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Synopsis 

Odor signals that are detected by olfactory sensory neurons are represented as an odor 

map in their axon terminals in the olfactory bulb. In the mitral/tufted cells of the 

olfactory bulb, odor information is represented not only by the firing rate, but also by 

the temporal patterns of activity (phase coding), which is utilized for concentration-

invariant odor identity coding. Mitral/tufted cell activity also shows plastic changes to 

efficiently and robustly recognize odors in a context-dependent manner. 

 

Abstract 

The olfactory system detects and discriminates a huge variety of airborne odorants. 

These odor signals can then be used to induce stereotyped behaviors, such as attraction 

and aversion, or can be used in learning to make more flexible behavioral decisions. A 

remarkable feature of the olfactory system is its ability to recognize the odor identities 

irrespective of their concentrations and sniffing conditions. Toward these difficult tasks 

in olfaction, odor signals are strategically represented as spatiotemporal patterns of 

activity in the olfactory bulb. In this chapter, I describe how odor information is 

processed and represented within the olfactory bulb, with a particular focus on the 

temporal patterns of activity. I then discuss how these temporal patterns are utilized for 

concentration-invariant odor perception. 
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1. Combinatorial receptor code in the olfactory sensory neurons 

Airborne odorants are detected by odorant receptors (ORs) expressed in olfactory 

sensory neurons (OSNs). There are ~1,000 functional ORs in mice, and ~390 functional 

ORs in humans. In contrast, there is an extremely high variability in the type of odorants 

detected. The putative number of odorants detectable by human is thought to be within 

the order of many thousands. In addition, animals can discriminate between different 

combinations of chemicals. Therefore, the coding capacity of the mammalian olfactory 

system is extremely large. 

   If each OR detects just one odorant, the olfactory system could cover only ~1,000 

chemicals. How can the olfactory system handle such a large number of chemicals with 

a limited number of ORs? It has been shown that each OSN exclusively expresses one 

type of OR out of the large repertoire, but it can still detect multiple chemical species. 

Similarly, each chemical is typically detected by multiple types of ORs, namely the 

combination of ~1,000 ORs. This “combinatorial receptor code” is the basis for the 

large discriminatory capacity at the level of OSNs (Malnic et al., 1999; Saito et al., 

2009). It is also suggested that some odorants act as antagonists, further tuning the 

representation of odor mixtures already at the level of OSNs (Oka et al., 2004).  

   It should be noted, however, that some odorants are detected by one or a few ORs. 

The activation or inactivation of a single type of OSNs can change odor perception in 

such cases (Keller et al., 2007; Dewan et al., 2013; Smear et al., 2013; Shirasu et al., 

2014). 

 

2. Odor map and domain organization in the olfactory bulb 

OSNs send odor information to the glomeruli in the olfactory bulb (OB). How is the 

odor information represented in the glomerular layer of the OB? While OSNs 

expressing a given type of OR are scattered in the olfactory epithelium, their axons 

converge onto a few glomeruli in the olfactory bulb. As a result, the activation patterns 

of ORs are represented by ~1,000 sets of glomeruli in the OB. Using intrinsic imaging, 

calcium imaging, and 2-deoxyglucose radiography, it has been suggested that similar 

odors tend to activate glomeruli in a similar area in the OB (Rubin and Katz, 1999; 

Johnson and Leon, 2000; Uchida et al., 2000; Wachowiak and Cohen, 2001). As a 

result, at a global level, there seems to be a chemotopic representation. It has been 

reported that response areas for some odorants are well correlated with the genetically-

defined OB domains for different classes of ORs. For example, aliphatic acids tend to 

activate DI domains, whereas ketones and aromatic compounds tend to activate DII 

domains (Kobayakawa et al., 2007; Bozza et al., 2009) (Figure 1). Some amines 
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activate DIII domains, which receive projections from OSNs expressing the TAAR-

family of ORs (Pacifico et al., 2012). Based on molecular receptive range of the 

glomerulus, the OB can be separated into several clusters (Mori et al., 2006). However, 

chemotopy is not evident at a local scale: in other words, similar odors do not 

necessarily activate neighboring glomeruli (Ma et al., 2012).  

