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1 | INTRODUCTION

Abstract

In mammals, odorants induce various behavioral responses that are critical to the
survival of the individual and species. Binding signals of odorants to odorant recep-
tors (ORs) expressed in the olfactory epithelia are converted to an odor map, a pat-
tern of activated glomeruli, in the olfactory bulb (OB). This topographic map is used
to identify odorants for memory-based learned decisions. In the embryo, a coarse
olfactory map is generated in the OB by a combination of dorsal-ventral and ante-
rior-posterior targeting of olfactory sensory neurons (OSNSs), using specific sets of
axon-guidance molecules. During the process of OSN projection, odor signals are
sorted into distinct odor qualities in separate functional domains in the OB. Odor in-
formation is then conveyed by the projection neurons, mitral/tufted cells, to various
regions in the olfactory cortex, particularly to the amygdala for innate olfactory deci-
sions. Although the basic architecture of hard-wired circuits is generated by a genetic
program, innate olfactory responses are modified by neonatal odor experience in
an activity-dependent manner. Stimulus-driven OR activity promotes post-synaptic
events and dendrite selection in the responding glomeruli making them larger. As
a result, enhanced odor inputs in neonates establish imprinted olfactory memory
that induces attractive responses in adults, even when the odor quality is innately
aversive. In this paper, | will provide an overview of the recent progress made in the

olfactory circuit formation in mice.
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to as the “one neuron-one receptor rule” (Serizawa et al., 2003).

Furthermore, OSNs expressing the same OR species converge

In mammals, the olfactory system plays an important role in in-
ducing various responses for their survival, for example, attrac-
tion, aversion, fear, and social behaviors. In the mouse, odorants
are detected by olfactory sensory neurons (OSNs) in the olfactory
epithelium (OE) using more than 1,000 different odorant-receptor
(OR) species (Buck & Axel, 1991). As seen in the immune system
for allelic exclusion of antibody genes, each OSN expresses only

one functional OR gene in a mono-allelic manner, which is referred

their axons to a stereotyped location in the olfactory bulb (OB)
forming a glomerular structure (Mombaerts et al., 1996). This is
another rule, one glomerulus-one receptor, for OSN projection.
As a single odorant can interact with multiple OR species with
varying magnitudes (Malnic, Hirono, Sato, & Buck, 1999), odor in-
formation detected in the OE is topographically represented in
the OB as the pattern of activated glomeruli, an odor map (Mori
& Sakano, 2011).
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During the process of primary projection of OSN axons, olfac-
tory information is sorted into distinct odor qualities in separate OB
regions. For example, fox odor and spoiled food smell are processed
by the glomeruli located in the dorsal OB for aversive responses
(Kobayakawa et al., 2007). In contrast, glomeruli responsive to attrac-
tive social cues are clustered in the posterodorsal OB (Inokuchi et al.,
2017). It has been shown that photo-stimulation of mitral/tufted (M/T)
cells in a particular functional domain in the OB can elicit innate odor
responses even through single glomerular species (Saito et al., 2017).
Thus, the glomerular map plays dual roles in processing olfactory sig-
nals by serving as a projection screen for pattern recognition of odor
information and by providing functional domains for innate olfactory
decisions. Like abbreviation dialing with a push-phone, the glomerular
map contains key glomeruli that can induce specific innate responses.

For memory-based odor recognition, topographic information
of an odor map in the OB is then distributed to various OC re-
gions by the projection neurons, M/T cells (lgarashi et al., 2012).
Odor information is also transmitted from the functional domains
directly to the amygdala by mitral cells (MCs) to elicit innate odor
responses (Inokuchi et al., 2017; Miyamichi et al., 2011; Root,
Denny, Hen, & Axel, 2014) (Figure 1). How are the axons of M/T
cells guided to specific OC regions and how are their dendrites
synapsed with partner glomeruli to transmit odor signals prop-
erly? In this review article, we will overview the developmental
regulation of olfactory map formation and summarize the recent
progress in the study of olfactory circuit formation for decision

making in mice.

2 | PRIMARY PROJECTION

A remarkable feature of OSN projection is that OR molecules play
an instructive role in projecting OSN axons to the OB. Since OR
molecules can be detected in axon termini (Barnea et al., 2004;
Feinstein & Mombaerts, 2004), it has been suggested that the OR

FIGURE 1 Mouse olfactory circuits. Odorants are detected by
OR molecules expressed in OSNs within the OE. Binding signals of
odorants are converted to a topographic map of activated glomeruli
in the OB. Odor information is then conveyed by M/T cells to
various regions in the OC for odor recognition and decision making

protein itself may recognize guidance cues in the OB and also me-
diate homophilic interactions of similar OSN axons for glomerular
sorting (Mombaerts, 2006). However, recent studies indicate that
instead of directly acting as axon-guidance receptors and sorting
molecules, ORs regulate transcription levels of axon-guidance and
axon-sorting molecules using cyclic adenosine monophosphate
(cAMP) as a second messenger (Imai, Suzuki, & Sakano, 2006;
Sakano, 2010).

For dorsal-ventral (D-V) targeting, positional information of OSNs
within the OE regulates both OR gene choice and expression levels
of axon-guidance molecules, thus correlating the OR species to their
glomerular locations (Miyamichi, Serizawa, Kimura, & Sakano, 2005;
Takeuchi et al., 2010). In contrast, anterior-posterior (A-P) targeting is
directly instructed by OR molecules. Spontaneous receptor activity
of ORs regulates the transcription of A-P targeting genes via cAMP
whose levels are uniquely determined by the expressed OR molecules
(Nakashima et al., 2013). OR-derived cAMP also regulates the tran-
scriptional levels of axon-sorting molecules for glomerular segregation
(Serizawa et al., 2006). However, unlike A-P targeting, glomerular seg-
regation is regulated by the neuronal activity of OSNs. How do the
OR molecules differentially regulate both A-P targeting and glomerular
segregation using cAMP as a second messenger? What are the sources
of cAMP, and how do the signals differentially regulate these two pro-
cesses? Recent studies have unveiled these questions by using mutant

mice for axon-guidance and signaling molecules.

2.1 | Projection along the A-P axis

In mature OSNs, binding signals of odorants are converted into
neuronal activity via cAMP. The olfactory-specific G-protein (G )
activates adenylyl cyclase type Il (ACIIl) and generates cAMP
that opens cyclic-nucleotide gated (CNG) channels (Wong et al.,
2000). CNG channels, together with chloride channels (Stephan
et al.,, 2009), depolarize the plasma membrane, thus generating
the action potential (Figure 2a). Targeted knockouts (KOs) of G
and CNG-A2, a component of CNG channels, cause severe anos-
mia (Brunet, Gold, & Ngai, 1996). Curiously, however, these KOs
do not demonstrate major defects in axonal projection of OSNs
(Belluscio, Gold, Nemes, & Axel, 1998; Lin et al., 2000; Zheng,
Feinstein, Bozza, Rodriguez, & Mombaerts, 2000). Therefore, it
was initially thought that OR-derived cAMP signals were not used
for OSN projection.

Although the KOs of G, and CNG-A2 did not perturb axon target-
ing of OSNs, the KO of ACIIl demonstrated severe defects in olfactory
map formation (Chesler et al., 2007; Col, Matsuo, Storm, & Rodoriguez,
2007). Thus, it was assumed that OR-instructed OSN projection uses
an alternate G-protein and does not require CNG-channel activity.
To examine this possibility, Imai et al. (2006) generated a mutant OR
whose G-protein coupling motif, DRY, was mutated to RDY. The RDY
mutant can bind its odor ligand but is incapable of generating cCAMP.
OSN axons expressing this mutant OR remain in the anterior OB and

fail to converge to a specific glomerulus. These defects are restored
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FIGURE 2 Two distinct types of OR-specific activities. (a) Canonical signal-transduction pathway. Glomerular segregation is regulated

by stimulus-driven neuronal activity in mature OSNs, using G and CNG channels. (b) Non-canonical signal-transduction pathway. A-P
targeting is regulated by agonist-independent receptor activity of ORs in immature OSNs with G, and protein kinase PKA. Both pathways
utilize adenylyl cyclase type Il (ACIII) for cAMP production. OR-specific cAMP determines transcription levels of A-P targeting or glomerular
segregation molecules. Figures are modified from Nakashima et al. (2013)

by co-expression of the constitutively-active (ca) mutant of stimulus
G-protein (G,), caG,. Partial rescue is also observed with the ca mutant
of protein kinase PKA. Thus, PKA-mediated transcriptional regulation
appears to be involved in A-P projection, using G, without involving
G,s and CNG channels (Figure 2b). Interestingly, caG, results in a pos-
terior shift of glomeruli when expressed with the wild-type (WT) OR,
whereas dominant-negative PKA results in an anterior shift (Imai et al.,
2006). These findings demonstrate that it is the OR-derived cAMP sig-
nals, rather than the direct action of OR molecules, which determine
the target destination of OSNs along the A-P axis in the OB.

2.2 | Pre-target axon sorting for A-P projection

How do the cAMP signals regulate A-P targeting? As aforemen-
tioned, OSNs that produce higher levels of cAMP project their axons
to the posterior OB, whereas those producing lower levels target the
anterior OB. In OSN axons, an axon-guidance receptor Neuropilin
1 (Nrp1) is transcriptionally regulated by cAMP and found in an an-

terior'®"/posteriore"

gradient in the OB. Increases and decreases
of Nrpl expression in OSNs cause posterior and anterior shifts of
corresponding glomeruli, respectively (Imai et al., 2006). Then, how
does the axon-guidance receptor Nrpl regulate the topographic
order of the olfactory map? Sperry (1963) proposed the “chemo-
affinity model” for axonal projection, in which target cells present
chemical cues to guide axons to their destination. Since then, it has
been generally thought that the topography of the neural map is de-
termined by interactions between guidance receptors expressed at
axon termini and positional cues present at the target.

