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Shaping the olfactory map: cell 
type-specific activity patterns 
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The brain constructs spatially organized sensory maps to represent sensory 
information. The formation of sensory maps has traditionally been thought 
to depend on synchronous neuronal activity. However, recent evidence from 
the olfactory system suggests that cell type-specific temporal patterns of 
spontaneous activity play an instructive role in shaping the olfactory glomerular 
map. These findings challenge traditional views and highlight the importance of 
investigating the spatiotemporal dynamics of neural activity to understand the 
development of complex neural circuits. This review discusses the implications 
of new findings in the olfactory system and outlines future research directions.
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1 Introduction

Sensory information is represented in the brain as spatially organized activity patterns, 
commonly referred to as sensory or topographic maps (Luo and Flanagan, 2007; Petersen, 
2007; Mori and Sakano, 2011; Pumo et al., 2022). The formation of precise sensory maps 
depends on the ordered projection of neurons, a process that is initially dictated by genetic 
programming and later fine-tuned through neural activity-dependent mechanisms. In the field 
of developmental neuroscience, numerous studies have suggested that correlated neural 
activity drives sensory map refinement (Katz and Shatz, 1996; Kirkby et al., 2013; Ackman and 
Crair, 2014; Pan and Monje, 2020; Martini et al., 2021). For example, in the developing visual 
system, spatially correlated spontaneous activity propagates in a wave-like manner across the 
retina (Galli and Maffei, 1988; Meister et al., 1991; Wong et al., 1993). In the somatosensory 
system, patchwork-like synchronized firing patterns corresponding to barrel maps are 
observed in the somatosensory cortex (Mizuno et al., 2018; Martini et al., 2021). In contrast, 
spontaneous activity in the primary olfactory system has been reported to lack spatiotemporal 
correlation, which contradicts the predictions of Hebb’s theory. A recent study suggests that 
cell type-specific temporal activity patterns may play an instructive role in the development 
of the olfactory map (Nakashima et al., 2019, 2021). This review summarizes the current 
understanding of the emerging evidence for olfactory circuit formation that appears to 
be guided independently of Hebbian plasticity rules.
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2 Development of the olfactory 
glomerular map

Olfaction plays a crucial role in animal survival and reproduction 
in their natural environments, including food foraging, avoidance 
from predators, and social interactions. Odorants in the environment 
are detected by odorant receptors (ORs) that are expressed on 
olfactory sensory neurons (OSNs) within the olfactory epithelium 
(OE) of the nasal cavity (Buck and Axel, 1991). The binding of an 
odorant to ORs on cilia surfaces activates the G protein-adenylyl 
cyclase type III (ACIII) pathway, elevating cAMP levels, which 
subsequently opens cyclic nucleotide-gated (CNG) channels, resulting 
in the depolarization of OSNs (Breer et al., 1990; Bradley et al., 2005). 
In mice, ORs comprise the largest family of G protein-coupled 
receptors with >1,000 genes (Zhang and Firestein, 2002). Each OSN 
expresses only one functional OR gene, and axons from OSNs 
expressing a given OR converge onto a specific pair of glomeruli at 
stereotyped locations in the olfactory bulb (OB) (Mombaerts et al., 
1996) (Figure  1A). Individual ORs can be  activated by multiple 
odorants with differential sensitivities and vice versa, odorants 
activating multiple OR species (Malnic et al., 1999). Consequently, 
odor information is topographically represented as a pattern of 
activated glomeruli, generating the olfactory glomerular map 
in the OB.

During embryonic stages, an initial glomerular map is formed by 
a combination of axon guidance molecules whose expressions are 
defined by spatial cues and ligand-independent OR-derived basal 
activity (Sakano, 2010; Takeuchi and Sakano, 2014; Francia and 
Lodovichi, 2021; Dorrego-Rivas and Grubb, 2022). After OSN axons 
reach their approximate targets in the OB, further refinement of the 
glomerular map occurs, involving the fasciculation of similar OSN 
axons and the segregation of dissimilar ones. Like other sensory 
systems, neural activity is important for the refinement of the 
glomerular maps. Axonal convergence of OSNs is profoundly affected 
by genetic silencing of neural activity. In OSN-specific Kir2.1 
overexpression mice where neural activity is blocked by a 
hyperpolarization of the membrane potential, OSN axons successfully 
project to the appropriate topographic location (Figure 1B) (Yu et al., 
2004). However, they do not coalesce into specific glomeruli, which 
results in abnormally diffused glomeruli. Moreover, a mosaic 
knockout of the CNG channel, a critical element for generating odor-
evoked neural activity, OSN axons expressing the same type of OR are 
segregated into distinct glomeruli that are innervated by either 
CNG-positive or CNG-negative axons (Figure 1B) (Serizawa et al., 
2006). It has also been reported that hyperpolarization-activated cyclic 
nucleotide-gated (HCN) channels in olfactory sensory neurons 
regulate axon extension and glomerular formation (Mobley et al., 
2010). In addition to neural activity, OR proteins have been shown to 