   Currently we do not know the functional roles of the cluster or domain organization. 

In one scenario, mitral/tufted (M/T) cells with similar molecular receptive range may be 

interconnected by a lateral inhibition circuit (Yokoi et al., 1995). It is also postulated 

that the domain organization is linked to specific innate behaviors. For example, genetic 

ablation experiments demonstrated that the dorsal (D) domain of the OB mediates 

innate aversive responses to odorants (Kobayakawa et al., 2007). While a fox-derived 

smell, trimethylthiazoline (TMT) activates glomeruli in both the D and ventral (V) 

domains, only the D domain is involved in mediating the freezing response of mice. 

 

3. Gain control 

In the OB, inputs from OSNs are relayed to two types of excitatory neurons, mitral cells 

and tufted cells (M/T cells) (Figure 2A). Tufted cells receive direct synaptic inputs from 

OSNs, but mitral cells receive more indirect and processed inputs via external tufted 

cells (De Saint Jan et al., 2009; Gire et al., 2012). In addition, various types of 

interneurons tune the sensory inputs. GABAergic periglomerular cells act not only on 

M/T cells, but also on OSN axon terminals, which is a form of pre-synaptic inhibition 

(Murphy et al., 2005; Wachowiak et al., 2005). These inhibitory inputs act as an 

intraglomerular gain control mechanism (Figure 2B). More global forms of gain control 

are mediated by other types of interneurons: parvalbumin-expressing interneurons (PV 

neurons) in the external plexiform layer (Kato et al., 2013; Miyamichi et al., 2013), and 

short axon cells expressing the dopamine transporter (DAT) (Banerjee et al., 2015) 

(Figure 2B). These interneurons send dense and widespread inhibitions back to M/T 

cells, thereby controlling the gain at a global level. Many of these interneurons form 

reciprocal synapses. As a result of these gain control mechanisms, M/T cell responses 

are more consistent across the odor concentrations than in the OSNs (Storace and 

Cohen, 2017). This is one of the mechanisms for concentration-invariant odor 

perception (Uchida et al., 2013).  

 

4. Lateral inhibition 

In addition to the global inhibition, lateral inhibition tunes the odor responses in M/T 

cells (Yokoi et al., 1995). In the OB, there seem to be two different types of lateral 
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inhibition. In the first stage, GABAergic and dopaminergic short axon cells mediate 

interglomerular lateral inhibition (Kosaka and Kosaka, 2008; Kiyokage et al., 2010; 

Whitesell et al., 2013) (Figure 2C). At this stage, the glomerulus is a functional unit for 

the lateral inhibition. The interglomerular lateral inhibition by short axon cells are 

sparse, selective, and long range (Whitesell et al., 2013; Economo et al., 2016). 

While M/T cells associated with a common glomerulus (known as sister M/T cells) 

receive shared synaptic inputs and are electrically coupled via gap junctions within the 

glomerulus (Schoppa and Westbrook, 2001; Christie et al., 2005; Hayar et al., 2005), 

their somata are spatially scattered (Ke et al., 2013; Kikuta et al., 2013). The second 

level of lateral inhibition is thought to occur among individual M/T cells which is 

mediated by granule cells (Yokoi et al., 1995) (Figure 2C). Granule cells mainly target 

the lateral dendrites and somata of M/T cells. Lateral dendrites extend up to 1 mm in 

length and their patterns are variable even among sister M/T cells (Ke et al., 2013). As a 

result, odor response tuning is different even among sister M/T cells (Dhawale et al., 

2010; Kikuta et al., 2013), which suggests that sister M/T cells are non-redundant in 

odor coding. Trans-synaptic virus tracing experiments suggest that lateral inhibition by 

granule cells are also sparse and selective (Kim et al., 2011).  