In contrast to the Sperry model, OSN axons are able to converge
and form loci even in the absence of the target OB (Bulfone et al.,
1998; St John, Clarris, McKeown, Royal, & Key, 2003). Interestingly,
map order emerges in axon bundles, well before they reach the
target (Satoda, Takagi, Ohta, Hirata, & Fujisawa, 1995). Imai et al.
(2009) found that pre-target axon sorting of OSNs plays an import-
ant role in organizing of the olfactory map topography. Within the

axon bundles of OSNs, Nrp1 and its repulsive ligand Semaphorin 3A
(Sema3A) are expressed in a complementary manner. Furthermore,
Nrp1'°"/Sema3AMe" axons are sorted to the central compartment of
the bundle, whereas Nrp1"€"/Sema3A'®" axons are confined to the
outer-lateral compartment. OSN-specific KO of Nrp1 or Sema3A not
only perturbs axon sorting within the bundle but also causes shifts
of glomeruli along the A-P axis. These results demonstrate that
pre-target axon sorting within bundles contributes to establish ol-
factory map topography.

2.3 | Projection along the D-V axis

For OSN projection along the D-V axis, there is a close correlation
between the anatomical locations of OSNs in the OE and their pro-
jection sites in the OB (Astic, Saucier, & Holley, 1987). The preserva-
tion of spatial relationships of neuronal cell bodies and their axonal
projection sites is widely seen in other brain regions (Luo & Flanagan,
2007; McLaughlin & O’Leary, 2005). In the mouse olfactory system,
two sets of repulsive signaling molecules, Nrp2/Sema3F and Robo2/
Slit1, are known to participate in D-V projection. Dorsal (D)-zone
OSN axons that are Robo2-positive (Robo2*) navigate to the D do-
main of the OB through the repulsive interactions with its ligand
Slit1 expressed in the ventral (V) domain of the OB (Cho, Lepine,
Andrews, Parnavelas, & Cloutier, 2007). Robol is also involved in
guiding D-zone OSN axons (Aoki, Takeuchi, Nakashima, Nishizumi, &
Sakano, 2013). These guidance molecules contribute to the separa-
tion of D and V domains in the OB (Takeuchi et al., 2010).

How is the positional information of OSNs in the OE translated
to their target sites during olfactory map formation? Takeuchi
et al. (2010) found that Nrp2 and its repulsive ligand Sema3F are
both expressed by OSN axons in a complementary manner to reg-
ulate D-V projection. Although expression levels of D-V guidance
molecules, Nrp2 and Semag3F, are closely correlated with the ex-
pressed OR species, the transcription of their genes is not down-

stream of OR signaling. It is assumed that both OR gene choice
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and expression levels of D-V projection molecules are commonly
regulated by positional information within the OE, thus correlating
the transcriptional levels of guidance genes with the expressed
OR species.

During development, OSNs in the D-region mature earlier than
those in the V-region. The D-region OSNs target their axons to the
embryonic OB before the V-region axons arrive (Sullivan, Bohm,
Ressler, Horowitz, & Buck, 1995; Takeuchi et al., 2010). This obser-
vation points toward a possibility that the repulsive ligand Sema3F,
produced by early-arriving D-region axons, is deposited in the an-
terodorsal OB to serve as a guidance cue to repel late-arriving
V-region axons that express Nrp2 (Figure 3). Then, what guides pi-
oneer OSN axons to the anterodorsal area acting as a landmark in
the OB? Robo2* D-region axons are guided to the D domain of the
OB by repulsive interactions with a Robo2 ligand, Slit1 (Cho et al.,
2007; Nguyen-Ba-Charvet, Di Meglio, Fouquet, & Chedotal, 2008).
During development, the glomerular map expands ventrally and ax-
onal projection of OSNs occurs sequentially from the dorsomedial
to the ventrolateral regions in the OE. This sequential arrival of OSN
axons helps establish the topographic map order along the D-V axis
in the OB.

2.4 | Activity-dependent glomerular segregation

During embryonic development, an olfactory map topography is
established based on a genetic program that is independent of the
neuronal activity. After OSN axons reach their approximate destina-
tions in the OB, refinement of the glomerular map needs to occur
through fasciculation and segregation of OSN axons in an activity-
dependent manner.

To study how the glomerular segregation is regulated by OR
molecules, Serizawa et al. (2006) searched for a group of genes
whose expression profiles correlated with the OR species. Using
a transgenic (Tg) mouse in which the majority of OSNs express a

particular OR, such genes were identified. They include ones that

Embryonic OB Newborn OB

Lv
OE Nrp2 N

FIGURE 3 D-V targeting of OSN axons. Early-arriving D-region
axons express Robo2 and project to the anterodorsal OB with the
aid of repulsive interactions with Slit1 (left). Late-arriving V-region
axons are Nrp2-positive and ventrally repelled by Sema3F secreted
by the dorsal OSN axons (right). Sequential arrival of OSN axons
and graded/complementary expression of Nrp2 and Sema3F help
establish the topographic order along the D-V axis. Figures are
modified from Takeuchi et al. (2010)

code for homophilic adhesive molecules, Kirrel2 and Kirrel3, that
are expressed in a complementary manner. Repulsive molecules,
such as EphA receptors and ephrin-A ligands, are also identified
in OSN axons in a complementary manner. A specific set of adhe-
sive and repulsive molecules, whose expression levels are deter-
mined by ORs, appears to regulate the axonal fasciculation of OSNs
(Figure 4). Repulsive interactions between the two subsets of OSN
axons, one that is ephrin-A"M&"/EphA'®" and the other that is eph-
rin-A'°"/EphAMe" are important for the segregation of dissimilar
axons. Homophilic adhesive interactions within the two subsets of
axons, Kirrel2"8"/Kirrel3'°% and Kirrel2'®"/Kirrel3"&" mediate bun-
dling of similar OSN axons.

Using the optogenetic method in the cultured cells, Nakashima
et al. (2019) reported that temporal spike patterns of spontaneous ac-
tivity may regulate glomerular segregation. In the dissociated OSNs,
intrinsic neuronal activity has been detected without odor ligands
(Reisert, 2010). In the visual system, spontaneous firing-waves in the
retina are known to play a critical role in shaping the neural map in ne-
onates (Feller, 2002). It is interesting to know whether a similar intrin-
sic activity is involved in the olfactory map formation. If the temporal
spike pattern determines the expression levels of glomerular segre-
gation molecules, how is the firing pattern read out and differentially
translated into the transcriptional signals of axon-sorting molecules? It
is also important to determine whether OR activity required for glo-
merular segregation is entirely intrinsic or odor-evoked.

It should be noted that an olfactory map generated during
embryonic development is a continuous map whose topography
is established by graded and complimentary distributions of ax-
on-guidance receptors and their repulsive ligands. This continuous
map is further converted to a discrete map of glomeruli. Activity-
dependent axon sorting contributes not only to map refinement, but
also to the conversion of the olfactory map from continuous to dis-
crete by segregating glomeruli (Yu et al., 2004; Zhao & Reed, 2001).
This is in sharp contrast to the visual system where the map remains

continuous (Luo & Flanagan, 2007).

2.5 | Agonist-independent OR activities

Unlike for local sorting of OSN axons, OR-derived signals for global
targeting are not stimulus-driven. Then, what kind of OR activity could
be responsible for A-P projection, and how is it generated? G-protein-
coupled receptors (GPCRs), including ORs, are known to possess two
conformational states, active and inactive (Kobilka & Deupi, 2007).
By spontaneously flipping between the two different conformations,
GPCRs produce baseline levels of cAMP in the absence of agonists
and inverse agonists (Figure 5). For different OR species, variable but
specific levels of baseline activities can be detected (Nakashima et al.,
2013). This agonist-independent GPCR activity had long been consid-
ered to be noise, and its functional role was not fully appreciated.

To examine whether the agonist-independent baseline activity
is responsible for regulating A-P targeting, various mutants of the

p2-adrenergic receptor (p2-AR) have proven useful. The p2-AR is a
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FIGURE 4 Activity-dependent glomerular map refinement. Two sets of axon-sorting molecules are involved in glomerular segregation.
One set is hemophilic adhesion molecules, for example, Kirrel2 and Kirrel3, and the other is repulsion molecules, for example, ephrin-A and
EphA receptors. Activity-high ORs (OR,) produce higher levels of Kirrel2 and ephrin-A, and lower levels of Kirrel3 and ephrin-A. In contrast,
activity-low ORs (OR;) produce these molecules in an opposite manner. OSNs expressing the same type of OR fasciculate their axons

by hemophilic interactions with Kirrel2 or Kirrel3, whereas those expressing different types of ORs are separated by contact-mediated
repulsive interactions of ephrin-A ligand and EphA receptor. Figures are modified from Serizawa et al. (2006)

GPCR with the highest sequence homology to ORs. When expressed
in OSNs with the OR gene promoter, the $2-AR maintains the one
neuron-one receptor rule, couples with the a subunit of G or G, and
substitutes ORs for receptor-instructed axonal projection (Feinstein,
Bozza, Rodriguez, Vassalli, & Mombaerts, 2004). Based on muta-
tional studies, the key amino-acid residues are well characterized in
the p2-AR for G-protein coupling, ligand binding, and generation of
agonist-independent activity (Ballesteros et al., 2001; O’Dowd et al.,
1988; Savarese & Fraser, 1992). Furthermore, the three-dimensional
structures of p2-AR with G, are known (Rasmussen et al., 2011). As
a result of these favorable features, Nakashima et al. (2013) utilized
B2-AR mutants for the transgenic analysis of the agonist-indepen-
dent GPCR activity in axonal projection of OSNs.

Among the p2-AR mutants, those that affect conformational
transitions demonstrate altered agonist-independent baseline ac-
tivity. In the Tg mice expressing both mutant and WT p2-AR genes,
the activity-low and activity-high f2-AR mutants generate glomeruli
anterior and posterior to those of the WT, respectively (Nakashima
et al., 2013). Nrp1 levels increase in the OSNs expressing the ac-
tivity-high p2-AR mutants, but are lowered by the activity-low mu-
tation. The results are inverse for another A-P targeting molecule,
Plexin Al (PIxnA1), because its expression is inversely regulated by
cAMP signals. It is notable that levels of glomerular segregation mol-
ecules, for example, Kirrel2 and Kirrel3, are not affected by the mu-
tations of baseline activity. These results demonstrate that it is the
agonist-independent OR activity that determines the transcriptional

levels of A-P targeting molecules.

2.6 | Differential regulation of targeting and
sorting of OSN axons

As aforementioned, OR-instructed A-P targeting and glomerular
segregation are differentially regulated in OSNs by two distinct OR-
derived cAMP signals. How are these two types of regulation sepa-
rately controlled in OSN cells, despite both being instructed by the
same OR identity? It was found that the two types of OR-derived
signals are transduced at different stages of olfactory development:
A-P targeting occurs in immature OSNs and glomerular segregation
in mature OSNs. The differences are also due to the subcellular lo-
calization of ORs, i.e., axon termini for targeting versus cilia for odor
detection.

