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SUMMARY

Mitral and tufted (M/T) cells in the olfactory bulb pro-
duce rich temporal patterns of activity in response to
different odors. However, it remains unknown how
these temporal patterns are generated and how
they are utilized in olfaction. Here we show that tem-
poral patterning effectively discriminates between
the two sensory modalities detected by olfactory
sensory neurons (OSNs): odor and airflow-driven
mechanical signals. Sniff-induced mechanosensa-
tion generates glomerulus-specific oscillatory activ-
ity in M/T cells, whose phase was invariant across
airflow speed. In contrast, odor stimulation caused
phase shifts (phase coding). We also found that
odor-evoked phase shifts are concentration invariant
andstable acrossmultiple sniff cycles, contrary to the
labile natureof rate coding. The lossof oscillatoryme-
chanosensation impaired the precision and stability
of phase coding, demonstrating its role in olfaction.
We propose that phase, not rate, coding is a robust
encoding strategy of odor identity and is ensured by
airflow-induced mechanosensation in OSNs.
INTRODUCTION

Sensory systems have the ability to recognize specific features

from noisy and fluctuating background signals in the external

world. A central question in sensory systems is how they can

quickly and reliably extract specific sensory features from such

dynamic stimuli. In recent years, there has been a growing

appreciation of the fact that sensory signals are represented

not only by the changes of neuronal firing rate (rate coding),

but also by altering the temporal pattern of firing (temporal cod-

ing) in neurons. These include changes in spike latency, oscilla-

tion phase, and interspike intervals (Buzsáki and Draguhn, 2004;

Kleinfeld et al., 2014; Panzeri et al., 2010). However, the roles of

these temporal patterns in sensory information processing are

not fully established.
Ne
In rodents, odorants are detected by �1,000 types of olfac-

tory sensory neurons (OSNs), each expressing a single type of

odorant receptor (OR). OSNs expressing the same type of OR

converge their axons to a pair of glomeruli out of �2,000 in the

olfactory bulb (OB). Thus, odor information is spatially repre-

sented in the glomerular layer of the OB. A glomerulus is

composed of excitatory mitral/tufted cells (M/T cells; 20–50/

glomerulus) and inter- and intra-glomerular interneurons (Imai,

2014; Wilson and Mainen, 2006). Odors are delivered to OSNs

in the olfactory epithelium (OE) via respiratory airflow, or ‘‘sniff-

ing’’ for active odor sampling. As trained rodents can recognize

an odor within a single sniff, it has been proposed that the acti-

vation pattern within this timescale carries sufficient information

about an odor (Uchida and Mainen, 2003). It has been known

that odor stimuli not only changes firing rates, but also produces

odor-specific temporal spike patterns in M/T cells (Bathellier

et al., 2008; Cury and Uchida, 2010; Friedrich, 2013; Hopfield,

1995; Laurent, 2002; Macrides and Chorover, 1972; Margrie

and Schaefer, 2003; Shusterman et al., 2011; Spors and Grin-

vald, 2002; Uchida et al., 2014; Wilson and Mainen, 2006).

Recent optogenetic experiments demonstrated that the mouse

olfactory system can recognize the timing of inputs within a sniff

cycle (Smear et al., 2011, 2013). It is also suggested that the tem-

poral patterns in M/T cells are decoded in the olfactory cortex

(Haddad et al., 2013). However, it remains unclear how odor in-

formation is encoded within fine temporal patterns and how this

is beneficial for olfaction. In the present study, we examined the

role of temporal coding, or more specifically ‘‘phase’’ coding, in

M/T cells and found that phase coding is concentration invariant

and allows for a stable odor coding strategy under fluctuations.

We also found that airflow-induced mechanosensation in OSNs

facilitates, rather than masks, the robust phase coding of odors,

revealing a previously unappreciated role of mechanosensation

in olfaction.

RESULTS

Olfactory Sensory Neurons Respond to Mechanical
Stimuli Produced by Nasal Airflow In Vivo

Recent studies using isolated OE demonstrated that mouse

OSNs respond not only to odorants, but also tomechanical stim-

uli, such as pressure-ejected saline solution or deodorized air,
uron 96, 1139–1152, December 6, 2017 ª 2017 Elsevier Inc. 1139
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Figure 1. Airflow-Driven Mechanosensation in OSNs and M/T Cells In Vivo, Demonstrated by Calcium Imaging

(A) In vivo two-photon calcium imaging of the OE (OSN somata) and the glomerular layer (GL) in the OB (OSN axon terminals and M/T cell dendrites).

(B) Schematic of artificial sniffing in tracheotomized mice. Airflow was generated by an air-suction pump. The timing of airflow generation was controlled by the

opening of an electromagnetic valve. This setup was used for all the experiments except Figure 3.

(C) Sparse responses of OSN somata to an odor (Val, valelaldehyde; Bz, benzaldehyde; Aa, amylacetate; diluted at 1:1,000) and widespread mechanosensory

responses to artificial nasal airflow (an anesthetizedOSN-GCaMP3mouse). Odors were delivered to the OE for 10 s (shown in gray) in a freely breathing condition,

whereas pulsed airflow (250ms on/250ms off) was artificially delivered for 10 s (gray) using a tracheotomized condition (flow rate 200mL/min) of the same animal.

(D and E) Responses to nasal airflow were widespread in OSN axon terminals (D; n = 173 glomeruli from n = 3 tracheotomizedOSN-GCaMP3mice) and M/T cell

dendrites (E; n = 178 glomeruli from n = 4 tracheotomized M/T-GCaMP3 mice). Response heatmaps and response traces (average across four trials) were

obtained at a flow rate of 300 mL/min. Pulsed airflow (250 ms on/250 ms off) was artificially delivered for 10 s (gray). Cumulative frequency plots of response

amplitude are shown on the right. The fraction of glomeruli showing excitatory responses (one-tailed t test, p < 0.01) shown in the parentheses became higher as

flow rate increased.

Scale bars, 100 mm. See also Figure S1 for expression patterns of GCaMPs in the mouse lines used for imaging.
through the canonical olfactory transduction cascade (Chen

et al., 2012; Connelly et al., 2015; Grosmaitre et al., 2007).

Thus, it has been proposed that OSNs are dual modal sensors,

detecting both odor and mechanical stimuli. However, it re-

mains unknown whether and how the olfactory system distin-

guishes between the two sensory modalities detected by the

same OSNs.

To observe how mechanical signals are detected in the OE

and transduced in the OB in more physiological conditions

in vivo, we performed two-photon calcium imaging using genet-

ically encoded calcium indicators, GCaMP3 or GCaMP6f (Fig-

ures 1A and S1) (Chen et al., 2013; Tian et al., 2009). To detect
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mechanosensory responses in OSNs, we generated OMP-

tTA;TRE-GCaMP3 compound heterozygous mice, in which

GCaMP3 is specifically and highly expressed in OSNs (OSN-

GCaMP3 hereafter; Figure S1C). We used an artificial sniffing

system in anesthetized and tracheotomized mice to control the

nasal airflow in a reproducible manner (Figure 1B). Artificial sniff-

ing was generated through the trachea at �2 Hz (250 or 300 ms

ON/OFF cycles, 200 mL/min), which was within the range of the

resting state in awake animals (Kepecs et al., 2007; Oka et al.,

2009; Verhagen et al., 2007). Deodorized clean air (passed

through activated charcoal) was delivered to the nostril. To

directly observe the responses in OSN somata, we made an



Figure 2. Glomerulus-Specific Oscillations Are Caused by Airflow-Induced Mechanosensation

(A) Recording sniff cycles. A thermocouple was located at the opening of the contralateral nostril to the imaging side. Naris occlusion was performed for the nostril

ipsilateral to the imaging side. The sniff timing was determined by the local minima of thermocouple measurements.

(legend continued on next page)
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optical window in the nasal bone. In the OE, odorants typically

produced sparse responses in OSNs; however, airflow stimuli

produced robust and widespread responses (Figure 1C). In

OSN axon terminals located in the OB, airflow-driven responses

were variable and unique to each glomerulus (Figure 1D), sug-

gesting that the extent of the mechanosensitivity is OR specific,

as has been reported previously (Carey et al., 2009; Connelly

et al., 2015; Grosmaitre et al., 2007). The overall amplitude

became higher as flow rate increased (Figure 1D). Typically,

�50% of glomeruli demonstrated significant increases in

GCaMP3 fluorescence (p < 0.01, one-tailed t test), consistent

with earlier patch-clamp recording of OSNs (Grosmaitre et al.,

2007). To observe mechanosensory responses of M/T cells,

we also performed calcium imaging of Pcdh21-Cre; CAG-

STOP-GCaMP3 (Ai38) (Wachowiak et al., 2013; Zariwala et al.,

2012) and Thy1-GCaMP6f (GP5.11) (Dana et al., 2014) mice, in

which GCaMP3 and GCaMP6f are specifically expressed in

M/T cells, respectively (M/T-GCaMP3 and M/T-GCaMP6f here-

after; Figure S1). It has been demonstrated that GCaMP signals

at M/T cell dendrites represent action potentials at the somata

(Wachowiak et al., 2013), although we cannot exclude possible

contribution of synaptic NMDAR activity and dendritic spikes.

Like OSN-GCaMP3 mice, M/T-GCaMP3 displayed robust and

widespread responses to the nasal airflow in the glomerular layer

(Figure 1E). In M/T cells,�80%of glomeruli demonstrated signif-

icant excitatory responses to the onset of nasal airflow (p < 0.01,

one-tailed t test), which was higher than the percentage of OSNs

that responded (Figures 1D and 1E). However, the excitatory re-

sponses were not as persistent as was observed in OSNs and

gradually declined (Figure 1E), suggesting that the M/T cells

are more sensitive to temporal changes in airflow conditions.

Glomerulus-Specific Oscillations by Mechanosensation
Mechanosensation in OSNs is necessary to produce the sniff-

coupled oscillatory activity, also known as theta oscillations, in

M/T cells. When nasal airflowwas prevented by reversible unilat-

eral naris occlusion, M/T cell dendrites in glomeruli demon-

strated spontaneous and sporadic neuronal activity. However,

under rhythmic nasal airflow, most glomeruli demonstrated

oscillatory neuronal activity, which was coupled to the sniff cy-

cles (Figures 2A and 2B), recorded by a temperature sensor

located at the opening of the nostril (Kepecs et al., 2007). Power
(B) Calcium dynamics of M/T cell dendrites in naris-occluded and -open conditi

(imaging frame rate, �20 Hz) are shown along with sniff timing (gray vertical lines

(bottom, data from a 2-min recording) showed peaks at the sniff frequency (�3 H

(C) Sniff-coupled oscillatory activity of five glomeruli in a freely breathing, anest

largely consistent within a glomerulus but heterogeneous among different glomer

phases relative to the sniff timing are color-coded for individual image units (top, 4

(bottom, gray traces) and glomeruli (red traces) are shown on the bottom. Red v

(D) Oscillation phases of glomeruli (M/T cell dendrites) in the dorsal OB of a freely b

the middle are cycle-averaged from 6 s recordings (�17 sniff cycles; STAR Met

plitudes are color-coded for 186 glomeruli in the bottom. See also Movie S1.