Thus, odor signals are transformed non-linearly, firstly between OSNs and M/T cell 

primary dendrites, and then between primary dendrite inputs and M/T cell outputs 

(somata). These sparse and selective lateral inhibitions are different from the dense 

center-surround inhibition known in other sensory systems (e.g., the retina), where 

sensory stimuli are represented in a continuous manner. It remains poorly understood 

how the lateral inhibition helps the odor coding in the non-continuous odor map. 

 

5. Temporal representation of odor information in M/T cells 

Rodents inhale odorants by sniffing at 2-10 Hz range (Kepecs et al., 2007). 

Furthermore, rodents can discriminate odors within a single sniff (Uchida and Mainen, 

2003). This indicates that each sniff is a minimum unit (packet) for odor information 

processing (Kepecs et al., 2006). Odor stimuli change not only the firing rate, but also 

temporal patterns of firing in M/T cells. Electrophysiological and voltage imaging 

studies in anesthetized and awake animals have demonstrated that odor produces rich 

temporal patterns of activity coupled to the sniff cycles (Macrides and Chorover, 1972; 

Spors and Grinvald, 2002; Margrie and Schaefer, 2003; Bathellier et al., 2008; Cury and 

Uchida, 2010; Shusterman et al., 2011).  

M/T cells show sniff coupled oscillatory activity without odors (Adrian, 1942). 

Upon olfactory stimulation, M/T cells show bursting activity at specific times within a 
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sniff cycle, which are highly consistent across sniffs. The activation timing is more 

consistent within the relative time (sniff phase) than the absolute time, and can be 

explained by the fluid dynamics of the inhaled odorous air (Shusterman et al., 2011; 

Shusterman et al., 2018). The odor-evoked activation phase is unique to each odor and 

M/T cells (Shusterman et al., 2011), suggesting that phase information can be utilized in 

olfactory coding (phase coding) (Kepecs et al., 2006) (Figure 3A, B).  

This possibility was directly tested by using the optogenetic activation of a single 

glomerulus (M72-ChR2 glomerulus). After the training, mice were able to discriminate 

between different activation timings within each sniff for the glomerulus (Smear et al., 

2013) (Figure 3C). These results suggest that the activation phase can be utilized for 

odor discrimination. 

 

6. Mechanosensory-based oscillations in M/T cells 

The sniff-coupled oscillatory activity (also known as theta oscillations) in M/T cells is 

driven by OSNs, rather than by centrifugal inputs. OSNs robustly respond to 

mechanical stimuli produced by the nasal airflow (Grosmaitre et al., 2007; Chen et al., 

2012; Iwata et al., 2017) (Figure 4A). This means that OSNs are dual-modal sensors, 

detecting both odors and mechanical signals. The mechanosensitivity of OSNs is 

determined by the expressed OR, suggesting that ORs are involved in 

mechanosensation, directly or indirectly (Connelly et al., 2015). These sniff-coupled 

mechanosensory signals are used to produce the oscillatory activities seen in M/T cells. 

The oscillation phases are heterogeneous and unique to each glomerulus (Figure 4B), 

but are stable across different sniff speeds and frequencies (Iwata et al., 2017). In 

contrast, it is the odor stimuli that produce the odor-specific activation phase. Therefore, 

this phase coding strategy can distinguish odor vs. mechanical stimuli, even though they 

are both coming from OSNs (Iwata et al., 2017) (Figure 4C-E). Thus, mechanosensation 

in OSNs does not mask odor detection. Rather, mechanosensory-based oscillations 

facilitate the temporally precise phase coding in M/T cells, this is particularly useful for 

odors at a low concentration which would otherwise produce unreliable responses 

(Iwata et al., 2017). 

 

7. Concentration invariant phase coding 

Another remarkable feature of the phase coding is concentration invariance. As the odor 

concentration increases, more OSNs will be activated. While the gain control can help 

some, this still happens for M/T cells. Moreover, the odor map pattern is dynamically 

rearranged as the concentration changes (Figure 5A, left). Nevertheless, animals can 
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easily tell the identity of an odor irrespective of the odor concentration. For example, 

animals can identify and track the increasing concentrations of an odor to find their 

food. The neural basis for the concentration invariant odor perception has been a long-

standing question in the field. 