Although such spatial and temporal insulation of the distinct sig-
nals may explain the differential regulation, the major basis for the
difference is a result of the distinct sources of cAMP using different
G-proteins, G, and G ; (Nakashima et al., 2013) In vitro experiments
using fusion GPCR proteins with G, or G . demonstrate that G, ef-
ficiently detect agonist-independent receptor activity, whereas G,
is adapted to precisely respond to temporal changes in ligand con-
centrations. In the cKO of G, A-P targeting is perturbed, but glomer-
ular segregation is not. In contrast, cKO of G, affects glomerular
segregation, but not A-P targeting. A-P targeting and glomerular
segregation, both using OR-derived cAMP, are separately regulated
by the non-canonical and canonical signal-transduction pathways,
respectively, using separate G-proteins at different stages of OSN

development (Figure 2).
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(2013)

3 | SECONDARY PROJECTION

During the process of primary projection from the OE to the OB,
odor information is roughly sorted into two distinct qualities along
the D-V axis, one that is aversive in the dorsal OB and the other
that is attractive in the posteroventral OB (Figure 6). Odor signals
are then transmitted to various areas in the OC by M/T cells. In the
amygdala, the posteromedial region of the cortical amygdala (CoA)
receive the aversive odor information from the posterodorsal OB to
mediate innate avoidance responses (Maras & Petrulis, 2006; Root
et al., 2014). In contrast, for the attractive social cues, responding
glomeruli are clustered in the posteroventral OB (Lin, Zhang, Block,
& Katz, 2005; Yoshikawa, Nakagawa, Mori, Watanabe, & Touhara,

2013), whose information is transmitted to the anterior region of

the medial amygdala (MeA) to mediate attractive social responses
(Lehman, Winans, & Powers, 1980).

How is it then that the M/T cells send their axons correctly to the
specific OC regions to elicit proper odor responses? In contrast to the
primary projection of OSNs, not much is known about the second-
ary projection. The main reason that makes these studies difficult
has been the lack of known subset markers essential for generating
the conditional knockouts (cKOs) for M/T-cell projection. Recently,
it was found that Nrp2 can be used for the study of migration and

projection of mitral cells (MCs) in mice (Inokuchi et al., 2017).

3.1 | Migration and segregation of MCs
within the OB

Nrp2 and its repulsive ligand Sema3F have previously been reported
as axon-guidance molecules that regulate primary projection of
OSNs along the D-V axis (Takeuchi et al., 2010). Like in the glomeru-
lar layer for OSN axons, Nrp2 levels are high in the V-region, but
low in the D-region in the mitral-cell layer (MCL). During embryonic
development, MC precursors are born in the ventricular zone within
the OB and migrate radially to the MCL (Imamura, Ayoub, Rakic, &
Greer, 2011). Nrp2* MCs further migrate tangentially to the ventral
OB as the OB ventrally expands, whereas Nrp2™ MCs remain in the
embryonic OB region that represents the dorsal OB in adults. Since
MC dendrites synapse with OSN axons in the nearest neighboring
glomeruli (Nishizumi et al., 2019), D/V partitioning provides a topo-
graphical and functional separation of MCs within the OB.

Then, what mediates the segregation and migration of Nrp2* and
Nrp2~ MCs? In the total KO of Nrp2, both OSN projection and MC
segregation are perturbed along the D-V axis (Inokuchi et al., 2017).
However, in the OSN-specific or MC-specific cKO of Nrp2, either
the OSN projection or MC migration is affected, but not both. This
observation excludes a possibility of Nrp2-mediated cross-talk be-
tween the OSN axons and MCs for parallel guidance. Interestingly,
in the OSN-specific cKO of Sema3F, not only OSN targeting but also
MC migration is perturbed, indicating that Sema3F secreted by the
D-region OSN axons guides both Nrp2* OSN axons and Nrp2* MCs
to the posteroventral OB (Inokuchi et al., 2017). This co-regulation
is important for functional pairing of their partner MC primary den-

drites with glomeruli.

3.2 | Matching of MCs with partner glomeruli

In order to mediate innate odor responses, proper pairing is re-
quired between the OSN axons and MC primary dendrites. During
development, MCs initially possess multiple dendrites extending
to neighboring glomeruli. However, after selecting the partner
glomerulus, only one dendrite connecting to it can survive and
mature to the primary dendrite (Figure 7a). How are the MCs able
to find the right partner to initiate synapse formation? One possi-

bility is that OSN axons and MC dendrites recognize the partners’
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identity when the matching takes place. If this is the case, the
identity of OSNs is likely established by the expressed OR species.
This then engenders the question of the identity of MCs and how
it is recognized by OSN axons. Another possibility is that there is
no such molecular code for MCs to be recognized by OSN axons.
MC dendrites may simply find their partner OSN axons based on
the physical proximity without regard to OR specificity and con-
nect to the nearest neighboring glomeruli. In this case, it is impor-
tant for MCs to migrate to appropriate locations in the OB before
synapsing with OSN axons.

To address what mediates proper matching within the glom-
eruli, Nishizumi et al. (2019) studied mutant mice in which the
glomerular map formation is perturbed. First, they analyzed the
H-MOR29A mouse where multiple glomeruli for the Tg MOR29A
are clustered surrounding the endogenous MOR29A glomeru-
lus (Figure 7b). In the H mouse, the frequency of the choice for
a particular OR gene is largely increased by the attached H en-
hancer (Nishizumi, Kumasaka, Inoue, Nakashima, & Sakano, 2007;
Serizawa et al., 2003). It should be noted that in the WT situa-
tion, MCs underneath the clustered Tg MOR29A glomeruli are
supposed to pair with OSN axons whose OR identities are differ-
ent from MOR29A (Figure 7b). Interestingly, in the H-MOR29%9A
mouse, no abnormality of dendrite selection is observed for the
MCs connecting to the ectopic Tg glomeruli. This observation in-
dicates that MC dendrites find their partners in the nearest neigh-
boring region based on the physical distance without regarding
the OR identity.

Another mouse analyzed was the /AAD mutant where the glom-
eruli are specifically ablated in the dorsal OB by diphtheria toxin
(Kobayakawa et al., 2007). Near the D/V border, D-region MCs
extend their dendrites to the V-region glomeruli, crossing over the
D/V border (Figure 7c). It appears that primary dendrites of MCs
can synapse with OSN axons in the nearest neighboring glomerulus

regardless of its OR specificity.

3.3 | Targeting of MCs to the amygdala

M/T cells are bipolar neurons, synapsing with OSN axons and target-
ing to specific areas in the OC. After migrating to appropriate loca-
tions in the MCL, MCs extend their primary dendrites to the partner
glomeruli and also send their axons to various brain regions along the
lateral olfactory tract. By using the Tg mouse in which Nrp2* MCs ex-
press fluorescence protein, EYFP, the trajectory of axonal projection
can be traced. In this mouse, the Nrp2* posteroventral MCs send their
axons to the anterior MeA, but not the Nrp2” dorsal MCs that are posi-
tive for OCAM, a dorsal MC marker. In the MC-specific cKO of Nrp2,
MC projection to the anterior MeA is perturbed. These observations
indicate a possible circuit link between the posteroventral OB and the
anterior MeA via Nrp2* MCs. This connection can be directly exam-
ined by trans-synaptic labeling with the rabies virus that transmits
across synapses in a retrograde and monosynaptic manner. Rabies
virus injected into the anterior MeA is indeed detected in the poster-
oventral OB region, but not in the D-region OB (Inokuchi et al., 2017).

How are the Nrp2" MC axons correctly guided to the anterior
MeA? In the total KO of Sema3F, projection of Nrp2" MCs to the an-
terior MeA is severely affected, indicating that the repulsive ligand
Sema3F is involved in this targeting. Unlike MC migration in the OB,
MC projection is not affected in the OSN-specific cKO of Sema3F,
suggesting that the Sema3F in the dorsal OB is not responsible for
guiding MC axons to the anterior MeA. Since Sema3F can be detected
in the cortical regions surrounding the MeA, Nrp2* MC axons are likely
guided to the anterior MeA by repulsive interactions with Sema3F ex-
pressed along their trajectory in the embryonic OC. Taken together,
Nrp2 plays dual instructive roles through repulsive interactions with
Sema3F in regulating migration and targeting of V-region MCs.

For the study of Nrp2-mediated MC targeting, Inokuchi
et al. (2017) also performed gain-of-function experiments by using
in utero electroporation. When the GFP gene is introduced into the

embryonic OB, green signals of GFP are equally distributed in both
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FIGURE 7 Matching of MCs with partner glomeruli. (a)
Maturation of MC dendrites. During development, immature MCs
extend multiple dendrites to neighboring glomeruli (at P4). At the
mature stage (P21), only one dendrite can survive to become a
primary dendrite that synapses with OSN axons within the partner
glomerulus. (b) Partner finding and dendrite selection of MCs. In
the H-MOR29A mice, transgenic MOR29A glomeruli are clustered
surrounding the endogenous MOR29A glomerulus. In such an
unusual situation, how do the MCs contacting the Tg-MOR2%A
glomeruli behave for primary dendrite selection? One possibility

is that matching of MCs with partner glomeruli takes place based
on the OR specificity of glomeruli (right). The other possibility is
that MCs extend their primary dendrite to the nearest neighboring
glomerulus based on the proximity of distance (left). (c). Partner
finding of MCs in the AD mutant. In the /D, glomeruli are
specifically ablated by diphtheria toxin in the D domain of the OB.
In this mutant mouse, MCs in the D domain extend their primary
dendrite to the V-domain glomerulus crossing over the D-V border
of the OB

the D- and V-regions of MCL (Imamura et al., 2011). In contrast, if the
human Nrp2 gene (hNrp2) is co-transfected, GFP* MCs are confined
to the V-region MCL. Furthermore, GFP signals are detected in the

anterior MeA in the hNrp2 transfected mice. Activation of the single

axon-guidance gene hNrp2 Nrp2 appears to be sufficient to induce
not only the migration of MCs to the V-region MCL but also their
axonal projection to the anterior MeA. In this electroporation exper-
iment, the dorsal MC marker OCAM can be detected in the anterior
MeA, indicating that ectopic expression of hNrp2 alone can induce
MC projection to the anterior MeA even in the dorsal-lineage MCs
that normally send their axons to the CoA.