(E) Cycle-averaged traces for the mechanosensory responses in the OSN somata

shown in Figures S2E–S2H was used for OSN somata data (n = 256 cells in n = 4

odor period for odor experiments shown in Figures 4C–4E (M/T-GCaMP3 mice,

(F) Histograms of the half-rise phases of the mechanosensory responses in OSN

half-rise phases are close to the airflow onset timing in the OSN somata, but are

Scale bars, 100 mm.
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spectrum analysis of the M/T cell activity yielded a peak at the

sniff frequency in this condition (Figure 2B).

Next, we sought to determine the precise phases of the sniff-

coupled oscillations. We determined the average response from

traces registered to the sniff timing. The half-rise timing was

determined from averaged fluorescence traces, since the fluo-

rescence rise time (ton) is fast and constant across a wide range

of firing rates, unlike the slower decay time (toff) (Chen et al.,

2013; Wachowiak et al., 2013). Thus, the half-rise timing can

be best used to estimate the timing of burst firing. The oscilla-

tions were synchronized within a glomerulus (Figure 2C), consis-

tent with earlier findings of synchrony among ‘‘sister’’ M/T cells

associated with a common glomerulus (Hayar et al., 2005;

Schoppa, 2006; Schoppa and Westbrook, 2001). However,

different glomeruli oscillated at different phases relative to the

sniff cycle (Figure 2D;Movie S1). These different phases were ar-

ranged in an apparent mosaic pattern in the glomerular layer

(Figure 2D). We also obtained similar results for M/T cell somata

(Figure S2D).

Interestingly, such variable oscillation phases were not evident

at the level of OSN somata. In the OSN somata, the GCaMP sig-

nals were high and low during airflow-on and -off periods,

respectively, showing binary changes (Figures 2E and 2F).

Thus, the glomerulus-specific variable oscillation phases are

likely produced in the OB circuits.

Artificial sniffing at different frequencies (1–10 Hz) produced

oscillations at the corresponding frequencies; as a result, the

temporal response patterns of glomeruli were slightly ‘‘com-

pressed’’ at higher frequencies (Figures 3A–3C). These glomer-

ulus-specific oscillations were also observed in head-fixed

awake animals running on a treadmill (Figure 3D). Due to the dy-

namic nature of the sniff conditions in awake animals, the basal

fluorescence levels were highly fluctuating (Figures 3E–3G),

consistent with recent studies (Blauvelt et al., 2013; Kato et al.,

2013); however, the temporal response sequence of glomeruli

was preserved across the physiological 1–10 Hz range (Figures

3H and 3I).

Phase Coding Distinguishes Odor from Mechanical
Signals
Nasal airflow is essential for sampling odors, and indeed, the

sniff speed is actively controlled to improve sensitivity to an
ons in a freely breathing, anesthetized M/T-GCaMP3 mouse. GCaMP3 traces

; see STAR Methods for details). Multi-taper spectra of the glomerular activity

z, arrowhead), only in naris-open conditions.

hetized M/T-GCaMP3 mouse. The oscillation phase of GCaMP3 signals was

uli (a 4-min recording, 727 sniff cycles in an anesthetized mouse). The half-rise

3 4 pixel binned). Cycle-averaged oscillation traces for individual image units

ertical lines with arrowheads indicate the half-rise phase.

reathing, anesthetizedM/T-GCaMP3mouse. Oscillation traces for glomeruli in

hods). The oscillation half-rises relative to sniff timing and the oscillation am-

in the OE and M/T cell dendrites in glomeruli. Pre-odor period for experiments

OSN-GCaMP3mice, trial-averaged). The dataset for glomeruli is from the pre-

single trial).

somata (n = 212 cells) and M/T cell dendrites (n = 280 glomeruli). Note that

later and more variable in the M/T cells.



Figure 3. Sniff-Coupled Oscillations Are Consistent across Sniff Frequencies

(A)M/T cell dendrites were imaged in anM/T-GCaMP6fmouse during 1–12Hz artificial sniffing. Airflowwas generated by a syringe pumpwith a solenoid actuator.

The working volume of the pump was adjusted to 0.5 mL/stroke. Scale bar, 100 mm.

(B) Raw activity traces (top) and cycle-averaged traces (bottom). The temporal sequence of the half-rise timing (shown by vertical bars) was largely maintained up

to 10 Hz.

(C) Multi-taper spectra of rawDF/F data for 1–12 Hz artificial sniffing conditions. The raw activity data for each of 1–12 Hz artificial sniffing were obtained from 20 s

imaging sessions.

(D) Schematic of in vivo imaging performed in an awake M/T-GCaMP6f mouse running on a circular treadmill.

(E) Sniff cycles were recorded with an intranasal cannula in awake mice. Sniff timing was defined by the local maxima of thermocouple measurements.

(F) Histogram of sniff frequency in an 8-min imaging session. The peak frequency range (6–8 Hz) was used as a reference for correlation analysis in (I).

(G) Raw fluorescence traces in M/T cell dendrites in an awakeM/T-GCaMP6fmouse running on a circular treadmill. Sniff timing is indicated by gray vertical lines.

Note that large airflow responses were induced by sighing (asterisk).

(H) Cycle-averaged oscillation traces and the half-rise timing in different sniff frequency ranges (from the 8-min recording). The temporal pattern of oscillation

phase was maintained up to 8–10 Hz sniffing. Mean sniff timing is indicated by gray vertical lines (STAR Methods).

(I) Top: oscillation half-rise timing relative to sniff timing for 61 glomeruli. Bottom: the temporal sequences of oscillation half-rise timing were evaluated by

Spearman’s correlation coefficients to the most typical 6–8 Hz range.
odor in behaving animals (Kepecs et al., 2007; Oka et al., 2009;

Verhagen et al., 2007). However, our results show that changes

in sniff conditions inherently produce large background signals in

many glomeruli (Figure 3G). In such situations, many glomeruli
would have difficulty in distinguishing between odor signals

and mechanical signals. How can odor-evoked signals be

distinguished from the airflow-produced mechanosensory

responses? It has been known that odors activate M/T cells at
Neuron 96, 1139–1152, December 6, 2017 1143
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specific timings within a sniff cycle (Bathellier et al., 2008; Cury

and Uchida, 2010; Macrides and Chorover, 1972; Spors and

Grinvald, 2002), and behaving mice can also discriminate the

temporal differences produced (Smear et al., 2013). Indeed,

we observed odor- and glomerulus-specific phase shifts in

sniff-coupled oscillations (phase coding) (Kepecs et al., 2006;

Panzeri et al., 2010), with both advances and delays, in anesthe-

tized (Figures 4A and S3A–S3C) and awake (Figures 4B and S3D)

animals. We also observed odor-evoked phase shifts in M/T

cell somata (Figures S3F and S3G). Furthermore, correlations

between odor-evoked response amplitudes (mean DF/F0 of

GCaMP signals; rate code) (Chen et al., 2013; Wachowiak

et al., 2013) and phase shifts (shifts in half-rise timing within a

sniff cycle; phase code) were typically very weak (Figure S3H),

raising the possibility that phase coding behaves differently

from rate coding. In fact, this result was in contrast to earlier pre-

dictions, in which response latency should be inversely corre-

lated with the firing rate (Brody and Hopfield, 2003; Hopfield,

1995; Margrie and Schaefer, 2003). We therefore considered

the possibility that mechanical and odor stimuli have distinct

impacts on the phase coding.

Herewecompared the changes in phase code (half-rise timing)

between mechanical and odor stimuli using artificial sniffing.

To increase mechanical stimuli, we changed the airflow speed

from 200 to 400 mL/min (Figure 4C). Increases in airflow speed

induced widespread increases in GCaMP3 fluorescence (rate

code) across many glomeruli (Figures 4D and 4E; Movie S2), in

contrast to the sparser responses produced by the odor stimuli

(Figure 4F, left; p < 0.001, Kolmogorov-Smirnov test). However,

increases in airflow speed were only accompanied by small

changes in the phase code (Figure 4F, right). When we analyzed

glomeruli with 20%–50% DF/F0 changes, odor produced signifi-

cantly larger changes in phase (Figure 4G; p < 0.001, Levene’s

tests for equal variance; see also Figure S3H). Thus, the phase

coding in M/T cells only extracts odor signals, whereas the rate

coding responds to both mechanical and odor stimuli.

Phase Coding Is Stable across Multiple Sniff Cycles
To further investigate the role of phase coding, we examined its

stability in olfaction. The rate code patterns in M/T cells are
Figure 4. Odor Stimuli, but Not Airflow Changes, Produce Phase Shifts

(A) Odor-evoked responses of M/T cell dendrites (five glomeruli) in an anesthetiz

Cycle-averaged traces and half-rise phases during pre-odor (gray) and odor per

(B) M/T cell dendrite responses to an odor (Aa, amylacetate diluted at 1:200) in an a

the half-rise timing in pre-odor and odor periods are shown on the right (4–6 Hz

anesthetized and awake conditions. M/T cell somata showed similar results (Fig

(C) Experimental setup for comparing airflow changes versus odor stimuli in tra

airflow speed from 200 to 400 mL/min, 1.67 Hz), the nasal airflow speed was

amylacetate diluted at 1:1,000; under artificial sniffing at 200 mL/min, 1.67 Hz), c

(D) Representative responses to airflow changes and an odor (Aa, amylacetate). T

Movie S2.

(E) Sniff-aligned single-trial responses of 12 randomly chosen glomeruli. The airfl

(F) Left: histograms of response amplitude for the first 3 s of stimulation. Combin

from 11 mice; p < 0.001, Kolmogorov-Smirnov test). Right: changes of oscillation

were oscillatory both before and after stimulus onset. Pearson’s correlation coeffi

tailed t test after Fisher’s z transformation.

(G) Boxplots of phase shifts for glomeruli showing 20%–50%DF/F0 (n = 132 and 7

range. Odor-induced phase shifts were more broadly distributed (p < 0.001, Leven

response amplitude and phase shifts.
known to be dynamically reorganized and decorrelated within

seconds (Bathellier et al., 2008; Kato et al., 2012; Niessing and

Friedrich, 2010) (see also Figures 4A and 5A). For example, the

rate code patterns at the first and last sniff cycles are very

different in Figure 5B. We therefore compared the stability of

rate code versus phase code across multiple sniff cycles. Since

the first sniff is known to contain sufficient information for odor

recognition in rodents (Uchida and Mainen, 2003), we examined

how the rate and phase codes from the first sniff are preserved in

subsequent sniff cycles. We determined the correlation at each

sniff cycle relative to the first sniff for both the rate code (mean

DF/F0) and phase code (shifts in half-rise phase/timing).

We analyzed the stability of rate code for 27 odorants with

various chemical structures (Figure S4A). The rate coding among

glomerular populations gradually evolved over time, although its

extent was variable among different odorants (Figure S4B).

We then selected eight odors with different rate code stability

and chemical structures for further analyses. We determined

both the rate code and phase code for glomeruli showing

odor-evoked amplitude changes and detectable oscillatory

activities throughout sniff cycles (criteria were as follows:

peak DF/F0 >40%, average oscillation amplitude in each

cycle >5%). The Spearman’s correlation coefficient of the rate

code to that of the first sniff gradually decreased across multiple

sniff cycles during the odor exposure period for 12 s, whereas

the correlation of the phase codewasmaintained at higher levels

(Figures 5A–5D and S5). While a single sniff has been known

to be sufficient for odor discrimination after training (Cury and

Uchida, 2010; Uchida and Mainen, 2003), repeated sniffing is

essential for other types of behavior, such as olfactory learning

and scent tracking. Our results show that the phase code is

conserved across multiple sniff cycles and is more stable than

the rate code (Figure 5E).