FIGURE 1

(A) In mice, each olfactory sensory neuron (OSN) in the olfactory epithelium (OE) exclusively expresses one type of odorant receptor (OR) gene. Axons 
from OSNs with the same OR converge at specific sites within the olfactory bulb (OB), forming glomerular structures. (B) Schematic diagrams 
illustrating the axonal projection of OSNs in wild-type mice, Kir2.1 overexpressing mice, and CNG channel mosaic KO mice. OSN axons expressing the 
same OR fasciculate into the same glomerulus by adhesive/repulsive interactions. Arrows in different colors indicate the adhesive or repulsive force of 
axon-sorting molecules (e.g., Kirrel2/3 and Eph/ephrinA-s) for convergence of like OSN axons.
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regulate the process of glomerular segregation with remarkable 
precision; just a single amino acid substitution of an OR sequence can 
generate distinct glomeruli in close proximity (Ishii et  al., 2001; 
Feinstein and Mombaerts, 2004).

3 OR and neural activity-dependent 
glomerular formation

3.1 Molecular mechanisms of 
OR-dependent glomerular map refinement

Genetic experiments have demonstrated the roles of OR and 
neural activity in glomerular formation. The question arises as to 
whether these two processes independently regulate glomerular 
segregation or converge on a shared signaling pathway. To decipher 
the mechanisms underlying glomerular segregation, we  began by 
dissecting the OR-dependent process at the molecular level. Contrary 
to the hypothesis that OR molecules serve merely as adhesive 
molecules due to their localization at the termini of OSN axons 
(Barnea et al., 2004; Strotmann et al., 2004), we explored the variations 
in gene expression profiles among OSNs expressing different ORs. In 
transgenic mice engineered to predominantly express a specific OR, 
we identified genes coding for homophilic adhesion molecules, such 
as Kirrel2 and Kirrel3 (Serizawa et al., 2006). These molecules are 
located at OSN axon termini and exhibited glomerular-specific and 
position-independent expression patterns at the OB. The expression 
levels of these molecules uniquely correlate with expressed OR types 
at the single-cell level. The mosaic gain or loss of function of these 
genes resulted in duplicated glomeruli even though the expressed ORs 
were the same, indicating that Kirrel2 and Kirrel3 are involved in the 
fasciculation process of like OSN axons. Notably, upregulated 
Kirrel2/3 levels in OSNs that naturally express these genes also led to 
duplicated glomeruli, highlighting that OSN axons discern not only 
the type but also the expression levels of axon sorting molecules 
(Serizawa et al., 2006). This quantitative difference in the expression 
level of these genes contributes to increasing variations in glomerular 
segregation. Additionally, repulsive molecules like ephrinAs and 
EphAs are expressed in an OR-specific and complementary manner 
across different OSN subsets (Serizawa et al., 2006). The interactions 
between subsets—one high in ephrinA and low in EphA, and vice 
versa—may be  instrumental in segregating non-like OSN axons. 
Although the expression level of these molecules is correlated with OR 
types, their expression patterns are not identical (Ihara et al., 2016). 
Their unique expression profiles lead to the idea that a combinatorial 
code of adhesive and repulsive molecules imparts OR identity to OSN 
axons during glomerular formation. Notably, the expression of these 
molecules is affected by neural activity. For instance, a decrease in 
neural activity, such as the overexpression of Kir2.1 or CNG-KO, leads 
to opposite changes in their expressions: Kirrel2 and EphA5 
expressions are downregulated by reduced neural activity, whereas 
Kirrel3 and ephrinA5 expressions are upregulated by reduced neural 
activity (Serizawa et al., 2006). These regulatory mechanisms of their 
expressions are consistent with the fact that glomerular segregation is 
OR-dependent and neural activity-dependent. OR-dependent and 
neural activity-dependent pathways in glomerular segregation 
converge in the expression pattern of axon sorting molecule. To date, 
several studies identified multiple activity-dependent axon-sorting 

molecules that are expressed in OSNs (St John et al., 2002; Cutforth 
et al., 2003; Kaneko-Goto et al., 2008; Williams et al., 2011; Ihara et al., 
2016; Mountoufaris et al., 2017; Vaddadi et al., 2019; Wang et al., 2021; 
Martinez et al., 2023). The exact number of molecules implicated in 
this process is still unclear, but a handful of transmembrane proteins 
are thought to be involved. It is still not clear how much variation is 
produced by the combinatorial code model, and whether it produces 
differences comparable to the number of ORs. Future experiments will 
be needed to demonstrate how much difference in expression levels of 
a single axon sorting molecule can cause axonal segregation and 
whether these axon sorting molecules coordinately function in 
segregating axons as a combinatorial code.

