OSN) expresses
only one olfactory receptor (OR) gene in a monoallelic manner. OSN axons express
the same OR target to a specific site in the olfactory bulb (OB), thereby forming a
glomerular structure. Odor signals received in the OE are converted to a topographic
map of activated glomeruli in the OB. D, dorsal; V, ventral; A, anterior; P, posterior.

This glomerular map is generated by two successive processes:
coarse targeting that is regulated by molecular gradients of axon
guidance molecules and subsequent local glomerular segrega-
tion that is regulated by neural activity (Mori and Sakano, 2011;
Takeuchi and Sakano, 2014). The coarse targeting process is genet-
ically determined and regulated by two independent mechanisms
that control different axes of axonal path finding in the OB (Fig. 2A,
left). With respect to dorsal-ventral (D-V) projection, anatomical
locations of OSNs within the OE regulates both OR gene choice
and expression levels of axon guidance molecules, e.g., Neuropilin-
2 and Semaphorin-3F, thus correlating the OR identity to the
axonal projection site along the D-V axis (Takeuchi et al., 2010).
Unlike D-V projection, anterior-posterior (A-P) projection of OSNs
is independent of anatomical locations of OSNs in the OE, but
dependent on the expressed OR types. In a previous study, we
have shown that global targeting along the A-P axis are regu-
lated by ligand-independent basal activities of ORs. Axon guidance
molecules such as Neuropilin-1 and Plexin-A1, whose expression
levels are determined by basal activities of ORs (Fig. 2A, right), reg-
ulate approximate projection site along the A-P axis (Nakashima
etal., 2013).

Developmental studies have shown that neighboring glomeruli
are not well separated in embryonic stages, and axonal convergence
into discrete glomerular structures occurs through the neona-
tal period (Fig. 2B) (Potter et al., 2001). OR proteins has been
shown to not only detect odors but also regulate the process of
glomerular segregation with remarkable precision; just a single
amino acid substitution of an OR sequence can generate distinct
glomeruli nearby (Ishii et al., 2001). In addition, neural activity is
also important for glomerular map formation. In contrast to the
coarse topography, the final convergence of OSN axons is pro-
foundly impacted by neural activity in OSNs. Suppression of neural
activity by the overexpression of Kir2.1, an inward rectifying potas-
sium channel, results in severe defects in axonal convergence even
though the general positioning of axons were mildly perturbed (Yu
et al., 2004). Furthermore, in a mosaic knockout (KO) mice for the
cyclic nucleotide-gated (CNG) channel, a key component for gener-
ating odor-evoked neural activity, OSN axons expressing the same
OR are sorted into segregated glomeruli innervated by either CNG-
positive or CNG-negative OSNs (Serizawa et al., 2006; Zhao and
Reed, 2001).

Interestingly, Ma et al. indicated that there is a “critical period”
for the activity-dependent glomerular map development (Ma et al.,
2014). In the olfactory system, the highly organized axon path-
finding process is not restricted to the early developmental period.
OSNs undergo continuous turnover and incorporate newborn neu-
rons into pre-existing circuit throughout the life time (Costanzo,
1991; Graziadei and Graziadei, 1979). However, the ability of OSNs
torestore ectopic projection is restricted to the first postnatal week.
Therefore, regeneration in adults differs fundamentally from the
initial map formation in neonates.

3. Cell adhesion molecules control axonal fasciculation in
an OR-dependent manner

The above experiments indicate vital roles of activity in the
glomerular map formation during development. Many studies have
investigated the molecular basis for the OR-dependent and activity-
dependent glomerular segregation. It has long been believed
that OR molecules at OSN axon termini serve as axon-guidance
molecules (Barnea et al., 2004). In contrast, Serizawa et al., have
shown that OR molecules instruct the glomerular segregation
process through transcriptional regulation of cell adhesive or repul-
sive molecules (Serizawa et al., 2006). Using a transgenic mouse
in which the majority of OSNs express a particular type of OR,
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Fig. 2. Development of glomerular map.

(A) In embryonic stages, olfactory sensory neuron (OSN) axons are guided to approximate projection site in the olfactory bulb (OB) by a genetically determined program. The
dorsal-ventral (D-V) projection is regulated by the anatomical locations of OSNs in the olfactory epithelium (OE), whereas the anterior-posterior (A-P) projection is defined

by basal cAMP levels of olfactory receptors (ORs).