Phase Coding Is Concentration Invariant
For behaving animals in their natural environment, fluctuating

odor concentrations are another big challenge for stable odor

identification. The neural mechanisms that preserve concentra-

tion-invariant odor coding remain a long-standing issue in the

field. Here we examined the stability of the phase code across
in Sniff-Coupled Oscillations

ed, freely breathing M/T-GCaMP3 mouse (Aa, amylacetate diluted at 1:2,000).

iods (colored) are shown on the right.

wakeM/T-GCaMP6fmouse resting in a body tube. Cycle-averaged traces and

sniff frequency range). See also Figures S3A–S3E for additional examples in

ures S3F and S3G).

cheotomized M/T-GCaMP3 mice. For airflow changes (increases of the nasal

increased by opening valve 4 (v4). For odor stimulations (benzaldehyde and

lean air (v2) was switched to odorized air (v3).

hese stimuli were applied for 10 s (shown in gray). Scale bar, 100 mm. See also

ow-on periods are indicated by vertical stripes in gray.

ed data for benzaldehyde and amylacetate (n = 387 glomerulus-stimulus pairs

phase in 291 (airflow changes) and 264 (odors) glomerulus-stimulus pairs that

cient, ‘‘r,’’ is significantly different between the two responses; p < 0.001, two-

2). Whiskers extend to themost extreme valueswithin 1.5 times the interquartile

e’s test for equality of variances). See also Figure S3H for scatterplots of mean

Neuron 96, 1139–1152, December 6, 2017 1145



Figure 5. Phase Coding Is Consistent across Multiple Sniff Cycles

(A) Responses to octylamine diluted at 1:100 over 12 s odor exposure periods (20 sniff cycles; gray) in tracheotomizedM/T-GCaMP3mice. Artificial sniffing was

performed at 200mL/min and 1.67Hz. Top:mean traces from five trials (n = 12 glomeruli from 3mice). Bottom: half-rise phase in each cycle is indicated by vertical

bars before (q0) and during odor stimulations (qn, n = 1–20). See also Figure S5 for the seven other odorants.

(B) Mean DF/F0 in each cycle (rate code) during stimulation with octylamine. See also Figures S4 and S5 for all 27 odorants.

(C) Oscillation phase shifts (qn � q0; phase code) during responses to octylamine. See also Figure S5 for seven other odorants.

(D) The temporal dynamics of phase code (blue) and rate code (red) were analyzed using Spearman’s correlation coefficients to the reference cycle (cycle #1) for

octylamine (top) and total of eight odorants (bottom). The stability of phase code was higher than that of rate code (p < 0.01 from third to last odor cycle, Wilcoxon

signed-rank test).

(E) A schematic summary for temporal reorganization of rate code versus stable phase code.
odor concentrations. We recorded M/T cell responses for

14 different odors (10 pure odorants and 4 mixed odors) at

5 different concentrations (1:100–1:8,100 dilutions). Although

many glomeruli showed tonic concentration-dependent in-

creases in the rate code, this was not always the case. For other

glomeruli, glomerular response patterns in the rate code were

concentration specific, and some glomeruli that responded at

a lower concentration were not always responsive at higher con-

centrations (Figures 6B and S6A). Thus, the rate code pattern

tends to be reorganized as the odor concentration changes. As

for the phase coding, increasing odor concentrations caused

both phase advance and delay (Figures 6B and S6B). Unlike

rate coding, however, the phase advance or delay was consis-

tent at a wide range of odor concentrations. As a result, odor-

evoked phase shifts were concentration invariant. We evaluated

concentration-dependent pattern changes using Spearman’s

correlation coefficient to the responses at the highest concentra-

tion (1:100 dilution) for all odors. As for the rate code, the corre-

lation decreased as the concentration differences increased

(Figures 6C and S6C; the median correlation between lowest

versus highest concentrations was 0.23, n = 14 odors). Unlike

rate coding, however, phase coding was consistent at a wide

range of odor concentrations, and this correlation was main-

tained at higher levels (median correlation, 0.82 versus 0.23) (Fig-

ures 6C and S6C). Thus, phase coding is more consistent across

concentrations than rate coding.

We also used classifier models based on the Euclidian dis-

tance in the rate/phase coding spaces to examine which coding

strategy is more effective in discriminating (or ‘‘decoding’’) odors

in a concentration-invariant manner (Miura et al., 2012). In these

coding spaces, each glomerulus contributes to a dimension, and

the value in that dimension was either the rate code or the phase

code. Classification success rate (decoding performance) was
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higher with phase coding than with rate coding (Figures 6D

and S6D). Similar results were obtained with a linear classifier

based on support-vector machine (Figure S6E). Together, these

findings show that phase coding is a powerful strategy for con-

centration-invariant odor identification (Figures 6E and 6F).

Mechanosensation Facilitates Robust Phase Coding
of Odors
While phase coding can distinguish between odor and mechan-

ical signals, could mechanosensation in OSNs be beneficial for

olfaction? Since odor is delivered by rhythmic nasal airflow,

one might argue that a rhythmic application of an odor could

be sufficient to produce the temporal patterns without mechano-

sensation. To directly test the role of mechanosensation, we

compared the single-trial odor-evoked responses of M/T cells

in the presence and absence of oscillatory mechanosensation

(six trials each). Using an artificial sniffing preparation, we evalu-

ated odor-evoked responses under two conditions: (1) where

both mechanical and odor stimuli were rhythmically applied to

the OE (m+) to recapitulate physiological odor sampling condi-

tions and (2) where pulsed odor stimuli were applied under

continuous airflow (m�) to specifically eliminate mechanosen-

sory oscillations (Figure 7A). Some of the glomeruli were acti-

vated with the same timing between these conditions, indicating

that odor was delivered to the OE in a similar timing (Figure 7B;

see also Figure S7A, indicating quick odor switching in this

setup); however,many other glomeruli demonstrated delayed re-

sponses under m� conditions (Figures 7B, S7B, and S7C).

More importantly, we found that the phase code was more pre-

cise (i.e., less variable across trials) under m+ conditions than

in m� conditions (Figures 7A, 7B, and S7B–S7D). As a result,

the decodability of odor identity with the distance-based

classifier (Figure 6D) was higher under m+ conditions than in



Figure 6. Concentration-Invariant Phase Coding

(A) Representative responses of a glomerulus to serially diluted odors (1:8,100, 1:2,700, 1:900, 1:300, and 1:100; valeraldehyde) in a tracheotomized M/T-

GCaMP3mouse. Artificial sniffing was performed at 200 mL/min and 1.6 Hz. The gray shaded area indicates the odor stimulation period. Sniff onset is indicated

by gray vertical lines.

(B) Concentration response curves for acetophenone (n = 4 mice). Response amplitude (left) and oscillation phase shifts (right) for blank (B) and odor trials

(1:8,100–1:100, data are from initial 6 s). See also Figures S6A and S6B for 13 other odors.

(C) Concentration-dependent dynamics of ensemble rate code (red) and phase code (blue) were evaluated by Spearman’s correlation coefficients. The highest

concentration (1:100) was used as a reference. Stability across concentrations was higher for phase code than rate code (p < 0.001 from 1:8,100 to 1:300,

Wilcoxon signed-rank test).

(D) Classification of two odors by rate code (mean DF/F0 during the first 6 s) or phase code (mean phase for the first 6 s, relative to the sniff timing) using a

Euclidean distance-based classifier (see STAR Methods for details). Top: schematic of classification analysis to compare decoding performance of rate code

versus phase code. A rate or phase code in each glomerulus contributes to a dimension. For each trial, one out of five concentrations was randomly chosen for

each of the odors to serve as a reference. A test odor was randomly chosen from the remaining data. Bottom: results are means of 50,000 random trials. The

phase code showed a similar or higher performance in concentration-independent classification of odor identities (p < 0.05 for classification using 2–5 glomeruli,

Wilcoxon signed-rank test). Chance levels are 0.5. Bz, benzaldehyde; Val, valeraldehyde.

(E) Schematic diagram showing reorganization of rate code patterns and concentration-invariant phase coding.

(F) A proposed role of phase coding in olfaction. Concentration-invariant phase codingmay be useful for odor identification under fluctuating sampling conditions

and aid scent-tracking behavior, for example. In contrast, rate code patterns are not preserved at different odor concentrations.
m� conditions (Figures 7D and S7E). In addition, the response

amplitudewas larger underm+ (Figures 7Aand 7B). Notably,me-

chanosensation was particularly important for robust phase cod-

ing when odor concentrations were lower, which are challenging

conditions for odor identification (Figures 7C, S7C, and S7D).

We also examined the stability of phase codes under m+ and

m� conditions. The phase code correlation to the first sniff was

maintained at higher levels throughout multiple sniff cycles under

m+; however, the correlation tended to decrease from second

sniff cycle under m� conditions (Figures 8 and S8). Thus, sniff-

coupled mechanosensation in OSNs is important for robust

phase coding of odor identity (Figure 8D).

DISCUSSION

While the temporal representation of odor signals in M/T cells

has been known for many years (Cury and Uchida, 2010; Macr-
ides and Chorover, 1972; Shusterman et al., 2011; Spors and

Grinvald, 2002; Wellis et al., 1989), and various hypotheses

have been proposed (Friedrich, 2013; Hopfield, 1995; Kepecs

et al., 2006; Laurent, 2002; Uchida et al., 2014; Wilson and

Mainen, 2006), the roles of temporal patterning have remained

unclear. For example, some proposed that odor identity is en-

coded in the temporal patterns (Cury and Uchida, 2010; Spors

and Grinvald, 2002), while others proposed that these patterns

encode odor intensity (Margrie and Schaefer, 2003; Sirotin

et al., 2015). In the present study, we performed a comprehen-

sive analysis under more physiological conditions and demon-

strated that the phase coding of M/T cells is stable across

various sniff conditions (frequency and speed), multiple sniff cy-

cles, and a wide range of odorant concentrations. We thus pro-

pose that the phase coding is the basis for the invariant encoding

of an odor identity under fluctuating sampling conditions, which

is useful for the scent tracking behavior, for example (Figure 6F).
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Figure 7. Mechanosensory Oscillations Are Required for Robust Phase Coding of Odors in M/T Cells

(A) Mechanosensory oscillations were either produced by periodical air suction (m+; pulsed airflow at 200 mL/min and 1.67 Hz) or eliminated by continuous

suction (m�; airflow at 200 mL/min) in tracheotomized M/T-GCaMP6f mice. In the m� condition, odorized (v1) and clean (v2) air was delivered alternately for

pulsed odor exposure. Three-way solenoid valves (v1 and v2) were used to keep the air pressure constant. Note that odor was delivered to the OE with

approximately the same timing between these two conditions (Figures S7A and S7C). Representative responses of a glomerulus to an odor (amylacetate diluted

at 1:100,000; odor application is indicated by the shaded area) are shown for six trials in m+ andm� conditions. Half-rise SD is defined as the variability (standard

deviation) of half-rise timing across six trials. See also Figure S7B for other representative examples.