3.4 | Functional OB domains for innate
odor responses

As already mentioned, the glomerular map is composed of distinct
functional domains for different odor qualities. By ablating glomeruli
from specific OB regions, Kobayakawa et al. (2007) demonstrated
that key glomeruli that elicit fear responses to the fox odor TMT are
located in the D, domain of the posterodorsal OB. In contrast, the
glomeruli responsive to attractive social cues, for example, methyl-
thio-methanethiol (MTMT), are confined to the posteroventral OB
(Lin et al., 2005).

Optogenetic experiments demonstrate that activation of sin-
gle glomerular species can elicit specific innate odor responses
(Figure 8). For example, Saito et al. (2017) found that photo-acti-
vation of one of the TMT-responsive glomeruli in the D, domain
induces freezing (immobility), but not avoidance behavior, indicat-
ing that this particular OR, OIfr1019, is specialized for freezing. In
the KO of OIfr1019, immobility responses to TMT are reduced, but
aversion and stress reactions are not affected. Consistent with this
observation, the posteromedial CoA and AmPir that are known to
induce aversive responses, are not activated by photo-illumination
of the OIfr1019 glomeruli. These observations demonstrate that
TMT-induced fear may be separated into two different compo-
nents, immobility and avoidance. Furthermore, the TMT-induced
immobility appears not to be the consequence of stress reactions
mediated by a stress hormone, adrenocorticotropic hormone
(ACTH).

It is generally thought that an activation pattern of a specific set
of glomeruli, an odor map, is transmitted to the OC to discriminate
and identify the odorant (Mori & Sakano, 2011). However, the ol-
factory system uses a different strategy to quickly elicit innate odor
responses. Instead of recognizing the pattern of activated glomeruli
for the memory-based decision, a specific innate response can be
induced when a particular functional domain in the OB is activated
even through single glomerular species. For the odor-mediated in-
nate responses, there is a close correlation between the functional
domains in the OB and specific regions in the amygdala. This is ac-
complished by gathering glomeruli having the same behavioral qual-
ity to a restricted functional domain in the OB and by transmitting
odor information correctly to a specific amygdala region. It is import-
ant for MCs to ensure that the olfactory inputs with the same odor
quality are transmitted to a particular area in the amygdala so that

they can induce the same innate outputs.
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FIGURE 8 Photo-activation of a

single glomerular species, Olfr1019. (a).

A plasmid construct for the knockin

(K1) mouse of OIfr1019. The channel
rhodopsin gene, ChRWR, is introduced into
the TMT-responsive OR genes, Olfr1019,
with the ires sequence. For fluorescent
labeling of OIfr1019 glomeruli, the Venus
gene is also inserted. Photo-activation of
the OIfr1019 glomeruli induces immobility
(freezing) responses in the Kl mouse. (b)
Time-course studies of mouse behaviors.
The Kl mice are photo-illuminated and
analyzed for their responses. The wild-
type (WT) and aluminum-foil-shielded KI
are studied in parallel as negative controls.
Five-second illuminations are given every
30 s. Immobility is shown in red. Figures
are modified from Saito et al. (2017)
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3.5 | Nrp2* MCs mediate attractive social responses

For the attractive social responses, a circuit link has been shown to
exist between the posteroventral OB and the anterior MeA by dye-
injection and pharmacological experiments (Keller, Douhard, Baum,
& Bakker, 2006; Martel & Baum, 2007). The anterior MeA is known
to induce innate social behaviors, such as mating and conspecific
recognition. It has been thought that social signals come from the
vomeronasal organ through the accessary OB that detects non-vol-
atile pheromones. However, recent studies suggest that the anterior
MeA also receives volatile odor inputs from the main OB (Inokuchi
etal., 2017; Lehman et al., 1980). Since the anterior MeA is activated
by urinary volatiles whose responsive glomeruli are located in the
posteroventral OB, Nrp2* MCs likely transmit the attractive social
signals to the anterior MeA.

To study the roles of Nrp2" MCs in mediating innate olfactory
(2017) analyzed the MC-specific cKO of
Nrp2 for odor-mediated social responses. In the male cKO, ultrasonic

behaviors, Inokuchi et al.

vocalization toward females is diminished. In the female cKO, inves-
tigation times are significantly lowered towards a male urine volatile,
MTMT. Suckling behaviors of pups are also perturbed in the cKO.
These results demonstrate that Nrp2* MCs indeed mediate odor-in-

duced attractive social responses by linking the posteroventral OB
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and the anterior MeA (Figure 6). This kind of circuit formation that is
directed by a distinct set of guidance molecules may be a general rule
that is applicable to other innate odor responses. For example, fear to
predators’ smell and avoidance to spoiled food odors are induced by
glomeruli located in the D, and D, domains in the dorsal OB, respec-
tively. Furthermore, the posteromedial CoA is responsible for induc-
ing avoidance to the fox odor TMT. It is possible that the Nrp2” MCs in
the dorsal OB expresses another set of targeting molecules to guide

their axons to the specific CoA region to mediate aversive responses.

4 | ACTIVITY-DEPENDENT SYNAPSE
FORMATION WITHIN THE GLOMERULI

Mammalian sensory systems are generated by a combination of ac-
tivity-dependent and -independent processes (Espinosa & Stryker,
2012; Hensch, 2005). The basic architecture of sensory systems is
built before birth based on a genetic program. However, the neural
circuits are further modified by environmental inputs. This activity-
dependent process is plastic but soon becomes irreversible. If the
circuit is left unstimulated, the brain function served by that circuit
becomes impaired. Thus, neonatal sensory inputs are important to

make the system functional.
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In the mouse olfactory system, both primary and secondary pro-
jections are genetically programmed and take place independently
from each other (Inokuchi et al., 2017; Nishizumi et al., 2019).
Although primary projection of OSNs autonomously occurs by ax-
on-axon interactions (Sakano, 2010), proper connections with M/T
cells are needed in the OB to make the olfactory circuit functional.
For synapse formation, association of OSN axons with the nearest
neighboring M/T cells takes place and then post-synaptic events are
induced in the dendrites. Once the synapse is formed, primary den-
drites of M/T cells are selected in a competitive manner and other
dendrites are eliminated (Figure 7a). In contrast to the targeting of
OSN axons, little is known about the events that lead to the forma-
tion of synapses with M/T-cell dendrites. What kind of molecules
mediate triggering of synapse formation, and how are the synaptic

structures selected in an activity-dependent manner?

4.1 | Sema7A signaling induces post-synaptic events

In the KO of CNG channels (Lin et al., 2000), both glomerular seg-
regation and synapse formation are affected in the OB. Thus, the
OR-derived neuronal activity is required not only for the olfac-
tory map refinement but also for synapsing OSN axons to M/T-
cell dendrites. How are the OSN axons connected firmly with the
partner dendrites by OR-derived activity? What kind of signaling
molecules are essential for inducing the post-synaptic events? To
address these questions, Inoue, Nishizumi, Naritsuka, Kiyonari,
and Sakano (2018) searched for a receptor and ligand pair ex-
pressed in neonates either in OSN axons or in M/T-cell dendrites.
Among more than 30 axon-guidance, cell adhesion, and signaling
molecules examined, Sema7A and its receptor PIxnC1 appeared to
be promising.

Sema7A is a membrane-bound protein localized to the pre-syn-
aptic axon-terminal of OSNs. Sema7A expression is promoted by
odor stimuli, but is abolished by the CNG-channel KO or by the DRY-
motif OR mutation (Imai et al., 2006) that blocks G-protein coupling.
Thus, Sema7A expression appears to be regulated by odor-evoked
neuronal activity. It is interesting that unlike in the KOs of other
Sema-family proteins, targeting of OSN axons is not affected in the
Sema7A KO. However, synapse formation and dendrite selection are
perturbed in the M/T cells. Furthermore, in the KO, both pre- and
post-synaptic markers are markedly reduced and post-synaptic den-
sity (PSD) is rarely formed in M/T-cell dendrites (Inoue et al., 2018).

How about PIxnC1? PIxnC1 is a receptor for Sema7A and is lo-
calized to the M/T-cell dendrites in neonates. In contrast to Sema7A,
expression of PIxnC1 is not affected by environmental odorants, but
its localization to the M/T-cell dendrites is limited to the first week
after birth. In the PIxnC1 cKO specific to M/T cells, post-synaptic
events are perturbed and PSD formation is blocked as observed in
the Sema7A KO. Since Sema7A and PIxnC1 are both expressed in the
membrane-bound form, it is likely that they directly interact with
each other and function as signaling molecules within the glomeruli
(Figure 9).
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FIGURE 9 Activity-dependent synapse formation within
glomeruli. Sema7A/PIxnC1 signaling is essential for triggering post-
synaptic events in M/T cells. In OSNs, odor-evoked OR activity
produces cAMP with the aid of G and ACIII. This CAMP opens
CNG channels generating neuronal activity. Sema7A is expressed
in OSN axons in an activity-dependent manner. PIxnC1, a receptor
for Sema7A, is localized to the M/T-cell dendrites only during

the first week after birth. PIxnC1, once interacts with Sema7A,
recruits SAP90 for assembling the post-synaptic density (PSD), thus
promoting synapse formation. The figure is modified from Inoue
and Sakano (2018)

It is important to determine whether there are any additional
signaling components that are regulated by OR-derived neuronal ac-
tivity for synapse formation. This can be examined by the rescue ex-
periment in the CNG-channel KO with the Sema7A KO background.
Constitutive expression of the Tg Sema7A alone restored the defec-
tive phenotype of synapse formation and dendrite selection in the
KO mouse. This observation demonstrates that Sema7A signaling
alone is sufficient to trigger the activity-dependent post-synaptic
events in M/T-cell dendrites V (Inoue et al., 2018).

4.2 | Glomerular enlargement and odor imprinting

Neonatal odor exposure promotes Sema7A expression in the re-
sponding OSNs, resulting in glomerular enlargement (Inoue et al.,
2018). For example, exposure of vanillin (VNL) increases Sema7A
expression in the VNL-responsive MOR29A" OSNs and promotes
synapse formation and dendrite selection within the MOR29%A
glomeruli. Unstimulated dendrites of M/T cells that contact other
glomeruli are likely removed by synaptic competition with the stimu-
lated primary dendrite. It should be noted that these enhancements
cannot be seen if the pups are exposed to VNL after the postnatal
day 7 (P7).