3.2 Patterns of spontaneous activity link 
OR types and the molecular codes

As mentioned above, OR molecules control the expression of 
various axon-sorting molecules, which serve to regulate glomerular 
formation through their adhesive or repulsive interactions (Sakano, 
2010; Takeuchi and Sakano, 2014; Francia and Lodovichi, 2021; 
Dorrego-Rivas and Grubb, 2022). The expression of these molecules 
is activity-dependent, consistent with the observation that glomerular 
formation is likewise activity-dependent. Since the Kir2.1 
overexpressing mice exhibited a more severe phenotype compared to 
the CNG-KO, where mice are anosmia, spontaneous neural activity 
rather than odor-induced activity is more important for glomerular 
formation. It is anticipated that spontaneous neural activity serves as 
a bridge between OR types and the expression of axon-sorting 
molecules. Given the various expression patterns of axon sorting 
molecules and the numerous kinds of ORs, it is intriguing how neural 
activity links OR types to gene expression patterns of axon 
sorting molecules.

Through calcium imaging of OSNs, we have discerned that OSNs 
expressing different ORs elicit distinct temporal patterns of 
spontaneous neural activity (Nakashima et  al., 2019). OR swap 
experiments revealed that the temporal patterns of spontaneous 
neural activity are regulated by the expressed ORs. Furthermore, 
optogenetically differentiated activity patterns induced specific 
expressions of corresponding axon-sorting molecules; for instance, 
short, high-frequency burst patterns particularly induced the 
expression of the axon-sorting molecule Kirrel2, whereas longer, 
lower-frequency bursts promoted the expression of other molecules 
like protocadherin10, also a participant in glomerular formation 
(Nakashima et al., 2019). Moreover, optogenetic stimulation resulted 
in the segregation of ChR2-positive glomeruli from those that were 
ChR2-negative, despite expressing the same OR. This phenomenon 
was accompanied by an upregulation of Kirrel2 proteins, indicating 
that artificially induced activity can overwrite the intrinsic OR 
identity. A significant breakthrough is the discovery that the unique 
temporal characteristics of spike patterns, rather than mere neural 
activity, provide the instructive signals for generating OR-specific 
expression profiles of axon-sorting molecules. This discovery proposes 
a novel activity-dependent mechanism, which is different from the 
prevailing Hebbian model of plasticity that requires correlated activity. 
In summary, this research unveils an activity-dependent mechanism 
where spontaneous spiking patterns instructively regulate the 
expression of axon guidance molecules, thus conferring OR identity 
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to OSN axons for glomerular convergence (Figure 2A). However, it 
remains to be done how many variations there are in neural activity 
patterns of OSNs and how OSNs translate different temporal patterns 
of calcium dynamics into different gene expression patterns. To 
understand the intracellular mechanisms that translate neural activity 
patterns into gene expression patterns in OSNs, further analyses 
examining the expression and activity of neural activity-dependent 
transcriptional regulators in cells expressing different ORs are needed.

4 Discussion

It is widely accepted that neural activity is involved in mammalian 
neural circuit formation (Katz and Shatz, 1996; Spitzer, 2006; Luo and 
Flanagan, 2007; Sakano, 2010; Ackman and Crair, 2014; Pumo et al., 
2022). The importance of neural activity in the formation of sensory 
maps has been demonstrated through pharmacological interventions 
or mutant mice that suppress neural activity (Kirkby et  al., 2013; 
Antón-Bolaños et al., 2019; Martini et al., 2021). Recent advances in 
optogenetics have made it possible to control neural activity with 
higher temporal resolution and to elucidate the detailed role of neural 
activity in circuit formation (Adamantidis et al., 2015; Emiliani et al., 
2022). For instance, in the visual system, asynchronous optogenetic 
activation of the left and right retinal ganglion cells resulted in normal 
eye-specific segregation in the superior colliculus and dorsal lateral 
geniculate nucleus, whereas synchronous activation disrupted 
eye-specific segregation (Zhang et  al., 2011). Such optogenetic 
manipulations have significantly substantiated the significance of the 
Hebbian-based plasticity in sensory map formation (Figure 2B).