(B) m+ conditions showed larger response amplitudes (p < 0.001, Wilcoxon signed-rank test; n = 114 glomeruli), faster half-rise timing (p < 0.001, Wilcoxon

signed-rank test; n = 61 glomeruli), and a smaller variability of half-rise timing (p < 0.001, Wilcoxon signed-rank test; n = 56 glomeruli). Different colors represent

three odorants diluted at 1:100,000 (Bz, benzaldehyde; Aa, amylacetate; Val, valeraldehyde). Data for each odorant were obtained from single animals (n = 3

mice). See also Figure S7C for two other odor concentrations. Note that half-rise timing is almost identical between m+ and m� for subsets of glomeruli (middle

panel, data points along the unity line), indicating that timing of odor delivery to the OE is the same between m+ and m�. See also Figure S7A.

(C) Histogram of half-rise SDs in three different odor concentrations. Data for individual mouse-odor samples are shown in Figures S7C and S7D.

(D) Classification of two odors by single-trial phase code (response half-rise timing) using a Euclidean distance-based classifier. Each glomerulus contributes to a

dimension. For each classification trial, one out of six trials was chosen for each of the odors to serve as a reference. A test odor was chosen from the remaining

odor trials. Results are the means of classification trials with all the possible combinations of 1–5 glomeruli from n = 22 glomeruli dataset (22–26,334 combi-

nations). The classification success rate was significantly higher in m+ conditions (p < 0.001, c2 test). Chance levels are 0.5. Aa, amylacetate; Val, valeraldehyde.

Total concentrations of odorant mixtures were 1:100,000. See also Figure S7E. Right: schematic summary of the precise phase coding and higher discriminability

under m+ conditions.

(E) A possible network model of robust phase coding by airflow-driven mechanosensory oscillations. Mechanosensory oscillations (gray lines) in glomeruli (black

circles) aid sensitive and temporally precise responses to odors (m+), possibly due to inhibition and disinhibition among glomeruli. In the absence of mecha-

nosensory oscillations, however, the baseline neuronal activity is fluctuating, and as a result, the odor-evoked responses become unstable (m�).
In contrast, rate coding is an excellent candidate for odor inten-

sity coding.

Previously, temporal patterns in M/T cells have been consid-

ered to be due to differential response latencies to odor stimuli.

In this study, however, we demonstrated that the glomerulus-

specific mechanosensory oscillations are the underlying basis

for the temporal patterns (Figures 7 and 8), and that the temporal

patterns are only evident in M/T cells (Figures 2E, 2F, and S2). In

addition, some examples showed phase shifts without rate code

changes (Figure 4A). Thus, the temporal patterns would be best

understood as phase shifts (phase coding) in the mechanosen-
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sory-based oscillations (Figure 8D). Notably, however, we do

not intend to argue that the relative timing in a cycle, rather

than the absolute time from the stimulus onset, is the code uti-

lized in this system. In fact, this issue has been debated in previ-

ous studies. For example, it has been reported that M/T cells

show similar response latencies between slow and fast sniffs

(Carey andWachowiak, 2011; Cury andUchida, 2010). However,

another study reported that the relative timing (phase) in a sniff

cycle is more consistent than the absolute timing (Shusterman

et al., 2011). Due to the relatively slow kinetics of GCaMPs, it

is difficult to conclude which is the case in the present study.



Figure 8. Stability of Phase Coding across Multiple Sniff Cycles with and without Mechanosensory Oscillations

(A) Experimental configurations for m+ and m� conditions, performed in tracheotomizedM/T-GCaMP6fmice. Sniff-coupled mechanosensory oscillations were

produced by periodical suction in the m+ condition (pulsed airflow at 200 mL/min and 1.67 Hz) but eliminated in the m� condition (continuous airflow at

200 mL/min).

(B) The stability of the ensemble phase code for six odors. Half-rise phase in each sniff cycle was determined for acetophenone (Acp; diluted at 1:100; n = 63

glomeruli from n = 3 mice in both m+ and m�), guaiacol (Gua; diluted at 1:1,000; n = 68 and 66 pairs from n = 3 mice in m+ and m�, respectively), benzaldehyde

(Bz; diluted at 1:100; n = 60 and 55 pairs from n = 5mice), valeraldehyde (Val; diluted at 1:100; n = 62 and 57 pairs from n = 5mice), hexanoic acid (Hex; diluted at

1:100; n = 36 and 35 pairs from n = 2mice), and octylamine (Oca; diluted at 1:100; n = 36 and 29 pairs from n = 2mice) (see Figure S8). Then, Pearson’s correlation

coefficients to cycle #1were determined for each sniff cycle. Note that the correlation was higher inm+ condition than inm� condition (p < 0.05,Wilcoxon signed-

rank test).

(C) Classification of two odors (Acp versus Gua and Bz versus Val) by phase code using a Euclidean distance-based classifier. The first odor cycle was used as a

reference, and a test odor was chosen from the remaining cycles. Results are the mean of each cycle using random combinations of two or ten glomeruli.

Classification success rate was significantly higher in m+ conditions (p < 0.001, c2 test).

(D) Schematic summary of the results. Sniff-coupled mechanosensation in OSNs produces glomerulus-specific oscillatory activity in M/T cells. The glomerulus-

specific oscillatory phases are unaffected by changes in airflow speed; however, odor stimuli causes the phase shifts, which are stable across multiple sniff

cycles. The stability of the phase coding is impaired without rhythmicmechanosensory inputs fromOSNs (m�). Themechanosensory-based oscillations are also

important for the precise phase coding across trials (Figure 7).
However, the results seem to be between the two scenarios.

When sniff frequencies were increased, the temporal patterns

of mechanosensation were compressed. However, at low-fre-

quency ranges, the responses do not seem to fully tile the sniff

cycles (Figures 3B, 3H, and 3I). This may be in good agreement

with a recent study showing that the olfactory cortex reads out

the ‘‘relative time code’’ in the OB with some temporal flexibility

(Haddad et al., 2013).

Independent phase and rate coding have been known to occur

in hippocampal place cells. The activity of place cells is locked to

the hippocampal theta oscillations. While rate code in place cells

reflects the action of animals, e.g., running speed, their theta

phase patterns code the relative position of the target place

and advance as the animal goes across the target, known as

phase precession (Huxter et al., 2003). The phase information

in hippocampal theta oscillations enables temporal cell assem-

bly sequences, which form the basis for the spatial navigation

and memory formation (Buzsáki and Moser, 2013). In contrast,

in M/T cells, the sniff-coupled oscillation phase is unique to the
odor and invariant during repeated odor sampling. We also

showed that phase coding can discriminate between odor and

sniff-induced mechanical signals. This strategy is analogous to

the whisker system, in which touch and self-motion are discrim-

inated by phase coding (Kleinfeld and Deschênes, 2011; Sever-

son et al., 2017). Thus, phase coding may be a general strategy

for discriminating between sensory signals and active sampling

itself. Recent studies suggested that the relative timing of M/T

cells can be decoded in the piriform cortex, where neurons func-

tion as temporal coincidence or sequence detectors for different

glomeruli (Franks and Isaacson, 2006; Haddad et al., 2013).

Thus, the different temporal patterns in the OB are converted

to the different ensembles of neurons in the piriform cortex,

which are enforced by recurrent networks and in turn control

robust behavioral outputs (Choi et al., 2011). Odor intensitymight

be simply represented by the firing rate of the same ensembles in

the piriform cortex. In this scenario, a major function of the OB is

to transform noisy sensory signals to a more reliable phase code

for subsequent decoding of odor identity in the piriform cortex
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(Kepecs et al., 2006; Wilson and Mainen, 2006). However, we do

not argue that phase coding is the sole mechanism for the odor

identity coding. Rather, it is possible that rate coding is a basic

strategy, and that phase coding is an additional mechanism

used to ensure the coding reliability under fluctuating odor sam-

pling conditions, including concentration invariance. It is also

possible that the identity of some special odorants, such as

innately attractive/aversive odorants and pheromones/kairo-

mones, is encoded by the rate coding in specialized sets of

glomeruli; accordingly, different areas of the olfactory cortex

may use different decoding strategies.

Our study also demonstrated that mechanical stimulus,

another sensory modality detected in OSNs, is utilized for odor

coding in M/T cells (Figure 7E). This result was unexpected

from earlier models for ‘‘latency’’ coding in M/T cells (Brody

and Hopfield, 2003; Hopfield, 1995; Margrie and Schaefer,

2003). These models assumed that increasing sensory inputs

leads to a shorter response latency based on the intrinsic oscil-

lations of M/T cells; in such a case, mechanosensory inputs

should behave similarly to odor and thus would simply obscure

odor coding inM/T cells. However, we found that increase inme-

chanosensation does not change the phase, and rather facili-

tates the robust odor coding. In addition, we showed that phase

coding (both phase advance and delay) behaves almost inde-

pendently from the rate coding and that phase coding is more

invariant across odor concentrations than the rate coding,

directly contradicting earlier models. Thus, the OB circuit has a

mechanism to maintain the phase code irrespective of the stim-

ulus intensity, even at marginal concentration ranges. Proposed

underlying mechanisms include intrinsic firing properties of M/T

cells, subthreshold oscillations, and/or interglomerular inhibitory

circuitry (Fukunaga et al., 2014; Hayar et al., 2005; Hopfield,

1995; Margrie and Schaefer, 2003; Schaefer et al., 2006). While

the temporal patterns have been often described in OSN axons

(Carey et al., 2009; Spors et al., 2006; Verhagen et al., 2007),

Ca2+ dynamics at OSN axons are in fact heavily modulated by

presynaptic inhibition and do not faithfully represent presynaptic

component. In the present study, we examined the temporal pat-

terns in OSN somata in the OE and found that temporal patterns

were less evident in OSN somata (Figures 2E, 2F, and S2). This

result indicates that the OB circuit may play a more important

role in oscillations and phase coding. Identifying the exact

network mechanisms of phase coding is an important issue for

future studies.
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Distinct spatiotemporal activity in principal neurons of the mouse olfactory

bulb in anesthetized and awake states. Front. Neural Circuits 7, 46.

Brody, C.D., and Hopfield, J.J. (2003). Simple networks for spike-timing-based

computation, with application to olfactory processing. Neuron 37, 843–852.

https://doi.org/10.1016/j.neuron.2017.11.008
http://refhub.elsevier.com/S0896-6273(17)31036-X/sref1
http://refhub.elsevier.com/S0896-6273(17)31036-X/sref1
http://refhub.elsevier.com/S0896-6273(17)31036-X/sref1
http://refhub.elsevier.com/S0896-6273(17)31036-X/sref2
http://refhub.elsevier.com/S0896-6273(17)31036-X/sref2
http://refhub.elsevier.com/S0896-6273(17)31036-X/sref2
http://refhub.elsevier.com/S0896-6273(17)31036-X/sref3
http://refhub.elsevier.com/S0896-6273(17)31036-X/sref3
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Takeshi

Imai (t-imai@med.kyushu-u.ac.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the RIKEN Kobe Branch.