How does this glomerular enlargement cause plastic changes
in the olfactory circuit for adaptive odor responses? It has been

reported that early odor exposure heightens odor-evoked MC
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responses (Liu, Savya, & Urban, 2016; Liu & Urban, 2017). The en-
larged glomeruli may generate stronger odor signals that are then
distributed to wider areas in the OC, increasing the likelihood that
new circuits are established. In the mammalian olfactory system,
exposure to environmental odorants in neonates affects odor per-
ception and behavior (Logan et al., 2012; Sullivan, Landers, Yeaman,
& Wilson, 2000). As for neonatal imprinting, it is well known that
ducklings follow the first moving object upon hatching, recogniz-
ing it as the parent bird (Horn, 2004; Lorenz, 1935). Although such
imprinting phenomena are widely recognized, little is known about
how it is established and how the imprinted memory modulates in-
nate behavioral decisions.

Unlike other sensory systems, OSNs in mice are constantly re-
newed throughout the animal's life span. Although OSNs are re-
placed and form new connections with M/T cells, proper circuits
cannot be regenerated once the existing OSNs are completely
ablated after the early neonatal period. This time frame of circuit
formation has been referred to as the critical period in the mouse
olfactory system (Ma et al., 2014; Tsai & Barnea, 2014; Wu et al.,
2018). However, the critical period has not been precisely defined
at the molecular level, and the key process that makes this time-win-

dow critical has yet to be clarified.

4.3 | Odor imprinting during the critical period

In order to precisely determine the olfactory critical period, we re-
cently performed unilateral naris occlusion in the newborn mice at
PO. If the occluded naris is reopened after P7, synapse formation and
dendrite selection are perturbed and glomerular sizes decrease in
the OB. However, when occlusion is terminated at P6 or before, such
impairments are not observed. These studies demonstrate that plas-
tic changes within the glomeruli are restricted to the first week after
birth, PO-7, in the mouse olfactory system (Inoue et al., submitted).

We then studied the effect of neonatal odor exposure on odor
perception in adults. The mice conditioned to VNL at the early neo-
natal stage demonstrate increased responsiveness and sensitivity to
VNL. In the preference test, the VNL-conditioned mice spend signifi-
cantly longer times in the room where a VNL-spotted filter paper is
placed. These imprinting effects cannot be seen in the mice where
Sema7A signaling is blocked in neonates.

It is notable that attractive responses to imprinted odors are
observed even for aversive odorants, for example, 4-methyl-thi-
azole (4MT), a derivative of fox odor TMT (Inoue et al., submitted).
Stress-reducing effects of imprinted odor memory can be seen in
the odor conditioned mice. Mice usually demonstrate strong stress
responses in an unfamiliar environment. When they are transferred
to a new cage, the rectal temperature rises and remains elevated
for approximately 20 min. However, in the mice conditioned to 4MT
in neonates, stress is immediately eased by the imprinted odor as
adults and a plasma concentration of the stress hormone ACTH is
lowered. These stress-reducing effects are not seen if the mice are

conditioned to 4MT after the critical period.
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4.4 | Odor imprinting and social responses

Male mice normally demonstrate strong curiosity for the mouse
scents of both male and female. However, the M/T-specific cKO
of PIxnC1, where Sema7A signaling is blocked, shows aversive re-
sponses by attempting to avoid interactions with unfamiliar mice
(Inoue et al., submitted). Abnormal social behavior is also seen in the
naris-occluded mice, when the occlusion is performed during the en-
tire critical period. Thus, Sema7A signaling in early neonates appears
to be involved in modulating the hard-wired circuit for smooth social
interactions.

How does the imprinted odor memory induce the stress-reduc-
ing reactions? To study this, we have analyzed various OC regions
in the 4MT-imprinted mice for their activation by the 4MT mem-
ory. Sharp contrasts are seen in the anterior MeA and AmPir be-
tween the 4MT-conditioned and unconditioned mice (Inoue et al.,
submitted). By the imprinted 4MT odor, the anterior MeA is acti-
vated and the AmPir is suppressed. The anterior MeA is known to
mediate attractive social responses (Inokuchi et al., 2017), whereas
the AmPir induces stress reactions by raising plasma concentrations
of ACTH (Kondoh et al., 2016). It has been reported that aversive
odor information is transmitted to the posteromedial CoA to elicit
avoidance responses (Miyamichi et al., 2011; Root et al., 2014). In the
mice conditioned to 4MT, the posteromedial CoA is still activated
by 4MT, however, the AmPir is suppressed. It is to be clarified how
the outputs of the posteromedial CoA are blocked by the imprinted
4MT memory.

4.5 | A possible role of oxytocin in odor imprinting

Imprinted olfactory memory always induces attractive responses to
the conditional odors. How is it then that the positive quality is im-
posed on the neonatal odor experience? Several peptide hormones
are considered as possible candidates, for example, norepinephrine,
dopamine, and oxytocin, all of which are known to induce positive
mental status and mediate attractive behaviors (Anderson, 2000; De
Wied, Diamant, & Fodor, 1993). Among them, oxytocin appears to be
promising, because oxytocin is involved in social memory formation
mediated by the MeA (Gur, Tendler, & Wagner, 2014). Furthermore,
oxytocin promotes attractive social interactions (Bosch & Young,
2018; Muscatelli, Desarménien, Matarazzo, & Grinevich, 2018) and
is highly expressed in the neonatal brain (Sannino, Chini, & Grinevich,
2017).

To examine if oxytocin contributes to imposing the positive qual-
ity on imprinted odor memory, we have analyzed the KO mice of
oxytocin (Nishimori et al., 1996) or oxytocin-receptor (Takayanagi
et al., 2005) for their odor imprinting. If conditioned to 4MT in ne-
onates, increased responsiveness to 4MT can be seen in the both
KOs. However, KO mice fail to demonstrate positive responses to
the imprinted odorant 4MT and demonstrate impaired social re-
sponses (Inoue et al., submitted). When is oxytocin needed to in-

tegrate the positive quality into imprinted memory? This can be
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examined by rescue experiments using the pups of oxytocin KO. It
was shown that if the KO pups are administrated intraperitoneally
by oxytocin at PO-6, social interactions are restored in adulthood.
This rescue effect is not seen when the oxytocin administration is
performed after the critical period. These results indicate that oxy-
tocin is needed in early neonates for imposing the positive quality on
imprinted odor memory.

5 | SUMMARY AND DISCUSSION

In the mammalian olfactory system, a characteristic feature of OSN
projection is that both targeting and sorting of OSN axons are in-
structed by OR molecules (Imai et al., 2—6; Serizawa et al., 2006). Our
recent studies revealed that A-P targeting is instructed by the agonist-
independent receptor activity of ORs via protein kinase PKA, while
glomerular segregation is regulated by neuronal activity via CNG
channels (Nakashima et al., 2013). Furthermore, these two processes
are separately regulated by distinct G-proteins, G, and G, at differ-
ent stages of OSN development: G, for A-P targeting in immature
OSNs and G for local sorting in mature OSNs. Another unsolved
question was how the activity is generated for A-P targeting without
odor stimuli. In the absence of agonists and inverse agonists, GPCRs
freely interchange their conformations between the active and inac-
tive forms. Baseline activity generated by this spontaneous transition
is utilized for transcriptional regulation of A-P targeting molecules.

It is generally thought that the glomerular map is used for pat-
tern recognition of activated glomeruli to discriminate and identify
odorants. During the process of OSN projection, odor information
is sorted into distinct qualities and distributed to separate OB do-
mains. Thus, the glomerular map possesses dual functions for odor
detection: The map is not merely a projection screen for detected
odor signals, but consists of functional domains to elicit innate odor
responses. Using the optogenetic method, it was shown that once
the M/T cells in a particular domain are stimulated, a specific in-
nate behavior can be induced even through a photo-activated single
glomerulus (Saito et al., 2017).

M/T-cell projection to the OC is important for making qualita-
tive decisions of odor information. Particularly for innate odor re-
sponses, MC axons have to be guided properly to specific areas in
the amygdala. Unlike the primary projection, secondary projection
was poorly understood due to the absence of known subset mark-
ers of M/T cells. Recently, it was found that axon-guidance mole-
cules, Nrp2 and its repulsive ligand Sema3F, segregate MCs into two
distinct subsets, Nrp2* and Nrp2". Furthermore, Nrp2* MCs in the
posteroventral OB send their axons to the anterior MeA to mediate
attractive social responses (Inokuchi et al., 2017). In contrast, Nrp2
MCs in the posterodorsal OB target the posteromedial CoA to elicit
aversive responses. It is notable that Sema3F secreted by the dorsal
OSN axons co-regulates OSN targeting and MC migration along the
D-V axis. This parallel guidance is important to ensure proper match-
ing of OSN axons and M/T cells, so that odor information is correctly

transmitted from the OB to the amygdala.

During embryonic development, axon targeting of both OSNs
and M/T cells takes place without involving neuronal activity.
Although the basic processes of circuit formation are genetically
programmed, synapses are formed in an activity-dependent manner
between the OSNs and M/T cells. Unlike in the fly and nematode,
matching of periphery and projection neurons in the mouse olfac-
tory system is not pre-specified by the cell lineage (Nishizumi et al.,
2019). Thus, the synapse formation within glomeruli is plastic and
partner glomeruli for matching can be changed during evolution.
This flexibility allows individuals and species to adapt to the new
odor environment for their survival.

In neonates, there is a narrow time window referred to as the
critical period that allows proper development of the sensory sys-
tems in response to environmental inputs. If the circuit is left unstim-
ulated, the brain function served by that circuit becomes impaired.
In the mouse, innate olfactory decisions can be modified by the neo-
natal odor experience. Recently, Sema7A and its receptor PIxnC1,
were found to be responsible for this plastic change by triggering
post-synaptic events in the neonatal M/T cells (Inoue et al., 2018).
Sema7A is expressed in the axon termini of OSNs in an activity-de-
pendent manner and PIxnC1 is localized to the dendrites of M/T
cells only during the first week after birth, which forms the molecu-
lar basis for the olfactory critical period. Rescue experiments in the
CNG-channel KO demonstrate that Sema7A signaling is sufficient to
trigger the activity-dependent post-synaptic events in M/T cells. In
the odor-stimulated neonatal glomeruli, primary dendrites of sur-
rounding M/T cells are recruited. Elevated odor inputs through the
enlarged glomeruli are likely responsible for odor imprinting.