However, an activity-dependent process of the olfactory 
glomerular map seems not to follow the Hebbian rule (Figure 2B). 
Our findings demonstrated that there is no wave-like activity in the 
OE, which is observed in the developing retina. OSNs expressing the 
same OR do not fire simultaneously, but exhibit similar temporal 
patterns. Optogenetic stimulation with artificial activity patterns 
affected segregation of OSN axons, indicating the instructive role of 
temporal activity patterns in the olfactory circuit formation 
(Nakashima et al., 2019). Moreover, OSN axons fasciculate and form 
glomerulus-like structures even in mutant mice lacking synaptic 
partners (Bulfone et al., 1998; St John et al., 2003). Therefore, Hebbian 
theory, which postulates the simultaneous activation between pre- and 
post-synaptic neurons, is not suited for explaining the formation of 
the olfactory glomerular map. Thus, current studies support a model 
where spontaneous neural activity in OSNs plays a role in intracellular 
gene expression programs rather than interactions with other cells.

Since the discovery of the retinal wave (Galli and Maffei, 1988; 
Maffei and Galli-Resta, 1990; Meister et al., 1991), most models for 
activity-dependent neural map formation have been based on the 
assumption of synchronous activity (Figure  2B). Numerous 
experimental studies have provided evidence supporting the 
importance of synchronous activity in circuit development beyond 
sensory systems, such as the hippocampus and the neocortex (Ben-
Ari et al., 1989; Garaschuk et al., 1998; Blankenship and Feller, 2010; 
Pan and Monje, 2020; Martini et al., 2021). While synchronous activity 
has been a dominant focus in studies of neural circuit formation, the 
findings obtained by olfactory circuit formation studies over the past 
few decades provide important insights that are not specific to the 
olfactory system but can be extended to other brain regions. Notably, 

FIGURE 2

(A) OR-specific molecular codes, generated by differential expression of activity-dependent axon-sorting molecules at axon termini, regulate the 
glomerular segregation. These unique molecular codes arise from cell type-specific spontaneous activity patterns of OSNs, which are defined by the 
differences in expressed ORs. The conversion of OR-specific activity patterns into distinct combinations of axon-sorting molecules is crucial for the 
proper formation of the glomerular map. (B) Left: A model of activity-dependent refinement of the olfactory glomerular map. Temporal activity 
patterns reflect the identity of OSNs rather than the anatomical location; each color represents OSNs expressing the same OR, which converge into a 
common glomerulus. Right: A model of activity-dependent refinement of the retinotopic map in the visual system. Nearby retinal ganglion cells (RGCs) 
in the retina exhibit synchronized activity, and this correlated activity is crucial for establishing the spatially-organized topographic map in the superior 
colliculus (SC).
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analysis of cell type-specific spontaneous activity has revealed that 
precise temporal patterns, rather than synchrony per se, better reflect 
neuronal identity. Recent studies using single-cell RNA sequencing 
have uncovered distinct cell types at an unprecedented resolution 
(Saunders et al., 2018; Zeisel et al., 2018; Piwecka et al., 2023; Xing 
et al., 2023; Zhang et al., 2023). A key challenge moving forward will 
be to investigate whether cell type-specific temporal activity patterns 
are also present in other brain regions. Neural activity influences a 
multitude of developmental and plasticity processes, such as cell type 
specification, dendritic branching, synaptic maturation, and the 
underpinnings of learning and memory, through a complex program 
of gene regulation (Spitzer, 2006; Greer and Greenberg, 2008; West 
and Greenberg, 2011; Lee and Fields, 2021). However, their regulatory 
mechanisms are not fully understood. The breakthrough discovery in 
the olfactory system implicates the need to dissect the intricate 
spatiotemporal dynamics of neural activity to understand brain 
complexity at the molecular level.

Author contributions

AN: Writing – original draft, Writing – review & editing. HT: 
Writing – original draft, Writing – review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. This work 

was supported by JSPS KAKENHI Grant Number 20H00482, 
21H05141, and 20H03354, JST FOREST Program Grant Number 
JPMJFR214B, The Takeda Science Foundation, G-7 Scholarship 
Foundation, Astellas Foundation for Research on Metabolic 
Disorders, Daiichi Sankyo Foundation of Life Science, The Naito 
Foundation, Koyanagi Foundation and the Cell Science 
Research Foundation.