OMP-tTA (line #3; Accession number CDB0506T: http://www2.clst.riken.jp/arg/TG%20mutant%20mice%20list.html;

MGI:5922006) crossed to TRE-GCaMP3 mice (high copy line; Accession number CDB0505T; MGI:5922007), Pcdh21-Cre (RIKEN

BRC, RBRC02189) (Nagai et al., 2005) crossed to Ai38 mice (Rosa26-CAG-LSL-GCaMP3, JAX#014538 from Jackson laboratory)

(Zariwala et al., 2012), and Thy1-GCaMP6f mice (JAX# 024339) (Dana et al., 2014) were used for in vivo calcium imaging. I7-ires-

gap-CFP (under MOR23 promoter) mouse (RBRC02931) (Imai et al., 2006) was obtained from RIKEN BRC. The BAC (bacterial

artificial chromosome)-OMP-tTA construct was generated by inserting the tTA-Advanced-SV40 poly A signal cassette from pTet-Off

Advanced (Clontech) to the start codon of the OMP gene in the �200kb BAC clone RP24-221I11 (BACPAC; Figure S1A). The

tTA-polyA cassette (1.2kb) was fused with the PCR-generated homologous flanking sequences of the OMP, subcloned in

pKOV-KanF, andwas used for homologous recombination in E. coli carrying RP24-221I11 as described previously (Lalioti andHeath,

2001). For the generation of the TRE-GCaMP3 construct, a TRE (Tet response element; 318bp) from pTRE-Tight (Clontech), a

GCaMP3 coding sequence (1353bp), a WPRE (609bp), and a SV40 poly A signal (189bp) from pTRE-Tight were inserted into a

PCR-generated ROSA26 intron sequences and then subcloned into pKOV-KanF for homologous recombination in E. coli carrying

the �200kb BAC clone RP23-401D9 (BACPAC; Figure S1B). GCaMP3 sequence (Addgene #22692) and pAAV-EF1a-mCherry-

IRES-WGA-Cre for WPRE were kindly provided by L. Looger (Janelia Farm) and K. Deisseroth (Stanford University), respectively.

The BAC DNA was purified with plasmid midi-prep kit (MACHEREY-NAGEL). The vector sequences were removed by restriction

enzyme digestions (AscI) and purified with Amicon Ultra-4 (Millipore). DNA constructs were microinjected into pronuclei of

C57BL/6N fertilized eggs. Genotyping primers were 50-TCACCCTCCAGCCTGCCTAC-30 and 50-CGTCGCGATGTGAGAGGAGA-30

for OMP-tTA mice; 50-AACCGTCAGATCGCCTGGAG-30 and 50-CGGTACCGCCCTTGTACAGC-30 for TRE-GCaMP3 mice (the

primer sites are indicated in Figures S1A and S1B). We established 3 transgenic lines for OMP-tTA and 2 transgenic lines for

TRE-GCaMP, but used only one combination showing highest expression levels of GCaMP3. Some offspring of Pcdh21-Cre;

Ai38 showedGCaMP3 expression throughout the brain likely due to leaky expression of Cre in early development, and these samples

were not used for imaging experiments. Ai38 was in a 129/C57BL/6 mixed background and all other lines were in a C57BL/6

background.M/T-GCaMP6f (Thy1-GCaMP6f, GP5.11) mice were used in Figures 3, 4B, 7, 8, S3C–S3G, S7, and S8. All other imaging

experiments for M/T cells were performed in M/T-GCaMP3 (Pcdh21-Cre; Ai38) mice. GCaMP3 signals have been demonstrated to

reliably report spikes in M/T cells both in somata and dendrites (Kato et al., 2012; Wachowiak et al., 2013).

METHOD DETAILS

Immunohistochemistry
Immunohistochemistry was performed with standard techniques. Cryostat sections were prepared at 18 mm thick. Sections were

pretreated with 4% PFA in PBS, and 5% Donkey serum (Jackson) in PBS with 0.1% Triton X-100. Goat anti-NQO1 (Abcam,

ab2346), rabbit anti-GFP (Thermo Fisher, A11122), chicken anti-GFP (Aves, GFP-1010), goat anti-OMP (Wako, 019-22291), mouse

anti-GAD65 (Abcam, ab26113), mouse anti-GAD67 (Millipore, MAB5406), and mouse anti-Reelin (Millipore, MAB5364) antibodies

were used at 1:100, 1:200, 1:200 1:1000, 1:500, 1:500, and 1:100 dilutions, respectively. Alexa Fluor 488, 555, or 647 conjugated

secondary antibodies (Thermo Fisher, A11039, A21206, A21432, A21449, A31570, and A31572) were used at 1:200 dilutions.

Sections were counterstained with DAPI (Thermo Fisher). Immunostaining with anti-NQO1 and anti-Reelin antibodies was preceded

by antigen retrieval in Antigen Retrieval SolutionHigh pH (Dako, S2368) at 65�C for 1 hr and in citrate buffer pH 6.0 at 120�C for 15min,

respectively.

Two-photon imaging
In vivo imagingwas performed inmalemice (8-16weeks of age), whichwere awake or anesthetizedwith ketamine/xylazine (80mg/kg

and 16 mg/kg, respectively). During surgery and imaging, the depth of anesthesia was assessed by the toe-pinch reflexes, and

supplemental doses were added when necessary. For imaging of the OB, a craniotomy 2-3 mm in diameter was made over the right

dorsal OB leaving the duramater intact. The durawas coveredwith a thin layer of silicone sealant (Kwik-Sil, WPI) and a 4mmdiameter

circular coverslip (Matsunami), whichwas securedwith super-glue and dental cement (Shofu). The dorsal zone of the OEwas imaged

through the nasal bone, which was thinned by a dental drill. OSNs in this area project axons to the dorsal domain of OB, where in vivo

imaging of OBwas performed. Anesthetizedmicewere head-fixed under amicroscope using a custom-designed stagewith ear-bars

(Muromachi). The body temperature was maintained at �37�C using a heating pad (FHC, FHC-HPS).
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For imaging in awake animals, a custom aluminum head bar (43 22mm) for head-fixation was glued to the skull behind the cranial

window. Water-restriction was started 2-3 days after surgery (Guo et al., 2014). Mice under water-restriction were acclimated to

head-fixation in an acrylic tube, and then to a custom-made circular treadmill (running wheel) for 10-15 days, 30 min each. Imaging

sessions were performed on the running wheel as high-frequency sniffing wasmore frequently observed on the running wheel than in

the acrylic tube. During imaging sessions, mice showed little signs of distress.

GCaMP3 and GCaMP6f were excited at 920 nm (Spectra-Physics, Insight DS Dual), and images were acquired with an upright

two-photon laser-scanning microscope (Olympus, FV1000MPE) using a water-immersion 25x objective lens (Olympus,

XLPLN25XWMP) at �2 Hz for full-field images and at 20�30 Hz for high-speed imaging (clip scan mode). Typically 30-50 and 4-6

glomeruli were imaged in a full-field image and a clip-scan image, respectively.

Measurement of sniff cycles
Sniff cycles under freely-breathing conditions were monitored with a thermocouple (Physitemp, IT-23) (Kepecs et al., 2007). For

anesthetized mice, the tip of the thermocouple was placed at the opening of the left nostril, which was contralateral to the imaged

side, using amicromanipulator (Narishige). For awakemice, a 7-mm-long stainless intranasal cannula (Medical-pipe, inside diameter

0.4 mm / outside diameter 0.7 mm) was chronically implanted into the dorsal recess of the left nostril (Cheung et al., 2009), and

thermocouple was inserted into the cannula during imaging. The temperature signal was amplified with a signal conditioner (AD

Instruments, ML312), and recorded at 1 kHz using PowerLab (AD Instruments). To remove slow baseline drift and electromagnetic

interference from nearby electronics, temperature signals were filtered for the 0.5-40 Hz band. The sniff timing was determined by the

local temperatureminima in anesthetizedmice and local temperaturemaxima in awakemice, which were themost reliable indicators

for sniff cycles in each condition (Figures 2A and 3E).

Tracheotomy and artificial sniffing
In experiments using artificial sniffing, the trachea was doubly cut and inserted with two silicone tubes (inside diameter 0.5 mm) (Oka

et al., 2009).Mice freely breathed through the lower tube. The inserted end of the upper tracheotomy tubewas positioned to the naso-

pharynx, and the other end was connected to a solenoid valve, a flow meter, and an air suction pump in all the experiments except

Figure 3. Mispositioning of the inserted tube end led to weak and unstable suctioning, and these samples were not used for imaging

experiments. Unless otherwise noted, the nasal airflow rate was 200 ml/min and the durations of negative pressure pulses were

300 ms ON / 300 ms OFF (1 cycle = 600 ms). The solenoid valves for nasal airflow and odor delivery were regulated through relay

circuits and the computer programs were written in Microsoft Visual Studio.

For artificial sniffing at 1-12 Hzwith a custom syringe pump (Figure 3), the tracheotomy tube was connected to a 3mL glass syringe

(Tsubasa Industory, Numbered syringe 3cc) driven by a solenoid actuator (Takaha, CA1578) (Cheung et al., 2009). The working

volume of this syringe pump was adjusted to 0.5 mL / stroke. Mean oscillation traces and power spectra for artificial sniffing at

1, 2, 4, 6, 8, 10 and 12 Hz were respectively obtained from 20 s imaging sessions.

In vivo Ca2+ imaging
For two-photon Ca2+ imaging, clean air filtered through activated charcoal was continuously delivered to the nose. Anesthetizedmice

were carefully and firmly fixed under amicroscope to avoidmotion by respiration and pulsation. To block the nasal airflow (Figures 2A

and 2B), the right nostril (ipsilateral to the imaged OB) was completely sealed with silicone adhesive (WPI, Kwik-Sil).

To determine oscillation phases for a large number of glomeruli in the dorsal OB (Figure 2D), each of the 7 full-field image areas

(500 mm 3 500 mm, 256 3 256 pixel) was divided into 9 horizontal strips. They were sequentially analyzed by high-speed imaging

for 6 s and were used to determine oscillation phases.

Odor stimulations
Odorants were diluted in 1 mL of mineral oil in a 50mL vial, and saturated odor vapor was further diluted (103 ) to the indicated nom-

inal concentrations with filtered air using a custom-made olfactometer (Technica / Matsumi Kagaku Keisoku). Diluted odors were

delivered at 0.5 - 1 L/min except in Figures 7, 8, S7, and S8, where the diluted odor was delivered at 2 l/min to ensure a rapid exchange

between odors and filtered air (Figure S7A). Only for the experiments in Figure 6, saturated odor vapors were directly used without

further dilution in clean air. In experiments combining artificial sniffing and odor stimulations, odor stimuli were appliedmore than 40 s

after starting artificial sniffing, and were provided for 6-12 s. Inter-trial intervals were 2-3 min. Odorants were purchased from Tokyo

Kasei, Nacalai Tesque, or Sigma Aldrich and stored at 4�C. Odorants were diluted just prior to use. Abbreviations: Aa, amylacetate;

Acp, acetophenone; Bua, butyric acid; Bz, benzaldehyde; Ehx, ethylhexanoate; Gua, guaiacol; Hex, hexanoic acid; Oca, octylamine;

Pna, phenethylamine; Val, valeraldehyde.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis
Mechanical lateral drift in the time-lapse imaging data was corrected using the TurboReg plug-in in ImageJ v1.46 (https://imagej.nih.

gov/ij/) when necessary (Thévenaz et al., 1998). ROIs were manually determined for individual glomeruli with ImageJ. ROIs for
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individual somata were semi-automatically determined using the Cell MagicWand plugin. Fluorescence intensity data were analyzed

by custom-written codes in MATLAB (MathWorks) software. For analysis in Figures 2, 3, and S2A–S2D changes in fluorescence

intensity (DF) were normalized to the mean intensity over the whole imaging period (F). In all other experiments, the DF was normal-

ized to the mean intensity for 6 s before stimulus onset (F0), and, unless otherwise noted, the response amplitude was defined as the

mean DF/F0 during the first 3 s after stimulus onset. We used the mean DF/F0 rather than peak DF/F0, since the peak DF/F0 for

oscillating glomeruli will always have a positive value even without stimulus. To analyze temporal activity patterns (for most exper-

iments in this study) time vectors for individual ROIs were corrected for the scanning delay, based on the ROI centroid position. The

correction of the timing was small (differences among ROIs < 10 ms) except for Figures S2A–S2D (up to �100 ms).