Imprinting takes place by the sensory inputs during the critical
period in neonates. In the mouse olfactory system, imprinted mem-
ory always induces attractive responses. The KO studies and rescue
experiments indicate that oxytocin in neonates may be responsible
for imposing the positive quality on imprinted memory (Inoue et al.,
submitted). Attractive responses can be induced even to the im-
printed 4MT whose odor quality is innately aversive. Furthermore,
the 4MT memory rapidly eases stress reactions by reducing the
plasma concentrations of the stress hormone ACTH. Such imprint-
ing effects can be seen only for the odor experience during the first
week after birth. In the OC, imprinted 4MT memory activates the
anterior MeA to mediate attractive responses and suppresses the
AmPir to block the ACTH-mediated stress reactions (Inoue et al.,
submitted). It is important to determine in the future how the two
conflicting decisions, innate aversion and memory-based attraction,
are balanced for the imprinted 4MT.

It has been shown that early exposure to environmental odors
affects social responses later in life. Male mice normally demon-
strate strong curiosity toward unfamiliar mice. However, when
Sema7A signaling is blocked in neonates, the mice avoid social in-
teractions with strangers. It is possible that mice innately avoid
stressful interactions with unfamiliar mice. However, Sema7A-
mediated imprinting may help pups adapt to their community for
smooth social interactions with fellow mice. It will be interesting

to examine whether similar imprinting described in the mouse
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olfactory system can be found in humans. It is also important to
determine in the human infants when the critical period starts and
how long it lasts. These imprinting studies will give new insights
into our understanding of neurodevelopmental disorders, such as
autism spectrum disorders and attachment disorders, that may be
caused by improper sensory inputs during the neonatal period.
The mouse olfactory system will continue to serve as a useful tool
for the developmental studies of neural circuit formation in the
mammalian brain.

ACKNOWLEDGEMENTS
This research was supported by Specially Promoted Research Grant
(24000014) and Grants in Aid (17H06160) from MEXT of Japan.

REFERENCES

Anderson, K. E. (2000). Neurotransmitters: Central and peripheral
mechanisms. International Journal of Impotence Research, 4, S26-S33.
https://doi.org/10.1038/sj.ijir.3900574

Aoki, M., Takeuchi, H., Nakashima, A., Nishizumi, H., & Sakano, H. (2013).
Possible roles of robol* ensheathing cells in guiding dorsal-zone ol-
factory sensory neurons in mouse. Developmental Neurobiology, 73,
828-840.

Astic, L., Saucier, D., & Holley, A. (1987). Topographical relation-
ships between olfactory receptor cells and glomerular foci in
the rat olfactory bulb. Brain Research, 424, 144-152. https://doi.
org/10.1016/0006-8993(87)91204-2

Ballesteros, J. A., Jensen, A. D., Liapakis, G., Rasmussen, S. G., Shi, L.,
Gether, U., & Javitch, J. A. (2001). Activation of the p2-adrenergic
receptor involves disruption of an ionic lock between the cytoplas-
mic ends of transmembrane segments 3 and 6. Journal of Biological
Chemistry, 276, 29171-29177.

Barnea, G., O’'Donnell, S., Mancia, F., Sun, X., Nemes, A., Mendelsohn,
M., & Axel, R. (2004). Odorant receptors on axon termini in
the brain. Science, 304, 1468. https://doi.org/10.1126/scien
ce.1096146

Belluscio, L., Gold, G. H., Nemes, A., & Axel, R. (1998). Mice deficient
in G, are anosmic. Neuron, 20, 69-81. https://doi.org/10.1016/
S0896-6273(00)80435-3

Bosch, O. J., & Young, L. J. (2018). Oxytocin and social relationships:
From attachment to bond disruption. Current Topics in Behavioral
Neurosciences, 35, 97-117.

Brunet, L. J., Gold, G. H., & Ngai, J. (1996). General anosmia caused by a
targeted disruption of the mouse olfactory cyclic nucleotide-gated
cation channel. Neuron, 17, 681-693. https://doi.org/10.1016/
S50896-6273(00)80200-7

Buck, L., & Axel, R. (1991). A novel multigene family may encode odorant
receptors: A molecular basis for odor recognition. Cell, 65, 175-187.
https://doi.org/10.1016/0092-8674(91)90418-X

Bulfone, A., Wang, F., Hevner, R., Anderson, S., Cutforth, T., Chen,
S., ... Rubenstein, J. L. (1998). An olfactory sensory map devel-
ops in the absence of normal projection neurons or GABAergic
interneurons. Neuron, 21, 273-1282. https://doi.org/10.1016/
S0896-6273(00)80647-9

Chesler, A. T., Zou, D. J., Le Pichon, C. E., Peterlin, Z. A., Matthews, G. A.,
Pei, X., ... Firestein, S. (2007). A G protein/cAMP signal cascade is re-
quired for axonal convergence into olfactory glomeruli. Proceedings
of the National Academy of Sciences of the United States of America,
104, 1039-1044. https://doi.org/10.1073/pnas.0609215104

Cho, J. H., Lepine, M., Andrews, W., Parnavelas, J., & Cloutier, J. F.
(2007). Requirement for Slit-1 and Robo-2 in zonal segregation of
olfactory sensory neuron axons in the main olfactory bulb. Journal

211
& Differentiation —WILEY

of Neuroscience, 27, 9094-9104. https://doi.org/10.1523/JNEUR
0SCl.2217-07.2007

Col, J. A., Matsuo, T., Storm, D. R., & Rodoriguez, I. (2007). Adenylyl
cyclase-dependent axonal targeting in the olfactory system.
Development, 134, 2481-2489. https://doi.org/10.1242/dev.006346

De Wied, D., Diamant, M., & Fodor, M. (1993). Central nervous sys-
tem effects of the neurohypophyseal hormones and related pep-
tides. Frontiers in Neuroendocrinology, 14, 251-302. https://doi.
org/10.1006/frne.1993.1009

Espinosa, J. S., & Stryker, M. P. (2012). Development and plasticity
of the primary visual cortex. Neuron, 75, 230-249. https://doi.
org/10.1016/j.neuron.2012.06.009

Feinstein, P., Bozza, T., Rodriguez, I., Vassalli, A., & Mombaerts, P. (2004).
Axon guidance of mouse olfactory sensory neurons by odorant re-
ceptors and the p2 adrenergic receptor. Cell, 117, 833-846.

Feinstein, P., & Mombaerts, P. (2004). A contextual model for axonal
sorting into glomeruli in the mouse olfactory system. Cell, 117, 817-
831. https://doi.org/10.1016/j.cell.2004.05.011

Feller, M. B. (2002). The role of nAChR-mediated spontaneous retinal
activity in visual system development. Journal of Neurobiology, 53,
556-567. https://doi.org/10.1002/neu.10140

Gur, R., Tendler, A., & Wagner, S. (2014). Long-term social recognition
memory is mediated by oxytocin-dependent synaptic plasticity in
the medial amygdala. Biological Psychiatry, 76, 377-386. https://doi.
org/10.1016/j.biopsych.2014.03.022

Hensch, T. K. (2005). Critical period plasticity in local cortical circuits.
Nature Reviews Neuroscience, 6, 877-888. https://doi.org/10.1038/
nrnl787

Horn, G. (2004). Pathways of the past: The imprint of memory. Nature
Reviews Neuroscience, 5, 108-120. https://doi.org/10.1038/nrn
1324

Igarashi, K. M., leki, N., An, M., Yamaguchi, Y., Nagayama, S., Koboyakawa,
K., ... Mori, K. (2012). Parallel mitral and tufted cell pathways route
distinct odor information to different targets in the olfactory cortex.
Journal of Neuroscience, 32, 7970-7985. https://doi.org/10.1523/
JNEUROSCI.0154-12.2012

Imai, T., Suzuki, M., & Sakano, H. (2006). Odorant receptor-derived cAMP
signals direct axonal targeting. Science, 314, 657-661. https://doi.
org/10.1126/science.1131794

Imai, T., Yamazaki, T., Kobayakawa, R., Kobayakawa, K., Abe, T., Suzuki,
M., & Sakano, H. (2009). Pre-target axon sorting establishes the neu-
ral map topography. Science, 325, 585-590. https://doi.org/10.1126/
science.1173596

Imamura, F., Ayoub, A. E., Rakic, P., & Greer, C. A. (2011). Timing of neu-
rogenesis is a determinant of olfactory circuitry. Nature Neuroscience,
14, 331-337. https://doi.org/10.1038/nn.2754

Inokuchi, K., Imamura, F., Takeuchi, H., Kim, R., Okuno, H., Nishizumi, H.,
... Sakano, H. (2017). Nrp2 is sufficient to instruct circuit formation
of mitral-cells to mediate odour-induced attractive social responses.
Nature Communications, 8, 15977. https://doi.org/10.1038/ncomm
s15977

Inoue, N., Nishizumi, H., Naritsuka, H., Kiyonari, H., & Sakano, H. (2018).
Sema7A/PIxnCl signaling triggers activity-dependent olfactory
synapse formation. Nature Communications, 9, 1842. https://doi.
org/10.1038/s41467-018-04239-z

Inoue, N., & Sakano, H. (2018). Sema7A signaling is essential for activi-
ty-dependent synapse formation in the mouse olfactory bulb. Journal
of Neurology & Neuromedicine, 3, 33-38. https://doi.org/10.29245/
2572.942X/2018/5.1223

Keller, M., Douhard, Q., Baum, M. J., & Bakker, J. (2006). Destruction of
the main olfactory epithelium reduces female sexual behavior and
olfactory investigation in female mice. Chemical Senses, 31, 315-323.
https://doi.org/10.1093/chemse/bjj035