Recent studies indicate that the phase coding in M/T cells is the key for the 

concentration-invariant odor identity coding. While the firing rate (rate code) of M/T 

cells dynamically changes as the odor concentration increases, the phase code is stable 

across different concentrations (Margrie and Schaefer, 2003; Iwata et al., 2017) (Figure 

5A, right). Furthermore, the phase code can better discriminate identities of two 

different odors with variable concentrations. Therefore, phase coding in M/T cells may 

be the basis for the concentration-invariant odor identity coding (Figure 5A, bottom). 

The rate code may be a good candidate for the odor intensity coding. Similar phase 

coding systems are also known to occur in place cells in hippocampus, and whisker 

system in rodents (Huxter et al., 2003; Kleinfeld and Deschenes, 2011; Severson et al., 

2017).  

Currently the circuit mechanisms for the phase coding remain unknown. Earlier 

studies indicated that subthreshold oscillations may be the key, but recent results are 

more complicated than as previously predicted (Hopfield, 1995; Margrie and Schaefer, 

2003). As phase coding is not evident in OSN somata (Iwata et al., 2017), OB circuitry 

may play a major role. Mechanosensory inputs from OSNs and periglomerular 

interneurons seem to be key players (Fukunaga et al., 2014; Iwata et al., 2017). 

While accumulating evidence shows the importance of the phase coding in the main 

olfactory bulb, we do not argue that all the odorants are encoded in that way. For 

example, some of the highly selective pheromones or kairomones may be encoded 

solely by rate coding. In fact, the sniff-based fine temporal patterns are absent in the 

accessory olfactory bulb, and the phase coding scheme is unlikely (Yoles-Frenkel et al., 

2018). In addition, different cortical areas may have different decoding strategies. 

 

8. Decoding concentration-invariant phase code in the piriform cortex 

M/T cells send out odor information to the olfactory cortex, among which, the piriform 

cortex is the largest area, and it plays a major role in olfactory learning. In the piriform 

cortex, fine temporal patterns are not evident. Odor signals are represented by different 

ensembles of neurons based on rate coding, which is concentration invariant (Stettler 

and Axel, 2009; Miura et al., 2012; Bolding and Franks, 2018). These results suggest 

that the phase code in M/T cells are transformed to the rate code in the piriform cortex. 

   Neurons in the piriform cortex receive convergent inputs from multiple M/T cells 
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directly or indirectly (Arenkiel et al., 2007; Apicella et al., 2010; Miyamichi et al., 

2011). Furthermore, the activation of these neurons is input timing-dependent. For 

example, when glomerulus A and B are activated in a different temporal sequence, 

different sets of piriform neurons will be activated (Haddad et al., 2013). This is in part, 

ensured by the global recurrent network within the piriform cortex (Bolding and Franks, 

2018). When the recurrent network is inactivated, odor responses in the piriform cortex 

become concentration-dependent (Figure 5B). As a result, odor identity discrimination 

across different concentrations becomes more difficult when analyzed with a linear 

decoder (Figure 5C). These results suggest that the global feedback inhibition within the 

piriform cortex is important to produce the concentration invariant responses seen. 

Some studies propose that M/T cell activation at an earlier sniff phase may be more 

important signatures for the odor identity coding (Wilson et al., 2017; Bolding and 

Franks, 2018), but others do not support this notion (Cury and Uchida, 2010; Haddad et 

al., 2013; Iwata et al., 2017). This issue needs to be further investigated in future 

studies. 

 

9. Plasticity in M/T cell responses 

Odor representation in M/T cells is heavily tuned by the brain state. Compared to the 

anesthetized state, in awake animals the odor responses of M/T cells are sparser and 

smaller in M/T cells, in part due to the elevated granule cell activity (Kato et al., 2012). 