Oscillation analysis
The oscillation phase was determined as latency from cycle onset (sniff timing) to the half-rise timing of GCaMP3 and GCaMP6f

fluorescence. Fluorescence rise time (ton) of GCaMP3 and GCaMP6f upon action potentials is fast and constant across a wide range

of firing rates, whereas decay time (toff) is slow and strongly affected by the firing rate (Chen et al., 2013; Wachowiak et al., 2013).

Thus, the half-rise timing can be best used to estimate the timing of burst firing. The sniff timing was defined by the suction onset

(electrical signals to the solenoid valve) in artificial sniffing.

To reliably determine the half-rise timing, we used mean oscillation traces of fluorescence intensity across multiple cycles or trials.

To analyze spontaneous oscillations in freely breathing anesthetized mice in Figures 2C and S2A–S2D, mean oscillation traces were

obtained by averaging more than 300 sniff cycles during 2 min imaging sessions.

To analyze spontaneous oscillations in freely breathing, awake running mice (Figures 3D–3I), mean oscillation traces for different

sniff frequency ranges (1-2, 2-3, 3-4, 4-5, 5-6, 6-8, 8-10 and 10-12 Hz) were obtained by averaging more than 20 sniff cycles in each

frequency range during 8 min imaging sessions. If sniff events in the frequency range occurred more than 20 times during the 8 min

imaging sessions, the half-rise timing was determined from the oscillatory rise (from local minimum [Lmin] to local maximum [Lmax]) of

the mean traces, if Lmin occurred between 50-180 ms after inhalation onset, and if Lmax occurred within 200 ms after Lmin. These re-

quirements were used to exclude traces where half-rise could not be determined because rises in sequential two sniff cycles are

continuous without decay typically during high-frequency sniffing (> 10 Hz).

In odor stimulations using freely breathing, awake running mice (Figures 4B and S3D), odor exposure for 10 s was repeated every

1min for 10 times.Mean oscillation traces for pre-odor and odor periods were obtained by analyzing respective 10 s (total 100 s each)

periods.

In odor or airflow stimulations in tracheotomized mice (Figures 4C–4G and S2E–S2H), mean oscillation traces were determined for

pre-stimulus periods (6 s) and odor-stimulation period by cycle averaging (6 s for Figures 4C–4G and 3 s for Figures S2E–S2H). Then,

we considered rise and fall amplitude in themean traces: for pre-stimulus traces, half-rise phase (q0) was determined if the rise ampli-

tude was larger than 2% DF/F0; for traces after stimulus onset, half-rise phase (qstim) was determined if the rise amplitude and fall

amplitude were larger than 5% and 1%, respectively. The threshold for the fall amplitude was required to exclude non-oscillatory

monotonically-increasing responses. Inhibitory responses typically dampened oscillations and tended to be excluded from our anal-

ysis. Oscillation phase shifts were calculated as qstim � q0.

To analyze oscillation phases in individual cycles after odor onset (Figures 5, 8, and S5), mean traces across five (Figures 5 and S5)

or two (Figure 8) trials were used to determine the half-rise phase of each cycle (qstim). From the mean traces, all the local maxima

(Lmax) and local minima (Lmin) were identified using a 100-ms time window. Then, for every set of three successive local extreme

values (Lmin - Lmax - Lmin), the half-rise phase was determined if the rise amplitude and fall amplitude were larger than 5% and 1%

DF/F0, respectively. When half-rise phase was not assigned to any one of the cycles, the data were excluded from further analysis

(see below for the sample size information). In rare cases, multiple half-rise events were detected in a cycle; in that case, the earliest

half-rise phase in the cycle was adopted as the oscillation phase. Oscillation phase shifts were calculated as qstim� q0, where q0 was

determined from mean oscillation traces across 10 sniff cycles before the stimulus onset.

Power spectral analysis of sniff-coupled activity
For spectral analysis, power spectral densities were estimated by themulti-tapermethod implemented in theChronux toolbox (http://

chronux.org/) (Mitra and Bokil, 2008) with the bandwidth parameter NW= 4 and the number of tapers K = 5 (Figure 2B), or NW= 2 and

K = 3 (Figure 3C).

Responses to airflow changes versus odor stimuli
For analysis in Figures 4C–4F, single-trial responses were obtained for odor stimuli (Bz or Aa diluted at 1:1000) and respiratory

changes in 387 glomeruli from 11 mice. The two trials (airflow changes versus one of the two odors) were performed in succession

for the same image area. Data for the two odors were combined in this analysis. See the oscillation analysis section for how to deter-

mine the oscillation phase shifts. Oscillation phases for airflow changes and odor stimuli were analyzed in 291 and 264 glomerulus-

stimulus pairs, respectively, out of 387 pairs in total (75% and 68%).
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Temporal dynamics of the population odor responses
To analyze the ensemble rate code for 27 odorants (Figure S4), imaging trials with a low frame rate (0.429 s/frame) were repeated

three times (a single mouse for each odor, n = 6 mice for total 27 odors). For glomeruli whose response peaks exceeded 40%

DF/F0, themean activity time series across three trials were shown in heatmaps (Figure S4A), and Spearman’s correlation coefficients

to the 1st frame after odor onset (reference) were calculated for each frame (Figure S4B).

To compare the stability of rate code and phase code (Figures 5 and S5), we first performed single full-field imaging at a low frame

rate (0.429 s/frame). Then, glomeruli whose response peaks exceeded 40% DF/F0 were identified using custom-written macros in

ImageJ v1.46. These glomeruli were then analyzed in several groups to limit y pixel size of the imaging field for high-speed imaging.

For each group, high-speed imaging (clip scan, 25-40 ms/frame) were repeated five times. Using trial-averaged traces, the pre-stim-

ulation phase (q0) was determined from cycle-averaged mean traces of the 10 cycles before stimulus onset. See oscillation analysis

section for determination of oscillation phases in individual sniff cycles during odor periods (qstim). Oscillation phase shifts (phase

code) were calculated as qstim � q0, and rate code was obtained by calculating the mean DF/F0 in each sniff cycle. Odor concentra-

tions were 1:1000 for phenethylamine, propionaldehyde, p-anisaldehyde, trans-cinnamaldehyde, S-(+)-carvone, guaiacol, and

eugenol; and 1:100 for the others. The sample sizes were n = 12/33 (Oca; the number of glomeruli whose oscillation phase were

determined for all of the 20 sniff cycles, over the total number including the remaining glomeruli; n = 3 mice), and 33/45 (Val, n = 3

mice), 21/28 glomeruli (Bua, n = 2 mice), 16/21 (Hex, n = 2 mice), 20/30 (Ehx, n = 2 mice), 14/25 (Bz, n = 2 mice), 21/32 (Gua,

n = 2 mice), 21/33 (Acp, n = 2 mice).

Rate- and phase- representations of odor concentrations
For analysis in Figures 6 and S6, single-trial responses were imaged for serially-diluted odors. Odorants were diluted in mineral oil at

1:100-1:8100, and the saturated odor vapor was directly used without further dilution in the clean air. Pure mineral oil without odor-

ants was used in blank trials. Among the tested 14 odors, 10 odors were pure odorants, and the other 4 odors were binary mixtures of

odorants. The 14 odors were paired into 7 groups, and a pair of odors was tested for the same glomerular set in each experiment.

To analyze the effects of odor concentrations on rate code (mean response amplitude during 6 s odor exposure) and phase code,

we considered glomeruli whose response peaks exceeded 40% DF/F0 in at least one of the five concentrations (dataset 1). From this

dataset, we then considered glomeruli whose oscillation phase could be determined for all of the five concentration conditions

(dataset 2; see the oscillation analysis section for the determination of oscillation phase). Most of the analyses were performed using

dataset 2, and dataset 1 was used for correlation analysis on rate code in Figure S6C (rate code in all). Both datasets resulted

in similar concentration-dependent changes in rate code. The dataset size (numbers of glomeruli in dataset 2 / dataset 1) was

n = 17/23 (Aa, n = 3 mice), 18/19 (Ehx, n = 3 mice), 20/27 (Val, n = 2 mice), 20/31 (Bz, n = 2 mice), 21/28 (Acp, n = 4 mice), 25/29

(Gua, n = 4 mice), 24/33 (Bua, n = 2 mice), 19/19 (Hex, n = 2 mice), 24/27 (Oca, n = 5 mice), 14/15 (Pna, n = 5 mice), 15/25

(binarymixture ratio, Bz:Val = 7:3, n = 2mice), 22/28 (Bz:Val = 3:7, n = 2mice), 19/25 (Acp:Gua = 7:3, n = 2mice) and 18/25 (Acp:Gua =

3:7, n = 2 mice).

Classification analysis
Odor classification analysis was performed for the 7 pairs of odors using a Euclidean distance-based classifier (Kato et al., 2012;

Stopfer et al., 2003) (Figures 6D and S6D) or a support vector machine (SVM) classifier (Cury and Uchida, 2010) with a linear kernel

(Figure S6E). For each pair, we considered glomeruli where (1) their response peaks exceeded 40% DF/F0 in at least one of the

10 conditions (5 conc. 3 2 odors) and (2) their oscillation phase could be determined for all of the 10 conditions. The number of

glomeruli satisfying these two criteria was 12 (Aa versus Ehx), 16 (Val versus Bz), 19 (Acp versus Gua), 18 (Bua versus Hex),

17 (Oca versus Pna), 17 (binary mixture ratio, Bz:Val = 7:3 versus 3:7), and 17 (Acp:Gua = 7:3 versus 3:7). Classification between

two odors was repeated with random combinations of glomeruli from the dataset (number of glomeruli, Nglom = 1, 2, 3, 4, and 5);

information of each odor is expressed by either its rate code (mean DF/F0 during odor stimulation) or its phase code (oscillation

phase) as an Nglom 3 5 (number of conc.) matrix. Among the 10 conditions (5 conc. 3 2 odors), one (Figure 6D) or two (Figures

S6D and S6E) concentrations were randomly chosen for references (1 conc. 3 2 odors, 2 conditions; or 2 conc. 3 2 odors, 4 con-

ditions), and the remaining conditions (4 conc. 3 2 odors, 8 conditions; or 3 conc. 3 2 odors, 6 conditions) were used as a test set.