Acknowledgments

We thank N. Ihara for his help in preparing the manuscript.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Ackman, J. B., and Crair, M. C. (2014). Role of emergent neural activity in visual 

map development. Curr. Opin. Neurobiol. 24, 166–175. doi: 10.1016/j.
conb.2013.11.011

Adamantidis, A., Arber, S., Bains, J. S., Bamberg, E., Bonci, A., Buzsáki, G., et al. 
(2015). Optogenetics: 10 years after ChR2 in neurons--views from the community. Nat. 
Neurosci. 18, 1202–1212. doi: 10.1038/nn.4106

Antón-Bolaños, N., Sempere-Ferràndez, A., Guillamón-Vivancos, T., Martini, F. J., 
Pérez-Saiz, L., Gezelius, H., et al. (2019). Prenatal activity from thalamic neurons 
governs the emergence of functional cortical maps in mice. Science 364, 987–990. doi: 
10.1126/science.aav7617

Barnea, G., O'Donnell, S., Mancia, F., Sun, X., Nemes, A., Mendelsohn, M., et al. 
(2004). Odorant receptors on axon termini in the brain. Science 304:1468. doi: 10.1126/
science.1096146

Ben-Ari, Y., Cherubini, E., Corradetti, R., and Gaiarsa, J. L. (1989). Giant synaptic 
potentials in immature rat CA3 hippocampal neurones. J. Physiol. 416, 303–325. doi: 
10.1113/jphysiol.1989.sp017762

Blankenship, A. G., and Feller, M. B. (2010). Mechanisms underlying spontaneous 
patterned activity in developing neural circuits. Nat. Rev. Neurosci. 11, 18–29. doi: 
10.1038/nrn2759

Bradley, J., Reisert, J., and Frings, S. (2005). Regulation of cyclic nucleotide-gated 
channels. Curr. Opin. Neurobiol. 15, 343–349. doi: 10.1016/j.conb.2005.05.014

Breer, H., Boekhoff, I., and Tareilus, E. (1990). Rapid kinetics of second messenger 
formation in olfactory transduction. Nature 345, 65–68. doi: 10.1038/345065a0

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

Bulfone, A., Wang, F., Hevner, R., Anderson, S., Cutforth, T., Chen, S., et al. (1998). 
An olfactory sensory map develops in the absence of normal projection neurons or 
GABAergic interneurons. Neuron 21, 1273–1282. doi: 10.1016/S0896-6273(00)80647-9

Cutforth, T., Moring, L., Mendelsohn, M., Nemes, A., Shah, N. M., Kim, M. M., et al. 
(2003). Axonal ephrin-as and odorant receptors: coordinate determination of the 
olfactory sensory map. Cell 114, 311–322. doi: 10.1016/S0092-8674(03)00568-3

Dorrego-Rivas, A., and Grubb, M. S. (2022). Developing and maintaining a nose-to-
brain map of odorant identity. Open Biol. 12:220053. doi: 10.1098/rsob.220053

Emiliani, V., Entcheva, E., Hedrich, R., Hegemann, P., Konrad, K. R., Lüscher, C., et al. 
(2022). Optogenetics for light control of biological systems. Nat. Rev. Methods Primers 
2:55. doi: 10.1038/s43586-022-00136-4

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

Francia, S., and Lodovichi, C. (2021). The role of the odorant receptors in the 
formation of the sensory map. BMC Biol. 19:174. doi: 10.1186/s12915-021-01116-y

Galli, L., and Maffei, L. (1988). Spontaneous impulse activity of rat retinal ganglion 
cells in prenatal life. Science 242, 90–91. doi: 10.1126/science.3175637

Garaschuk, O., Hanse, E., and Konnerth, A. (1998). Developmental profile and 
synaptic origin of early network oscillations in the CA1 region of rat neonatal 
hippocampus. J. Physiol. 507, 219–236. doi: 10.1111/j.1469-7793.1998.219bu.x

Greer, P. L., and Greenberg, M. E. (2008). From synapse to nucleus: calcium-
dependent gene transcription in the control of synapse development and function. 
Neuron 59, 846–860. doi: 10.1016/j.neuron.2008.09.002

Ihara, N., Nakashima, A., Hoshina, N., Ikegaya, Y., and Takeuchi, H. (2016). 
Differential expression of axon-sorting molecules in mouse olfactory sensory neurons. 
Eur. J. Neurosci. 44, 1998–2003. doi: 10.1111/ejn.13282

Ishii, T., Serizawa, S., Kohda, A., Nakatani, H., Shiroishi, T., Okumura, K., et al. (2001). 
Monoallelic expression of the odourant receptor gene and axonal projection of olfactory 
sensory neurones. Genes Cells 6, 71–78. doi: 10.1046/j.1365-2443.2001.00398.x

Kaneko-Goto, T., Yoshihara, S., Miyazaki, H., and Yoshihara, Y. (2008). BIG-2 
mediates olfactory axon convergence to target glomeruli. Neuron 57, 834–846. doi: 
10.1016/j.neuron.2008.01.023