(B) Neighboring glomerular structures are intermingled before birth, and discrete glomerular structure emerge in the postnatal period. After OSN axons are guided to
their approximate destinations by molecular cues, OSN axons are segregated into specific glomerular structures in an OR-dependent and activity-dependent manner. DM,
dorsomedial; VL, ventrolateral; D, dorsal; V, ventral; A, anterior; P, posterior; OE, olfactory epithelium; OB, olfactory bulb.

A B

Kirrel2
EphA5

Kirr_el3

Fig. 3. Combinatorial code of axon-sorting molecules regulates glomerular segregation.
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(A) Glomerular segregation process occurs via adhesive and repulsive interactions of axon-sorting molecules such as Kirrel2/3 and ephrin-A5/EphA5, whose expression levels

are uniquely correlated with OR species.

(B) An example of glomerulus-specific mosaic expression of axon-sorting molecules. A parasagittal OB section from a 2-week-old mouse was immunostained using antibodies

against Kirrel2 (red), PCDH10 (blue) and Sema7A (green).

they identified sets of adhesive/repulsive molecules whose expres-
sion levels were correlated with expressed ORs. These include
immunoglobulin superfamily cell adhesion molecules Kirrel2/3
and repulsive molecules ephrin-A5/EphA5. Transgenic experiments
revealed that these molecules act as self-recognition tags for axonal
segregation. Kirrel2 and Kirrel3 play a role in the attraction of “like”
OSN axons, while ephrin-A5/EphA5 regulate the repulsion of “non-
like” axons (Fig. 3A). These observations lead us to hypothesize that
a combination of adhesive and repulsive molecules, whose expres-
sion levels are defined by ORs, instruct the glomerular segregation
process.

Independent studies have also identified other transmembrane
proteins that are involved in glomerular segregation, including
BIG-2, PCDH10 and Sema7A (Kaneko-Goto et al., 2008; Serizawa
et al., 2006; Williams et al., 2011). Expression analyses at the sin-
gle glomerular level revealed that these axon-sorting molecules
exhibit both mosaic and glomerular-specific expression patterns.
However, their spatial patterns are not identical in the OB (Ihara

et al.,, 2016; Kaneko-Goto et al., 2008). As a result, OR identity is
represented as a unique combination of axon-sorting molecules at
OSN axon termini (Fig. 3B).

Recent studies have also indicated that a wide variety of
expression patterns of axon sorting molecules are generated by
neural activity in OSNs. CNG-KO markedly downregulate Kir-
rel2, PCDH10 and Sema7A, but upregulate Kirrel3 and ephrin-A5
(Serizawa et al., 2006). Similar results were observed by unilat-
eral naris occlusion. Together, these observations indicate that ORs
regulate local glomerular segregation by generating unique com-
binatorial codes of axon-sorting molecules via neural activity in
OSNs.

4. Patterned activity regulates OR-specific expression of
axon sorting molecules

Because the expression of axon-sorting molecules is regulated
in an activity-dependent manner, neural activity is expected to
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Fig.4. Patterned activity regulates olfactory receptors (OR)-specific expression of axon sorting molecules. Diverse patterns of spontaneous neural activity in olfactory sensory
neurons (OSNs) (left). A model for activity-dependent olfactory map formation (right). Different ORs exhibit different patterns of spontaneous activities. The differential

patterns of spontaneous activities generate differential expression patterns of axo
sorting molecules for glomerular segregation. OE, olfactory epithelium.

translate OR identity into the unique combinatorial expression of
the axon-sorting molecules. Neural activity itself is composed of
a train of action potentials that occur in an all-or-none fashion.
Despite the large number of OR genes, how neural activity regu-
lates OR-specific glomerular segregation still remains a mystery.
Furthermore, whether neural activity instructs gene expression or
whether the presence of neural activity is sufficient to trigger a pre-
determined gene expression remains unknown. In our recent work,
we addressed how neural activity generates OR-specific expres-
sion patterns of axon-sorting molecules using genetic approaches
(Nakashima et al., 2019).

In the dissociated condition, OSNs spontaneously exhibit elec-
trical action potentials even in the absence of odorants (Reisert,
2010). Furthermore, genetically encoded calcium indicators allow
researchers to examine spatiotemporal patterns of activity and
selective sampling of OR-defined neuronal subtypes. Calcium
imaging of OSNs in acute slice conditions revealed that the
temporal patterns of spontaneous neuronal spikes were not spa-
tially organized, but were correlated with the cell types of
OSNSs. Kirrel2-positive OSNs frequently show short burst, whereas
PCDH10-positive OSNs exhibit prolong burst. Notably, the pat-
terns of neural activity (e.g., frequency, inter-event interval and
event duration) were dramatically changed by receptor substitu-
tion, demonstrating that ORs define spontaneous activity patterns.