When a classifier based on the Euclidean distancewas used, we calculated the Euclidean distance between a test condition (a vector

of Nglom dimensions) and the reference conditions (2 vectors of Nglom dimensions); when two concentrations were used as the

reference sets, we calculated the mean vector of the two concentrations for each odor. If the test vector is closest to a vector of

the same odor, the classification was considered to be correct. The classification was repeated 50,000 times to obtain mean correct

classification rates. Classification using a SVM classifier was performed following the same procedure.

Odor responses in the presence and absence of mechanosensory oscillations
To examine odor responses in m+ and m� conditions (Figures 7 and S7), an odor (Aa, Bz, or Val diluted at 1:1,000, 1:10,000 and

1:100,000) was applied for 1.2 s (two sniff cycles). Odor trials were repeated 6 times with 1-min intervals. Response half-rise timing

and amplitude were quantified for trial-averaged traces. The response amplitude was defined as the mean amplitude in the 1st sniff

cycle in n = 115 glomerulus-odor pairs for odor dilutions at 1:1,000 (n = 29, 34 and 52 for Aa, Bz and Val, respectively, from n = 4mice);

n = 132 pairs for 1:10,000 (n = 33, 52, 47 from n = 3 mice); n = 114 pairs for 1:100,000 (n = 43, 35, 36 from n = 3 mice). Response
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half-rise timing was defined as the time taken to reach the half-rise point of the 1st sniff cycle for glomerulus-odor pairs whose

response peak was (1) larger than 40% DF/F0 and (2) reached the peak in the 1st cycle in both m+ and m� conditions: n = 79 pairs

for 1:1,000; n = 80 pairs for odor dilutions at 1:10,000; n = 61 pairs for 1:100,000. To evaluate variability across trials (half-rise SD and

peak SD), the half-rise timing and peak amplitudes in the 1st cycle were determined for each trial to obtain a standard deviation in

glomerulus-odor pairs which met the above two requirements in all of 12 trials (6 trials each for m+ and m�): n = 66 pairs for odor

dilutions at 1:1,000; n = 76 pairs for 1:10,000; n = 56 pairs for 1:100,000.

For odor classification by single-trial phase code (response half-rise timing) in Figures 7D and S7E, additional experiments were

performed using two pairs of odorant mixtures with different ratios 7:3 and 3:7 (total concentrations were 1:100,000 for mixtures of Aa

and Val; 1:10,000 for mixtures of Bz and Ehx), repeating 6 odor trials in m+ andm� for each odor. The half-rise timing in each trial was

determined for glomeruli where the two requirements (response peak is reached within the 1st cycle; peak amplitudeR 40% DF/F0)

were met in all of 24 trials (6 trials each for m+ and m� in two odors): n = 22 from total imaged 66 glomeruli for Aa and Val mixtures

(n = 2mice); n = 19 from total 45 glomeruli for Bz and Ehxmixtures (n = 1mouse). Classification between two odors was repeated with

all the possible combinations of 1-5 glomeruli (22-26,334 combinations for Aa and Val mixtures; 19-11,628 combinations for Bz and

Ehx mixtures). From the total 6 trials, the phase code in one trial was used as reference, and the remaining trials were used as a test

set. The test set was classified between two odors based on the Euclidean distance: if the test set is closest to reference of the same

odor, the classification was considered to be correct. The classification was repeated for all the combinations of reference and

test sets.

For quantifying the oscillation phase in each odor cycle (Figure 8), 4 odors (Acp, Bz, and Val diluted at 1:100, and Gua diluted

at 1:1000) were paired into 2 groups, and each pair of odors was tested for the same glomeruli set in each experiment (Acp and

Gua, n = 3 mice; Bz and Val, n = 5 mice). An additional two odors (Hex and Oca diluted at 1:100) were tested separately (Hex,

n = 2 mice; Oca, n = 2 mice). The oscillation phase of each odor cycle was determined for mean traces across two trials (see oscil-

lation analysis section) for glomerulus-odor pairs whose response peak was larger than 40% DF/F0 (Acp dataset, n = 63 and 63 pairs

in m+ and m�, respectively; Gua dataset, n = 68 and 66 pairs in m+ and m�, respectively; Bz dataset, n = 60 and 55 pairs in m+ and

m�, respectively; Val dataset, n = 62 and 57 pairs in m+ and m�, respectively; Hex dataset, n = 36 and 35 pairs in m+ and m�,

respectively; Oca dataset, n = 36 and 29 pairs in m+ and m�, respectively). Pearson’s correlation coefficient to the 1st odor cycle

was calculated for this dataset.

Odor classification by phase code across sniff cycles (Figure 8C) was performed for the two pairs of odors using a Euclidean dis-

tance-based classifier. The number of glomeruli common for the two odors was n = 39 and 39 pairs in m+ and m�, respectively, for

Acp and Gua; n = 38 and 33 pairs in m+ and m�, respectively, for Bz and Val. Classification between two odors was repeated with

random combinations of glomeruli from the dataset (number of glomeruli, Nglom = 2 and 10); information of each odor in each cycle

(10 cycles) is expressed by the phase code (oscillation phase) of Nglom glomeruli. The phase code in the 1st cycle was used for refer-

ence, and the remaining cycles were used as a test set. We calculated the Euclidean distance between the test condition (a vector of

Nglom dimensions) and the reference conditions (2 vectors of Nglom dimensions). If the test vector is closest to a vector of the same

odor, the classification was considered to be correct. The classification with Nglom = 2 was repeated for all the possible combinations

of glomeruli (1056-1482 combinations) to obtain the mean correct classification rate and p values (comparison of m+ and m� using

c2 test). The classification with Nglom = 10was repeated until p values reached under 0.001: subsets (44-2594 combinations) of all the

possible combinations of glomeruli (> 108) were used for this analysis.

Statistical tests
Statistical tests were performed using the MATLAB Statistics Toolbox. In statistical tests to assess a difference between two corre-

lation coefficients (Figure 4F, right), correlation coefficients were converted into z-scores using Fisher’s r-to-z transformation and

then a two-tailed t test was performed. To compare the stability of phase code to that of rate code (Figures 5 and S5), Spearman’s

correlation coefficients were calculated for oscillation phase shifts (qstim� q0), as the counterpart rate code (DF/F0) represents relative

changes of the activity level. To compare m+ and m� conditions (Figure 8B), correlation coefficients were calculated for oscillation

phase (qstim), rather than the oscillation phase shifts (qstim � q0), as pre-odor oscillation phase (q0) could not be defined in m� con-

ditions. The number of imaged glomeruli was determined to be sufficiently large to provide statistical power to detect differences

between experimental groups. The number of odors selected to compare rate code and phase code (Figures 5, 6, S5, and S6)

were at least eight to include odorants with diverse chemical structures. No blinding was performed in data analyses.

DATA AND SOFTWARE AVAILABILITY

Imaging data used in this study were deposited to Systems Science of Biological Dynamics (SSBD) database (http://ssbd.qbic.riken.

jp/set/20171001/). Requests for the program code generated and/or analyzed during the current study should be directed to and will

be fulfilled on reasonable request by the Lead Contact, Takeshi Imai (t-imai@med.kyushu-u.ac.jp).
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Figure S1. Expression of GCaMPs in OSN-GCaMP3, M/T-GCaMP3 and M/T-GCaMP6f 
mice, Related to all Figures. 
(A) The BAC transgenic construct for OMP-tTA. The tTA-Advanced coding sequence was 
introduced into the start codon of the OMP in the C57BL/6J BAC clone RP24-221I11.  
(B) The BAC transgenic construct for TRE-GCaMP3. The GCaMP3 coding sequence with 
WPRE under the TRE promoter was introduced into the ROSA26 locus in the C57BL/6J BAC 
clone RP23-401D9. In (A) and (B), genotyping primer pairs are indicated by blue half arrows.  
(C) OSN-GCaMP3 was generated by crossing OMP-tTA and TRE-GCaMP3.  
(D) A coronal section of the OSN-GCaMP3 mouse OE stained with anti-GFP (green) and anti-
OMP (magenta) antibodies. An epifluorescence image (left, scale bar 500 µm) and higher 
magnification confocal images (right, scale bar 50 µm) are shown. Expression of GCaMP3 was 
observed in 57.9% of OMP+ cells in the OE (n = 1881 cells from 2 mice).  
(E) A coronal section of the OB stained with anti-GFP antibodies. Scale bar, 500 µm.  
(F) Glomerular convergence of I7-CFP axons (Imai et al., 2006) (magenta) was not perturbed in 
the triple transgenic mouse I7-CFP; OMP-tTA; TRE-GCaMP3 (GCaMP3, green). Scale bar, 250 
µm.  
(G) M/T-GCaMP3 was generated by crossing Pcdh21-Cre (Nagai et al., 2005) and CAG-STOP-
GCaMP3 (Ai38) (Zariwala et al., 2012).  
(H) In the dorsal (D) domain of the M/T-GCaMP3 mouse OB, GCaMP3 protein was expressed 
only in M/T cells and not in OSN axons. In the ventral (V) domain glomeruli, both OSN axons 
and M/T cell dendrites expressed GCaMP3. NQO1 is a marker for the dorsal zone OSNs, and the 
OB is divided into two domains, NQO1+ (D domain) and NQO1- (V domain). In our two-photon 
Ca2+ imaging, we only imaged the D domain of the OB.  
(I) A coronal section of the OE from M/T-GCaMP3 mice stained with anti-GFP (green) and anti-
NQO1 (magenta) antibodies. GCaMP3 expression was observed in the NQO1-negative ventral 
zone OSNs (images 3 and 4), but not in the NQO1-positive dorsal zone OSNs (images 1 and 2), 
which project axons to the D domain of the OB. This result indicates that GCaMP3 fluorescence 
in the D domain glomeruli was not derived from OSN axons. Scale bars, 500 µm (left) and 100 
µm (right).  
(J) A coronal section of the OB from M/T-GCaMP3 stained with anti-GFP (green) and anti-
NQO1 (magenta) antibodies. The olfactory nerve layer (ONL) of the NQO1-positive D domain 
of the OB was devoid of GCaMP3 signals (bottom, images 1, 2 and 3), indicating that 
glomerular GCaMP3 signals in this region were not derived from OSN axons. Scale bars, 500 
µm (top) and 100 µm (bottom).  
(K-M) Immunostaining of the M/T-GCaMP3 OB sections with anti-Reelin (K, a marker for M/T 
cells), anti-GAD65 (L) and anti-GAD67 (M) antibodies. In the OB, expression of GCaMP3 was 
observed exclusively in M/T cells (97.8% GCaMP3+/Reelin+ cells and 100% Reelin+/GCaMP3+ 
cells, counted in the dorsal OB; n = 685 cells from 2 mice). Expression of GCaMP3 did not 
overlap with other interneuron markers (GAD65 and GAD67). ONL, olfactory nerve layer; GL, 
glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL, granule cell layer. 
Scale bars, 100 µm.  
(N) Immunostaining of the OB sections of M/T-GCaMP6f (Thy1-GCaMP6f , GP5.11)(Dana et 
al., 2014) mice with anti-Reelin. Expression of GCaMP6f was observed almost exclusively in 
M/T cells (79.6% of Reelin+ cells were GCaMP6f+, and 99.1% of GCaMP6f+ cells were Reelin+; 
n = 401 cells from 2 mice).