Furthermore, odor-evoked responses at a time scale of several seconds are more 

dynamic in the awake state. This helps with the decorrelation of M/T cell responses to 

similar odorants (Niessing and Friedrich, 2010; Kato et al., 2012), which is mediated by 

cortical feedback (Otazu et al., 2015). Neuromodulators, including acetylcholine, 

noradrenaline, and serotonin, also tune odor responses in M/T cells (Fletcher and Chen, 

2010). For example, cholinergic inputs from the basal forebrain sharpen the odor 

responses of M/T cells and help odor discrimination behavior (Castillo et al., 1999; Ma 

and Luo, 2012; Nunez-Parra et al., 2013; Rothermel et al., 2014). 

Odor representations in M/T cells are also dynamically tuned by learning. While 

odor representation in OSN axons is stable across several days of olfactory 

discrimination tasks (Chu et al., 2017), the activity of M/T cells changes dynamically. In 

passive odor experiences, the responses to the presented odors gradually declined (Kato 

et al., 2012). While mice perform difficult odor discrimination tasks with very similar 

odorants, the initially overlapping representation of odors gradually becomes separated 

to produce more reliable discrimination, this is known as pattern separation (Doucette 

and Restrepo, 2008; Chu et al., 2016; Yamada et al., 2017; Koldaeva et al., 2019). This 
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context-dependent pattern separation may be the result of cortical feedback regulation 

(Yamada et al., 2017). Similar plasticity seems to occur with sub-sniff temporal patterns 

in M/T cells (Gschwend et al., 2015). 

 

10. Concluding remarks 

The odor information detected in OSNs is firstly sorted out to ~1,000 sets of glomeruli 

in the OB, known as the odor map. This odor map is useful for odor tuning based on the 

glomerular microcircuit. The odor map is then redistributed to M/T cells for further 

processing. The OB is more than just a relay, performing gain control, lateral inhibition, 

phase coding, and learning.  

In this chapter, I have also overviewed the odor coding strategy at different stages in 

the olfactory system, namely OSNs, M/T cells, and cortical neurons (piriform cortex). 

In OSNs, both mechanical and odor signals are represented by the rate code. In M/T 

cells, however, the mechanosensory and odor signals are separated based on phase 

coding. Furthermore, the phase codes, but not rate codes, are concentration-invariant. 

The phase code in M/T cells is then transformed into the concentration-invariant rate 

codes of the piriform cortex. Thus, a major function of the OB is to encode odor identity 

information into a robust phase code insensitive to the ever-fluctuating responses in 

OSNs. This phase code is then used to decode the odor identity in the piriform cortex 

(Figure 6). 

   Another remarkable feature of the OB is context-dependent plasticity. While odor 

responses in OSNs are relatively stable, M/T cell responses are far more dynamic and 

plastic. With massive cortical inputs, M/T cell responses are fine-tuned for efficient but 

reliable odor discrimination in awake animals. 
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Figure 1  

Odor map and domain organization of the OB. Intrinsic signals in the dorsal surface 

of the OB were analyzed for various odorants. Intrinsic signals represent activity in 

OSN axons (Vincis et al., 2015). Each odorant typically activates multiple glomeruli. 

Accordingly, a variety of odorants can be represented as the combination of activated 

glomeruli, at the level of OSN axon terminals. Aliphatic acids tend to activate DI (A), 

whereas ketones and aromatic compounds tend to activate DII (C). There are also 

odorants that activate both domains (B). Class II-GFP mice were used to distinguish 

between DI and DII domains. Adapted from Kobayakawa et al., 2007, Nature, with 

permission from Springer Nature. 
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Figure 2  