Kobayakawa, K., Kobayakawa, R., Matsumoto, H., Oka, Y., Imai, T., Ikawa,
M., ... Sakano, H. (2007). Innate versus learned odour processing


https://doi.org/10.1038/sj.ijir.3900574
https://doi.org/10.1016/0006-8993(87)91204-2
https://doi.org/10.1016/0006-8993(87)91204-2
https://doi.org/10.1126/science.1096146
https://doi.org/10.1126/science.1096146
https://doi.org/10.1016/S0896-6273(00)80435-3
https://doi.org/10.1016/S0896-6273(00)80435-3
https://doi.org/10.1016/S0896-6273(00)80200-7
https://doi.org/10.1016/S0896-6273(00)80200-7
https://doi.org/10.1016/0092-8674(91)90418-X
https://doi.org/10.1016/S0896-6273(00)80647-9
https://doi.org/10.1016/S0896-6273(00)80647-9
https://doi.org/10.1073/pnas.0609215104
https://doi.org/10.1523/JNEUROSCI.2217-07.2007
https://doi.org/10.1523/JNEUROSCI.2217-07.2007
https://doi.org/10.1242/dev.006346
https://doi.org/10.1006/frne.1993.1009
https://doi.org/10.1006/frne.1993.1009
https://doi.org/10.1016/j.neuron.2012.06.009
https://doi.org/10.1016/j.neuron.2012.06.009
https://doi.org/10.1016/j.cell.2004.05.011
https://doi.org/10.1002/neu.10140
https://doi.org/10.1016/j.biopsych.2014.03.022
https://doi.org/10.1016/j.biopsych.2014.03.022
https://doi.org/10.1038/nrn1787
https://doi.org/10.1038/nrn1787
https://doi.org/10.1038/nrn1324
https://doi.org/10.1038/nrn1324
https://doi.org/10.1523/JNEUROSCI.0154-12.2012
https://doi.org/10.1523/JNEUROSCI.0154-12.2012
https://doi.org/10.1126/science.1131794
https://doi.org/10.1126/science.1131794
https://doi.org/10.1126/science.1173596
https://doi.org/10.1126/science.1173596
https://doi.org/10.1038/nn.2754
https://doi.org/10.1038/ncomms15977
https://doi.org/10.1038/ncomms15977
https://doi.org/10.1038/s41467-018-04239-z
https://doi.org/10.1038/s41467-018-04239-z
https://doi.org/10.29245/2572.942X/2018/5.1223
https://doi.org/10.29245/2572.942X/2018/5.1223
https://doi.org/10.1093/chemse/bjj035

SAKANO

212 Development, Growth
WILEY— . & Differentiation
in the mouse olfactory bulb. Nature, 450, 503-508. https://doi.
org/10.1038/nature06281

Kobilka, B. K., & Deupi, X. (2007). Conformational complexity of
G-protein coupled receptors. Trends in Pharmacological Sciences, 28,
397-406. https://doi.org/10.1016/j.tips.2007.06.003

Kondoh, K., Lu, Z., Ye, X., Olson, D. P, Lowell, D. D., & Buck, L. B. (2016).
A specific area of olfactory cortex involved in stress hormone re-
sponses to predator odors. Nature, 532, 103-106.

Lehman, M. N., Winans, S. S., & Powers, J. B. (1980). Medial nucleus of
the amygdala mediates chemosensory control of male hamster sex-
ual behavior. Science, 210, 557-560. https://doi.org/10.1126/scien
ce.7423209

Lin, D. M., Wang, F., Lowe, G., Gold, G. H., Axel, R., Ngai, J., & Brunet, L.
(2000). Formation of precise connections in the olfactory bulb oc-
curs in the absence of odorant-evoked neuronal activity. Neuron, 26,
69-80. https://doi.org/10.1016/50896-6273(00)81139-3

Lin, D.Y., Zhang, S. Z., Block, E., & Katz, L. C. (2005). Encoding social sig-
nals in the mouse main olfactory bulb. Nature, 434, 470-477. https://
doi.org/10.1038/nature03414

Liu, A., Savya, S., & Urban, N. N. (2016). Early Odorant Exposure
Increases the number of mitral and tufted cells associated with a
single glomerulus. Journal of Neuroscience, 36, 11646-11653. https://
doi.org/10.1523/JNEUROSCI.0654-16.2016

Liu, A., & Urban, N. N. (2017). Prenatal and early postnatal odorant expo-
sure heightens odor-evoked mitral cell responses in the mouse olfac-
tory bulb. eNeuro 4, pii: ENEURO.0129-17.

Logan, D. W,, Brunet, L. J., Webb, W. R, Cutforth, T., Ngai, J., & Stowers,
L. (2012). Learned recognition of maternal signature odors mediates
the first suckling episode in mice. Current Biology, 22, 1998-2007.
https://doi.org/10.1016/j.cub.2012.08.041

Lorenz, K. (1935). Der Kumpan in der Umwelt des Vogels. Der Artgenosse
als auslésendes Moment sozialer Verhaltensweisen. Journal Fiir
Ornithologie, 83, 137-215, 289-413.

Luo, L., & Flanagan, J. G. (2007). Development of continuous and dis-
crete neural maps. Neuron, 56, 284-300. https://doi.org/10.1016/j.
neuron.2007.10.014

Ma, L., Wu, Y., Qiu, Q., Scheerer, H., Moran, A., & Yu, C. R. (2014). A
developmental switch of axon targeting in the continuously regen-
erating mouse olfactory system. Science, 344, 194-197. https://doi.
org/10.1126/science.1248805

Malnic, B., Hirono, J., Sato, T., & Buck, L. B. (1999). Combinatorial re-
ceptor codes for odors. Cell, 96, 713-723. https://doi.org/10.1016/
S0092-8674(00)80581-4

Maras, P. M., & Petrulis, A. (2006). Chemosensory and steroid-re-
sponsive regions of the medial amygdala regulate distinct as-
pects of opposite-sex odor preference in male Syrian hamsters.
European Journal of Neuroscience, 24, 3541-3552. https://doi.
org/10.1111/j.1460-9568.2006.05216.x

Martel, K. L., & Baum, M. J. (2007). Sexually dimorphic activation of the
accessory, but not the main, olfactory bulb in mice by urinary vol-
atiles. European Journal of Neuroscience, 26, 463-475. https://doi.
org/10.1111/j.1460-9568.2007.05651.x

McLaughlin, T., & O’Leary, D. D. (2005). Molecular gradients and devel-
opment of retinotopic maps. Annual Review of Neuroscience, 28, 327-
355. https://doi.org/10.1146/annurev.neuro.28.061604.135714

Miyamichi, K., Amat, F., Moussavi, F., Wang, C., Wickersham, |., Wall,
N. R., ... Luo, L. (2011). Cortical representations of olfactory input
by trans-synaptic tracing. Nature, 472, 191-196. https://doi.
org/10.1038/nature09714

Miyamichi, K., Serizawa, S., Kimura, H. M., & Sakano, H. (2005).
Continuous and overlapping expression domains of odorant re-
ceptor genes in the olfactory epithelium determine the dorsal/
ventral positioning of glomeruli in the olfactory bulb. Journal of
Neuroscience, 25, 3586-3592. https://doi.org/10.1523/JNEUR
0OSCl.0324-05.2005

Mombaerts, P. (2006). Axonal wiring in the mouse olfactory system.
Annual Review of Cell and Developmental Biology, 22, 713-737. https://
doi.org/10.1146/annurev.cellbio.21.012804.093915

Mombaerts, P., Wang, F., Dulac, C., Chao, S. K., Nemes, A., Mendelsohn,
M., ... Axel, R. (1996). Visualizing an olfactory sensory map. Cell, 87,
675-686. https://doi.org/10.1016/50092-8674(00)81387-2

Mori, K., & Sakano, H. (2011). How is the olfactory map formed and in-
terpreted in the mammalian brain? Annual Review of Neuroscience, 34,
467-499. https://doi.org/10.1146/annurev-neuro-112210-112917

Muscatelli, F., Desarménien, M. G., Matarazzo, V., & Grinevich, V. (2018).
Oxytocin signaling in the early life of mammals: Link to neurodevel-
opmental disorders associated with ASD. Current Topics in Behavioral
Neurosciences, 35, 239-268.

Nakashima, A., lhara, N., Shigeta, M., Kiyonari, H., Ikegaya, Y., & Takeuchi,
H. (2019). Structured spike series specify gene expression patterns
for olfactory circuit formation. Science, 365, eaaw5030. https://doi.
org/10.1126/science.aaw5030

Nakashima, A., Takeuchi, H., Imai, T., Saito, H., Kiyonari, H., Abe, T,, ...
Sakano, H. (2013). Agonist-independent GPCR activity regulates
axon targeting of olfactory sensory neurons. Cell, 154, 1314-1325.

Nguyen-Ba-Charvet, K. T., Di Meglio, T., Fouquet, C., & Chedotal, A.
(2008). Robos and slits control the pathfinding and targeting of
mouse olfactory sensory axons. Journal of Neuroscience, 28, 4244~
4249, https://doi.org/10.1523/JNEUROSCI.5671-07.2008

Nishimori, K., Young, L. J., Guo, Q., Wang, Z., Insel, T. R., & Matzuk, M. M.
(1996). Oxytocin is required for nursing but is not essential for partu-
rition or reproductive behavior. Proceedings of the National Academy
of Sciences of the United States of America, 93, 11699-11704. https://
doi.org/10.1073/pnas.93.21.11699

Nishizumi, H., Kumasaka, K., Inoue, N., Nakashima, A., & Sakano, H.
(2007). Deletion of the core-H region in mice abolishes the expres-
sion of three proximal odorant receptor genes in cis. Proceedings of
the National Academy of Sciences of the United States of America, 104,
20067-20072. https://doi.org/10.1073/pnas.0706544105

Nishizumi, H., Miyashita, A., Inoue, N., Inokuchi, K., Aoki, M., & Sakano,
H. (2019). Primary dendrites of mitral cells synapse unto neigh-
boring glomeruli independent of their odorant receptor iden-
tity. Communications Biology, 2, 14. https://doi.org/10.1038/
s42003-018-0252-y

O’Dowd, B. F., Hnatowich, M., Regan, J. W., Leader, W. M., Caron, M. G.,
& Lefkowitz, R. J. (1988). Site-directed mutagenesis of the cytoplas-
mic domains of the human p2-adrenergic receptor. Localization of
regions involved in G protein-receptor coupling. Journal of Biological
Chemistry, 263, 15985-15992.

Rasmussen, S. G., DeVree, B. T, Zou, Y., Kruse, A. C., Chung, K. Y., Kobilka,
T.S., ... Kobilka, B. K. (2011). Crystal structure of the 2 adrenergic
receptor-Gs protein complex. Nature, 477, 549-555.