 
 

 
 



 
 

 
 

Figure S2. Temporal patterns of mechanosensory and odor-evoked responses in OSNs and 
M/T cells, Related to Figures 1, 2 and 4.  
(A-D) Sniff-coupled activity from OE to OB was analyzed in freely-breathing, anesthetized 
OSN-GCaMP3 or M/T-GCaMP3 mice.  Cycle-averaged activity traces during 2-min imaging 
sessions were obtained for OSN somata (A, shown only for cells in a boxed area), OSN axon 
terminals (B), M/T cell dendrites in glomeruli (C), and M/T cell somata (D, for cells in a boxed 
area). Gray vertical lines indicate the mean sniff cycle lengths during the imaging sessions. Half-
rise phase relative to the sniff timing and oscillation amplitude are color-coded on the right.  
 (E-G) Odor responses in the OSN somata of tracheotomized OSN-GCaMP3 mice. Artificial 
sniffing was performed at 200 ml/min and 1.67Hz. The airflow-on periods are indicated by 
vertical stripes in gray. 
(E) Responses of seven representative OSNs to amylacetate (Aa, diluted at 1:1000). Traces in 
four trials and the mean traces (bold) are shown for each OSN.  
(F) Left: Responses to benzaldehyde (Bz, diluted at 1:1000; n = 145 cells in n = 3 mice). Right: 
A magnified view of the boxed area is shown for OSNs with peak ∆F/F0 > 40% (n = 51 cells). 
(G) Responses to amylacetate (Aa, diluted at 1:1000; n = 111 cells in n= 3 mice) on the left and 
the magnified view on the right. OSNs with peak ∆F/F0 > 40% are shown on the right (n = 27 
cells). 
(H) Cycle-averaged traces from odor periods (3 s after odor onset) for OSN somata (n = 256 
cells in n = 4 OSN-GCaMP3 mice) and glomeruli (M/T cell dendrites; n = 387 glomeruli in n = 
11 M/T-GCaMP3 mice). Responses to two odorants (Aa and Bz, diluted at 1:1000) are combined. 
The dataset for glomeruli is from the odor experiments in Figures 4C-4E. Note that the analyses 
for OSN somata and glomeruli were performed under the same conditions except that cycle-
averaging was performed with trial-averaged traces for OSN somata and with single-trial traces 
for glomeruli. Data for pre-odor periods are shown in Figure 2E. 
Scale bars, 100 µm.



 
 

 
 



 
 

 
 

Figure S3. Odor-induced phase shifts in anesthetized and awake mice, Related to Figure 4.  
(A and B) Phase shifts were induced by odor stimuli (diluted at 1:1000) in freely-breathing, 
anesthetized M/T-GCaMP3 mice. Left: Single-trial responses and sniffing traces (vertical gray 
lines indicate sniff timing). Gray shaded areas indicate odor exposure periods (10 s). Right: 
High-pass filtered (> 2 Hz) responses aligned at inhalation onset (time = 0), showing 25 sniff 
cycles each before and after the stimulus onset. Mean oscillation traces were obtained by 
averaging 20 sniff cycles before (gray) and after (red) stimulus onset. Half-rise timing (vertical 
lines) is shown only for traces with detectable oscillations. 
(C) The same analysis as in (A) and (B) were performed with a freely-breathing, anesthetized 
M/T-GCaMP6f mouse. In (A-C), the phase shift was glomerulus-specific: each glomerulus 
demonstrated unique and differential phase shifts, in both delays and advances, for the same odor. 
The phase shift was also odor-specific: the same glomerulus showed differential phase shifts to 
different odors. 
(D) In vivo imaging of M/T cell dendrites responses to an odor (Val, valeraldehyde diluted at 
1:200) in an awake M/T-GCaMP6f mouse running on a circular treadmill. Note that sighing 
(asterisk) induced large airflow responses in all the five glomeruli.  
(E) Cycle-averaged traces and the half-rise timing in pre-odor and odor periods (4-6 Hz sniff 
frequency range). Mean sniff timing is indicated by gray vertical lines. 
(F and G) Phase shifts were induced by odor stimuli (diluted at 1:1000) in M/T cell somata of 
tracheotomized, anesthetized M/T-GCaMP6f mice. Artificial sniffing was performed at 200 
ml/min and 1.67Hz. Left: Single-trial responses. The airflow-on periods are indicated by vertical 
stripes in gray. Right: Mean oscillation traces were obtained by averaging 20 sniff cycles before 
(light colors) and after (dark colors) stimulus onset. The half-rise phase is indicated by vertical 
bars. 
(H) Related to Figure 4G. Mean response amplitudes and phase shifts are only weakly correlated 
in odor stimuli (Pearson’s correlation coefficient, r = −0.31) and not correlated in airflow stimuli 
(r = 0.04). 
Scale bars, 100 µm



 
 

 
 

 
 
Figure S4. Temporal reorganization of the ensemble rate code, Related to Figure 5  
(A) Responses to 27 odorants (12 s) in tracheotomized M/T-GCaMP3 mice (mean responses 
from 3 trials). Artificial sniffing was performed at 200 ml/min and 1.67Hz. Heat maps show data 
from n = 22-53 glomeruli/odor.  
(B) Temporal dynamics of the ensemble rate code analyzed by correlation (Pearson’s correlation 
coefficient). Cycle #1 was used as a reference pattern. Gray shaded areas indicate odor exposure 
periods (12 s). The response pattern became progressively reorganized from the initial patterns. 



 
 

 
 

 

Figure S5. Phase coding is consistent across multiple sniff cycles, Related to Figure 5  
Temporal reorganization of the rate code vs. phase code over 12-s odor exposure periods (20 
sniff cycles) in tracheotomized M/T-GCaMP3 mice. Artificial sniffing was performed at 200 
ml/min and 1.67Hz. Response traces (left) are mean traces from 5 trials. Gray traces show the 
glomeruli whose oscillation phases could not be determined for all of the 20 cycles. Odor 
stimulation periods were 0-12 s. The second column from the left shows the oscillation phase 
before (θ0) and during the odor stimulations (θn: n = 1-20). The third column shows the mean 
∆F/F0 in each cycle (rate code). The fourth column shows oscillation phase shifts (θn − θ0; phase 
code). In the rightmost column, the temporal dynamics of phase code and rate code were 
analyzed using Spearman’s correlation coefficients to the reference cycle (#1). Correlation 
coefficients were calculated for glomeruli whose oscillation phase could be determined for all 
the 20 sniff cycles. The correlation of phase code and rate code are shown in blue and red, 
respectively. The correlation of the rate code was also determined for all the glomerular datasets 
(dotted red lines). See STAR METHODS for odor concentrations and sample size.



 
 

 
 



 
 

 
 

Figure S6. Phase code is preserved across odor concentrations, Related to Figure 6 
(A and B) Concentration response curves for response amplitude (A, rate code) and oscillation 
phase shifts (B, phase code) in tracheotomized M/T-GCaMP3 mice. Data are shown for blank 
trials (B) and odor trials (concentrations, 1:8100, 1:2700, 1:900, 1:300, and1:100). Mean values 
during 6-s odor exposure periods are shown. See STAR METHODS for sample size.  
(C) As in Figure 6C but for other 13 odors. Dotted red lines indicate correlation of rate code for 
all the glomerular dataset including glomeruli whose oscillation phase could not be determined.  
(D and E) Classification between two odors by rate code (red) or phase code (blue), using an 
Euclidean distance-based classifier (D) and support vector machine (E), where two 
concentrations were randomly-chosen for each odor to classify a test odor. Chance levels are 0.5. 
Aa, amylacetate; Acp, acetophenone; Bua, butyric acid; Bz, benzaldehyde; Ehx, ethylhexanoate; 
Gua, guaiacol; Hex, hexanoic acid; Oca, octylamine; Pna, phenethylamine; Val, valeraldehyde.



 
 

 
 



 
 

 
 

Figure S7. Selective elimination of mechanosensory oscillations impairs precise phase 
coding of odors, Related to Figure 7  
(A) The air exchange rate was assessed by streaming airs of two different temperatures, which 
were provided alternately every (1) 1 s or (2) 250 ms. The temperature of the output air was 
recorded by a thermocouple. The time delay (τ) from the opening of the electrical valve to the 
arrival of the air (onset of monotonic decrease in temperature recordings) was 25.3 ± 5.5 ms 
(mean ± s.d.) in (2), showing quick and reproducible stimulus delivery.  
(B) Representative responses to odors (amylacetate diluted at 1:1,000, 1:10,000 and 1:100,000 
from different glomeruli) in 6 trials each for m+ and m− conditions. Artificial sniffing was 
performed at 200 ml/min and 1.67Hz. Odors were applied for 1.2 s (two sniff cycles in m+). In 
each example, traces below are magnifications of gray boxes above.  
(C) Response half-rise timing, response amplitude, half-rise SD and peak SD in m+ and m− at 
dilutions 1:100,000 - 1:1,000. Different colors represent different animal-odor pairs. P-values for 
Wilcoxon signed-rank test are indicated. Sample numbers for dilutions at 1:100,000, 1:10,000 
and 1:1,000 are n = 61, 80 and 79 glomeruli for response half-rise timing; n = 114, 132 and 115 
glomeruli for response amplitude; n = 56, 76 and 66 glomeruli for both half-rise SD and peak SD.  
(D) Half-rise SDs plotted separately for individual mouse samples.  
(E) Correct classification of two odors (mixtures of benzaldehyde and ethylhexanoate with 
different ratios at total concentrations 1:10,000) by a single-trial phase code (response half-rise 
timing) using a Euclidean distance-based classifier. Results are means of classification trials with 
all the possible combinations of 1-5 glomeruli from n = 19 glomeruli dataset (19-11,628 
combinations). The classification success rate was significantly higher in m+ conditions (p < 
0.001, χ2 test). Chance levels are 0.5. 



 
 

 
 

 

 

Figure S8. Phase code stability with and without mechanosensory oscillations, Related to 
Figure 8.  
Responses to odors across 10 sniff cycles under m+ and m− conditions. Experimental 
configurations are shown in Figure 8A. Half-rise phase in each sniff cycle is shown for responses 
to acetophenone (Acp, diluted at 1:100; n = 63 glomeruli from n = 3 mice in both m+ and m−), 
guaiacol (Gua, diluted at 1:1000; n = 68 and 66 pairs from n = 3 mice in m+ and m−, 
respectively), benzaldehyde (Bz, diluted at 1:100; n = 60 and 55 pairs from n = 5 mice), 
valeraldehyde (Val, diluted at 1:100; n = 62 and 57 pairs from n = 5 mice), hexanoic acid (Hex, 
diluted at 1:100; n =  36 and  35 pairs from n = 2 mice), and octylamine (Oca, diluted at 1:100; n 
= 36 and 29 pairs from n = 2 mice). The half-rise phase was determined from the mean trace for 
two trials. Gray lines indicate the cycle #1 pattern. Correlation analysis are shown in Figure 8B 
and 8C. 
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