The most compelling evidences for instructive roles of
patterned-activity in glomerular segregation are obtained from
optogenetic manipulations of neural activity in OSNs. Optogenet-
ically differentiated patterns of neuronal activity that mimic the
endogenous patterns induced specific expression patterns of the
corresponding axon-sorting molecules. Among the axon-sorting
molecules that are positively regulated by neural activity, Kirrel2
is upregulated by repetitive short burst. In contrast, PCDH10 and
Sema7A are upregulated by prolonged burst (Fig. 4). Moreover, the
chronic optogenetic stimulation to neonatal mice with the repeti-
tive short burst protocol caused segregation of glomeruli together
with the expression change in the axon-sorting molecule, Kir-
rel2. Correctively, these results indicated that OR-specific temporal
patterns of spontaneous activity in OSNs instruct glomerular seg-
regation.

n-sorting molecules, generating OR-specific combinatorial expression patterns of axon-

5. Concluding remarks and future perspectives

Spontaneous non-evoked activity has been observed in various
developing sensory systems, including the visual, somatosensory,
auditory and olfactory systems (Allene et al., 2008; Chapman, 2000;
Clause et al., 2014; Colonnese et al., 2010; Godecke et al., 1997;
Torborg and Feller, 2005; Zhang and Poo, 2001). Numerous stud-
ies have suggested that spontaneous neural activity play critical
roles in the refinement of topographically ordered brain circuits.
Early evidences for activity-dependent neural circuit development
came from experiments in which neural activity was pharmaco-
logically or surgically blocked (Kirkby et al., 2013; Kobayashi et al.,
1990; Simon and O’Leary, 1992). Although such experiments reveal
the necessity of neural activity for normal brain development, they
do not directly demonstrate its function. Technological advance-
ments in genetic tools allow for specific manipulations of neural
activity rather than overall elimination, opening up new possibili-
ties to develop a deeper understanding of the role of neural activity
in circuit formation (Madisen et al., 2012; Zhang et al., 2011).

Calcium imaging and optogenetic experiments provided new
observations that ties together the spontaneous patterns of activ-
ity in OSNs with the expression patterns of axon-sorting molecules
for the wiring of OSN axons. The results suggest that temporal pat-
terns of spontaneous activity instruct olfactory circuit formation,
which is fundamentally different from Hebbian-type plasticity.
However, we have not reached full understanding of the relation-
ship between the various characteristics of spontaneous neural
activity and their function in neural development. It is possible that
the different properties of spontaneous activity perform distinct
functions from map formation during neural development, such as
synaptic homeostasis and cell survival.

The questions that remain are as follows: how are the tempo-
ral patterns of activities generated in an OR-specific manner and
how are they translated to expressions of axon-sorting molecules.
Prior to the sensory stimuli onset, neural activity patterns are
defined by the neuronal intrinsic properties. It has been shown
that ORs produce basal levels of cAMP in a ligand-independent
manner (Nakashima et al., 2013). One possible explanation is that
OR-correlated basal activity contributes to generate spontaneous
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activity patterns. Alternatively, it is also possible that ORs regulate
OSNss firing through modulating membrane properties. Since each
OSNs shows different firing responses to odor stimulation (Reisert,
2010), we presumed that the intrinsic membrane properties are
uniquely determined by ORs expression. Analyses of intrinsic prop-
erties in OR-defined neurons may provide empirical evidence to
explain how the temporal patterns of activities are regulated in an
OR-dependent manner.

Previous studies have identified various transcription factors
that are activated by different patterns of calcium transients (such
as frequency, amplitude and duration). Differential temporal pat-
terns of neural activity in OSNs may be decoded into particular
combinatory expression of axon-sorting molecules via transcrip-
tion factors with differential properties.

A fundamental characteristic of the mammalian brain is its abil-
ity to change its network, including structure, connectivity, and
functional properties, according to sensory inputs (Katz and Shatz,
1996). Neural activity is involved in such plastic changes in the
brain through a complex program of gene regulation (Flavell and
Greenberg, 2008). Although numerous genes have been impli-
cated in activity-dependent circuit formation, their regulatory
mechanisms and functions are not fully understood. The temporal
pattern-dependent gene regulation may also expand beyond devel-
opment to the plastic changes of neural circuits, which is the basis
forlearning and adapting to environmental changes throughout the
lifetime.
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