Katz, L. C., and Shatz, C. J. (1996). Synaptic activity and the construction of cortical 
circuits. Science 274, 1133–1138. doi: 10.1126/science.274.5290.1133

Kirkby, L. A., Sack, G. S., Firl, A., and Feller, M. B. (2013). A role for correlated 
spontaneous activity in the assembly of neural circuits. Neuron 80, 1129–1144. doi: 
10.1016/j.neuron.2013.10.030

https://doi.org/10.3389/fncir.2024.1409680
https://www.frontiersin.org/neural-circuits
https://www.frontiersin.org
https://doi.org/10.1016/j.conb.2013.11.011
https://doi.org/10.1016/j.conb.2013.11.011
https://doi.org/10.1038/nn.4106
https://doi.org/10.1126/science.aav7617
https://doi.org/10.1126/science.1096146
https://doi.org/10.1126/science.1096146
https://doi.org/10.1113/jphysiol.1989.sp017762
https://doi.org/10.1038/nrn2759
https://doi.org/10.1016/j.conb.2005.05.014
https://doi.org/10.1038/345065a0
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/S0092-8674(03)00568-3
https://doi.org/10.1098/rsob.220053
https://doi.org/10.1038/s43586-022-00136-4
https://doi.org/10.1016/j.cell.2004.05.011
https://doi.org/10.1016/j.cell.2004.05.011
https://doi.org/10.1186/s12915-021-01116-y
https://doi.org/10.1126/science.3175637
https://doi.org/10.1111/j.1469-7793.1998.219bu.x
https://doi.org/10.1016/j.neuron.2008.09.002
https://doi.org/10.1111/ejn.13282
https://doi.org/10.1046/j.1365-2443.2001.00398.x
https://doi.org/10.1016/j.neuron.2008.01.023
https://doi.org/10.1126/science.274.5290.1133
https://doi.org/10.1016/j.neuron.2013.10.030


Nakashima and Takeuchi 10.3389/fncir.2024.1409680

Frontiers in Neural Circuits 06 frontiersin.org

Lee, P. R., and Fields, R. D. (2021). Activity-dependent gene expression in neurons. 
Neuroscientist 27, 355–366. doi: 10.1177/1073858420943515

Luo, L., and Flanagan, J. G. (2007). Development of continuous and discrete neural 
maps. Neuron 56, 284–300. doi: 10.1016/j.neuron.2007.10.014

Maffei, L., and Galli-Resta, L. (1990). Correlation in the discharges of neighboring rat 
retinal ganglion cells during prenatal life. Proc. Natl. Acad. Sci. USA 87, 2861–2864. doi: 
10.1073/pnas.87.7.2861

Malnic, B., Hirono, J., Sato, T., and Buck, L. B. (1999). Combinatorial receptor codes 
for odors. Cell 96, 713–723. doi: 10.1016/S0092-8674(00)80581-4

Martinez, A. P., Chung, A. C., Huang, S., Bisogni, A. J., Lin, Y., Cao, Y., et al. (2023). 
Pcdh 19 mediates olfactory sensory neuron coalescence during postnatal stages and 
regeneration. iScience 26:108220. doi: 10.1016/j.isci.2023.108220

Martini, F. J., Guillamón-Vivancos, T., Moreno-Juan, V., Valdeolmillos, M., and 
López-Bendito, G. (2021). Spontaneous activity in developing thalamic and cortical 
sensory networks. Neuron 109, 2519–2534. doi: 10.1016/j.neuron.2021.06.026

Meister, M., Wong, R. O., Baylor, D. A., and Shatz, C. J. (1991). Synchronous bursts of 
action potentials in ganglion cells of the developing mammalian retina. Science 252, 
939–943. doi: 10.1126/science.2035024

Mizuno, H., Ikezoe, K., Nakazawa, S., Sato, T., Kitamura, K., and Iwasato, T. (2018). 
Patchwork-type spontaneous activity in neonatal barrel cortex layer 4 transmitted via 
Thalamocortical projections. Cell Rep. 22, 123–135. doi: 10.1016/j.celrep.2017.12.012

Mobley, A. S., Miller, A. M., Araneda, R. C., Maurer, L. R., Müller, F., and Greer, C. A. 
(2010). Hyperpolarization-activated cyclic nucleotide-gated channels in olfactory 
sensory neurons regulate axon extension and glomerular formation. J. Neurosci. 30, 
16498–16508. doi: 10.1523/JNEUROSCI.4225-10.2010

Mombaerts, P., Wang, F., Dulac, C., Chao, S. K., Nemes, A., Mendelsohn, M., et al. 
(1996). Visualizing an olfactory sensory map. Cell 87, 675–686. doi: 10.1016/
S0092-8674(00)81387-2