Reisert, J. (2010). Origin of basal activity in mammalian olfactory recep-
tor neurons. Journal of General Physiology, 136, 529-540. https://doi.
org/10.1085/jgp.201010528

Root, C. M., Denny, C. A,, Hen, R., & Axel, R. (2014). The participation
of cortical amygdala in innate, odour-driven behaviour. Nature, 515,
269-273. https://doi.org/10.1038/nature13897

Saito, H., Nishizumi, H., Suzuki, S., Matsumoto, H., leki, N., Abe, T, ...
Sakano, H. (2017). Immobility responses are induced by photoac-
tivation of single glomerular species responsive to fox odour TMT.
Nature Communications, 8, 16011. https://doi.org/10.1038/ncomm
s16011

Sakano, H. (2010). Neural map formation in the mouse olfactory system.
Neuron, 67, 530-542. https://doi.org/10.1016/j.neuron.2010.07.003

Sannino, S., Chini, B., & Grinevich, V. (2017). Lifespan oxytocin signaling:
Maturation, flexibility, and stability in newborn, adolescent, and aged
brain. Developmental Neurobiology, 77, 158-168.

Satoda, M., Takagi,S.,Ohta, K., Hirata, T., & Fujisawa, H.(1995). Differential
expression of two cell surface proteins, neuropilin and plexin, in


https://doi.org/10.1038/nature06281
https://doi.org/10.1038/nature06281
https://doi.org/10.1016/j.tips.2007.06.003
https://doi.org/10.1126/science.7423209
https://doi.org/10.1126/science.7423209
https://doi.org/10.1016/S0896-6273(00)81139-3
https://doi.org/10.1038/nature03414
https://doi.org/10.1038/nature03414
https://doi.org/10.1523/JNEUROSCI.0654-16.2016
https://doi.org/10.1523/JNEUROSCI.0654-16.2016
https://doi.org/10.1016/j.cub.2012.08.041
https://doi.org/10.1016/j.neuron.2007.10.014
https://doi.org/10.1016/j.neuron.2007.10.014
https://doi.org/10.1126/science.1248805
https://doi.org/10.1126/science.1248805
https://doi.org/10.1016/S0092-8674(00)80581-4
https://doi.org/10.1016/S0092-8674(00)80581-4
https://doi.org/10.1111/j.1460-9568.2006.05216.x
https://doi.org/10.1111/j.1460-9568.2006.05216.x
https://doi.org/10.1111/j.1460-9568.2007.05651.x
https://doi.org/10.1111/j.1460-9568.2007.05651.x
https://doi.org/10.1146/annurev.neuro.28.061604.135714
https://doi.org/10.1038/nature09714
https://doi.org/10.1038/nature09714
https://doi.org/10.1523/JNEUROSCI.0324-05.2005
https://doi.org/10.1523/JNEUROSCI.0324-05.2005
https://doi.org/10.1146/annurev.cellbio.21.012804.093915
https://doi.org/10.1146/annurev.cellbio.21.012804.093915
https://doi.org/10.1016/S0092-8674(00)81387-2
https://doi.org/10.1146/annurev-neuro-112210-112917
https://doi.org/10.1126/science.aaw5030
https://doi.org/10.1126/science.aaw5030
https://doi.org/10.1523/JNEUROSCI.5671-07.2008
https://doi.org/10.1073/pnas.93.21.11699
https://doi.org/10.1073/pnas.93.21.11699
https://doi.org/10.1073/pnas.0706544105
https://doi.org/10.1038/s42003-018-0252-y
https://doi.org/10.1038/s42003-018-0252-y
https://doi.org/10.1085/jgp.201010528
https://doi.org/10.1085/jgp.201010528
https://doi.org/10.1038/nature13897
https://doi.org/10.1038/ncomms16011
https://doi.org/10.1038/ncomms16011
https://doi.org/10.1016/j.neuron.2010.07.003

SAKANO

Development, Growth

Xenopus olfactory axon subclasses. Journal of Neuroscience, 15, 942-
955. https://doi.org/10.1523/JNEUROSCI.15-01-00942.1995

Savarese, T. M., & Fraser, C. M. (1992). In vitro mutagenesis and the
search for structure-function relationships among G protein-cou-
pled receptors. The Biochemical Journal, 283, 1-19. https://doi.
org/10.1042/bj2830001

Serizawa, S., Miyamichi, K., Nakatani, H., Suzuki, M., Saito, M., Yoshihara,
Y., & Sakano, H. (2003). Negative feedback regulation ensures the
one receptor-one olfactory neuron rule in mouse. Science, 302,
2088-2094. https://doi.org/10.1126/science.1089122

Serizawa, S., Miyamichi, K., Takeuchi, H., Yamagishi, Y., Suzuki, M., &
Sakano, H. (2006). A neuronal identity code for the odorant recep-
tor-specific and activity-dependent axon sorting. Cell, 127, 1057-
1069. https://doi.org/10.1016/j.cell.2006.10.031

Sperry, R. W. (1963). Chemo-affinity in the orderly growth of nerve fiver
patterns and connections. Proceedings of the National Academy of
Sciences of the United States of America, 50, 703-710.

St John, J. A, Clarris, H. J., McKeown, S., Royal, S., & Key, B. (2003).
Sorting and convergence of primary olfactory axons are indepen-
dent of the olfactory bulb. The Journal of Comparative Neurology, 464,
131-140. https://doi.org/10.1002/cne.10777

Stephan, A. B., Shum, E. Y., Hirsh, S., Cygnar, K. D., Reisert, J., & Zhao, H.
(2009). ANO2 is the cilial calcium-activated chloride channel that may
mediate olfactory amplification. Proceedings of the National Academy
of Sciences of the United States of America, 106, 11776-11781. https://
doi.org/10.1073/pnas.0903304106

Sullivan, R. M., Landers, M., Yeaman, B., & Wilson, D. A. (2000). Good
memories of bad events in infancy. Nature, 407, 38-39. https://doi.
org/10.1038/35024156

Sullivan, S. L., Bohm, S., Ressler, K. J., Horowitz, L. F., & Buck,
L. B. (1995). Target-independent pattern specification in
the olfactory epithelium. Neuron, 15, 779-789. https://doi.
org/10.1016/0896-6273(95)90170-1

Takayanagi, T., Yoshida, M., Bielsky, I. F., Ross, H. E., Kawamata, M.,
Onaka, T, ... Nishimori, K. (2005). Pervasive social deficits, but nor-
mal parturition, in oxytocin receptor-deficient mice. Proceedings of
the National Academy of Sciences of the United States of America, 102,
16096-16101. https://doi.org/10.1073/pnas.0505312102

Takeuchi, H., Inokuchi, K., Aoki, M., Suto, F., Tsuboi, A., Matsuda, I, ...
Sakano, H. (2010). Sequential arrival and graded secretion of Sema3F

213
& Differentiation —WILEY

by olfactory neuron axons specify map topography at the bulb. Cell,
141, 1056-1067. https://doi.org/10.1016/j.cell.2010.04.041

Tsai, L., & Barnea, G. (2014). A critical period defined by axon-target-
ing mechanisms in the murine olfactory bulb. Science, 344, 197-200.
https://doi.org/10.1126/science.1248806

Wong, S. T., Trinh, K., Hacker, B., Chan, G. C., Lowe, G., Gaggar, A,, ...
Storm, D. R. (2000). Disruption of the type Il adenylyl cyclase gene
leads to peripheral and behavioral anosmia in transgenic mice. Neuron,
27,487-497. https://doi.org/10.1016/50896-6273(00)00060-X

Wu, Y., Ma, L., Duyck, K., Long, C. C., Moran, A., Scheerer, H., ... Yu, C.R.
(2018). A population of navigator neurons is essential for olfactory
map formation during the critical period. Neuron, 100, 1066-1082.
https://doi.org/10.1016/j.neuron.2018.09.051

Yoshikawa, K., Nakagawa, H., Mori, N., Watanabe, H., & Touhara, K.
(2013). An unsaturated aliphatic alcohol as a natural ligand for
a mouse odorant receptor. Nature Chemical Biology, 9, 160-162.
https://doi.org/10.1038/nchembio.1164

Yu, C.R., Power, J., Barnea, G., O’'Donnell, S., Brown, H. E., Osborne, J., ...
Gogos, J. A.(2004). Spontaneous neural activity is required for the es-
tablishment and maintenance of the olfactory sensory map. Neuron,
42, 553-566. https://doi.org/10.1016/50896-6273(04)00224-7

Zhao, H., & Reed, R. R. (2001). X inactivation of the OCNC1 chan-
nel gene reveals a role for activity-dependent competition in the
olfactory system. Cell, 104, 651-660. https://doi.org/10.1016/
50092-8674(01)00262-8

Zheng, C., Feinstein, P., Bozza, T., Rodriguez, |., & Mombaerts, P. (2000).
Peripheral olfactory projections are differentially affected in mice
deficient in a cyclic nucleotide-gated channel subunit. Neuron, 26,
81-91. https://doi.org/10.1016/50896-6273(00)81140-X

How to cite this article: Sakano H. Developmental regulation
of olfactory circuit formation in mice. Develop Growth Differ.
2020;62:199-213. https://doi.org/10.1111/dgd.12657



https://doi.org/10.1523/JNEUROSCI.15-01-00942.1995
https://doi.org/10.1042/bj2830001
https://doi.org/10.1042/bj2830001
https://doi.org/10.1126/science.1089122
https://doi.org/10.1016/j.cell.2006.10.031
https://doi.org/10.1002/cne.10777
https://doi.org/10.1073/pnas.0903304106
https://doi.org/10.1073/pnas.0903304106
https://doi.org/10.1038/35024156
https://doi.org/10.1038/35024156
https://doi.org/10.1016/0896-6273(95)90170-1
https://doi.org/10.1016/0896-6273(95)90170-1
https://doi.org/10.1073/pnas.0505312102
https://doi.org/10.1016/j.cell.2010.04.041
https://doi.org/10.1126/science.1248806
https://doi.org/10.1016/S0896-6273(00)00060-X
https://doi.org/10.1016/j.neuron.2018.09.051
https://doi.org/10.1038/nchembio.1164
https://doi.org/10.1016/S0896-6273(04)00224-7
https://doi.org/10.1016/S0092-8674(01)00262-8
https://doi.org/10.1016/S0092-8674(01)00262-8
https://doi.org/10.1016/S0896-6273(00)81140-X
https://doi.org/10.1111/dgd.12657