OB circuitry. (A) Mitral and tufted (M/T) cells. M/T cells were labelled with Tetbow 

allowing for stochastic multicolor labeling (Sakaguchi et al., 2018). Each M/T cell 

connects a single primary dendrite to a single glomerulus, where they receive both 

excitatory and inhibitory inputs. M/T cell lateral dendrites and somata receive inputs 

from inhibitory neurons such as granule cells. These dendrites also release glutamate, 

forming reciprocal synapses. Each glomerulus is innervated by multiple M/T cells. (B) 

Gain control mechanisms. Periglomerular interneurons mediate intraglomerular gain 

control. More global gain control is mediated by parvalbumin-expressing interneurons, 

and short axon cells. (C) Lateral inhibition in the OB. Interglomerular lateral inhibition 

is mediated by short axon cells expressing GABA and dopamine. M/T-to-M/T lateral 

inhibition is mediated by granule cells. M, mitral cells; T, tufted cells; PG, 

periglomerular cells; SA, short axon cells; PV, parvalbumin-expressing interneurons; 

GC, granule cells. (A) was modified from Sakaguchi et al., 2018, eLife. 
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Figure 3  

Temporal representation of odors in the OB. (A) One M/T cell’s responses to four 

different odors are shown. Sniff-warped raster plots are shown. Each M/T cell responds 

to different odors at a different timing (phase) in the sniff cycle. The response phase is 

reproducible among trials. Peristimulus time histogram plots are shown on the bottom. 

(B) Responses of six M/T cells to the same odor. Peristimulus time histogram plots are 

shown on the right. (C) Discrimination of timing differences for a single glomerulus. 

Mice could discriminate between optogenetic activation of a M71-ChR2 glomerulus 

early in a sniff cycle from that which occurred at a later timing. Black lines indicate the 

performance of individual mice. The thick black line and shades indicate mean +/- SD. 

(A) and (B) are modified from Shusterman et al., 2011, Nat Neurosci, and (C) is adapted 

from Smear et al., 2013, Nat Neurosci, with permission from Springer Nature. 
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Figure 4  

Mechanosensory-based phase coding. (A) Airflow-driven mechanosensation in OSNs 

visualized by two-photon calcium imaging of the OE. OSN-GCaMP3 mice were 

analyzed. (B) Mechanosensory-based oscillatory activity in M/T cells. Cycle-averaged 

traces for glomeruli were determined based on two-photon calcium imaging of a M/T-

GCaMP3 mouse. (C) Airflow-driven (increase in airflow speed) and odor-evoked (amyl 

acetate) responses in M/T cells. Both activate M/T cell responses in terms of rate 

coding. (D) Phase shifts in the oscillations produced by the increased airflow and odor 

stimuli. (E) Both airflow and odor stimuli change the rate code, but only the latter 

produces changes in the phase code. Thus, phase coding can distinguish between odor 

signals and changes in sniff conditions. Images are modified from Iwata et al., 2017, 

Neuron. 
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Figure 5  

Concentration invariant odor coding. (A) Phase coding in the OB is concentration-

invariant, while rate coding is variable across concentrations. Note that not all of the 

glomeruli show a tonic increase in rate code ( F/F0) as the concentration increases, 

leading to a rearrangement of the odor map. Phase coding may be useful for odor 

identity coding, by which animals can track the scent of an odor to the source despite 

the fluctuations in odor concentrations. (B) Feedback inhibition (FBI) within the 

piriform cortex (PCx) is required for the concentration-invariant odor representation in 

the PCx. Expression of tetanus toxin light chain (TeLC) blocks FBI and impairs the 

concentration-invariant representation in PCx. Odor response trajectories in a PCA 

space for two odors (red and blue) are shown for different concentrations. (C) Decoding 

analysis of PCx activity in control and TeLC. A linear decoder was used to classify 

different odors at variable concentrations. Decoding accuracy was reduced in TeLC 

PCx. (A) is adapted from Iwata et al., 2017, Neuron. (B) and (C) are adapted from 

Bolding & Franks, 2018, Science (also published in bioRxiv). 
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Figure 6  

Coding strategy in OSNs, M/T cells, and pyramidal cells (PCs) in the piriform 

cortex. 

 

 