Mori, K., and Sakano, H. (2011). How is the olfactory map formed and interpreted in 
the mammalian brain? Annu. Rev. Neurosci. 34, 467–499. doi: 10.1146/annurev-
neuro-112210-112917

Mountoufaris, G., Chen, W. V., Hirabayashi, Y., O'Keeffe, S., Chevee, M., 
Nwakeze, C. L., et al. (2017). Multicluster Pcdh diversity is required for mouse olfactory 
neural circuit assembly. Science 356, 411–414. doi: 10.1126/science.aai8801

Nakashima, A., Ihara, N., Ikegaya, Y., and Takeuchi, H. (2021). Cell type-specific 
patterned neural activity instructs neural map formation in the mouse olfactory system. 
Neurosci. Res. 170, 1–5. doi: 10.1016/j.neures.2020.06.007

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

Pan, Y., and Monje, M. (2020). Activity shapes neural circuit form and function: a 
historical perspective. J. Neurosci. 40, 944–954. doi: 10.1523/JNEUROSCI.0740-19.2019

Petersen, C. C. (2007). The functional organization of the barrel cortex. Neuron 56, 
339–355. doi: 10.1016/j.neuron.2007.09.017

Piwecka, M., Rajewsky, N., and Rybak-Wolf, A. (2023). Single-cell and spatial 
transcriptomics: deciphering brain complexity in health and disease. Nat. Rev. Neurol. 
19, 346–362. doi: 10.1038/s41582-023-00809-y

Pumo, G. M., Kitazawa, T., and Rijli, F. M. (2022). Epigenetic and transcriptional 
regulation of spontaneous and sensory activity dependent programs during neuronal 
circuit development. Front. Neural Circuits 16:911023. doi: 10.3389/fncir.2022.911023

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

Saunders, A., Macosko, E. Z., Wysoker, A., Goldman, M., Krienen, F. M., de Rivera, H., 
et al. (2018). Molecular diversity and specializations among the cells of the adult mouse 
brain. Cell 174, 1015–1030.e16. doi: 10.1016/j.cell.2018.07.028

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

Spitzer, N. C. (2006). Electrical activity in early neuronal development. Nature 444, 
707–712. doi: 10.1038/nature05300

St John, J. A., Clarris, H. J., McKeown, S., Royal, S., and Key, B. (2003). Sorting and 
convergence of primary olfactory axons are independent of the olfactory bulb. J. Comp. 
Neurol. 464, 131–140. doi: 10.1002/cne.10777

St John, J. A., Pasquale, E. B., and Key, B. (2002). Eph a receptors and ephrin-a ligands 
exhibit highly regulated spatial and temporal expression patterns in the developing 
olfactory system. Brain Res. Dev. Brain Res. 138, 1–14. doi: 10.1016/
S0165-3806(02)00454-6

Strotmann, J., Levai, O., Fleischer, J., Schwarzenbacher, K., and Breer, H. (2004). 
Olfactory receptor proteins in axonal processes of chemosensory neurons. J. Neurosci. 
24, 7754–7761. doi: 10.1523/JNEUROSCI.2588-04.2004

Takeuchi, H., and Sakano, H. (2014). Neural map formation in the mouse olfactory 
system. Cell. Mol. Life Sci. 71, 3049–3057. doi: 10.1007/s00018-014-1597-0

Vaddadi, N., Iversen, K., Raja, R., Phen, A., Brignall, A., Dumontier, E., et al. (2019). 
Kirrel 2 is differentially required in populations of olfactory sensory neurons for the 
targeting of axons in the olfactory bulb. Development 146:dev173310. doi: 10.1242/
dev.173310

Wang, J., Vaddadi, N., Pak, J. S., Park, Y., Quilez, S., Roman, C. A., et al. (2021). 
Molecular and structural basis of olfactory sensory neuron axon coalescence by Kirrel 
receptors. Cell Rep. 37:109940. doi: 10.1016/j.celrep.2021.109940

West, A. E., and Greenberg, M. E. (2011). Neuronal activity-regulated gene 
transcription in synapse development and cognitive function. Cold Spring Harb. 
Perspect. Biol. 3:a005744. doi: 10.1101/cshperspect.a005744

Williams, E. O., Sickles, H. M., Dooley, A. L., Palumbos, S., Bisogni, A. J., and 
Lin, D. M. (2011). Delta Protocadherin 10 is regulated by activity in the mouse Main 
olfactory system. Front. Neural Circuits 5:9. doi: 10.3389/fncir.2011.00009

Wong, R. O., Meister, M., and Shatz, C. J. (1993). Transient period of correlated 
bursting activity during development of the mammalian retina. Neuron 11, 923–938. 
doi: 10.1016/0896-6273(93)90122-8

Xing, Y., Zan, C., and Liu, L. (2023). Recent advances in understanding neuronal 
diversity and neural circuit complexity across different brain regions using single-cell 
sequencing. Front. Neural Circuits 17:1007755. doi: 10.3389/fncir.2023.1007755

Yu, C. R., Power, J., Barnea, G., O'Donnell, S., Brown, H. E., Osborne, J., et al. (2004). 
Spontaneous neural activity is required for the establishment and maintenance of the 
olfactory sensory map. Neuron 42, 553–566. doi: 10.1016/S0896-6273(04)00224-7

Zeisel, A., Hochgerner, H., Lönnerberg, P., Johnsson, A., Memic, F., van der Zwan, J., 
et al. (2018). Molecular architecture of the mouse nervous system. Cell 174, 
999–1014.e22. doi: 10.1016/j.cell.2018.06.021

Zhang, J., Ackman, J. B., Xu, H. P., and Crair, M. C. (2011). Visual map development 
depends on the temporal pattern of binocular activity in mice. Nat. Neurosci. 15, 
298–307. doi: 10.1038/nn.3007

Zhang, X., and Firestein, S. (2002). The olfactory receptor gene superfamily of the 
mouse. Nat. Neurosci. 5, 124–133. doi: 10.1038/nn800

Zhang, M., Pan, X., Jung, W., Halpern, A. R., Eichhorn, S. W., Lei, Z., et al. (2023). 
Molecularly defined and spatially resolved cell atlas of the whole mouse brain. Nature 
624, 343–354. doi: 10.1038/s41586-023-06808-9

https://doi.org/10.3389/fncir.2024.1409680
https://www.frontiersin.org/neural-circuits
https://www.frontiersin.org
https://doi.org/10.1177/1073858420943515
https://doi.org/10.1016/j.neuron.2007.10.014
https://doi.org/10.1073/pnas.87.7.2861
https://doi.org/10.1016/S0092-8674(00)80581-4
https://doi.org/10.1016/j.isci.2023.108220
https://doi.org/10.1016/j.neuron.2021.06.026
https://doi.org/10.1126/science.2035024
https://doi.org/10.1016/j.celrep.2017.12.012
https://doi.org/10.1523/JNEUROSCI.4225-10.2010
https://doi.org/10.1016/S0092-8674(00)81387-2
https://doi.org/10.1016/S0092-8674(00)81387-2
https://doi.org/10.1146/annurev-neuro-112210-112917
https://doi.org/10.1146/annurev-neuro-112210-112917
https://doi.org/10.1126/science.aai8801
https://doi.org/10.1016/j.neures.2020.06.007
https://doi.org/10.1126/science.aaw5030
https://doi.org/10.1523/JNEUROSCI.0740-19.2019
https://doi.org/10.1016/j.neuron.2007.09.017
https://doi.org/10.1038/s41582-023-00809-y
https://doi.org/10.3389/fncir.2022.911023
https://doi.org/10.1016/j.neuron.2010.07.003
https://doi.org/10.1016/j.cell.2018.07.028
https://doi.org/10.1016/j.cell.2006.10.031
https://doi.org/10.1038/nature05300
https://doi.org/10.1002/cne.10777
https://doi.org/10.1016/S0165-3806(02)00454-6
https://doi.org/10.1016/S0165-3806(02)00454-6
https://doi.org/10.1523/JNEUROSCI.2588-04.2004
https://doi.org/10.1007/s00018-014-1597-0
https://doi.org/10.1242/dev.173310
https://doi.org/10.1242/dev.173310
https://doi.org/10.1016/j.celrep.2021.109940
https://doi.org/10.1101/cshperspect.a005744
https://doi.org/10.3389/fncir.2011.00009
https://doi.org/10.1016/0896-6273(93)90122-8
https://doi.org/10.3389/fncir.2023.1007755
https://doi.org/10.1016/S0896-6273(04)00224-7
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1038/nn.3007
https://doi.org/10.1038/nn800
https://doi.org/10.1038/s41586-023-06808-9

	Shaping the olfactory map: cell type-specific activity patterns guide circuit formation
	1 Introduction
	2 Development of the olfactory glomerular map
	3 OR and neural activity-dependent glomerular formation
	3.1 Molecular mechanisms of OR-dependent glomerular map refinement
	3.2 Patterns of spontaneous activity link OR types and the molecular codes

	4 Discussion
	Author contributions

	References

