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The responses of neurons in a sensory circuit depend on the inter-
action between direct input received from sensory afferents, lateral 
input from neurons in the same circuit, as well as feedback from other 
brain areas. In mammals, olfactory sensory neurons (OSNs) send 
their axons to the olfactory bulb, where there is a characteristic physi-
cal layout of inputs at the glomerular layer1. Each glomerulus receives 
convergent afferents from a large number of OSNs expressing the 
same odorant receptor2,3. The principal neurons in the olfactory bulb, 
the mitral and tufted (mitral/tufted) cells, typically have only one 
primary dendrite that projects to a single glomerulus. A few dozen 
mitral/tufted cells share input from the same parent glomerulus1. 
Mitral/tufted cells also receive lateral GABAergic and dopaminergic 
inputs from a variety of interneurons in the glomerular and external 
plexiform layers1, thus allowing them to sample information from 
several functionally diverse glomeruli.

To what extent is the output of mitral/tufted cells shaped by the 
input from the parent glomerulus versus lateral signals originating 
from other glomeruli in the bulb? Do mitral/tufted cells that have their 
primary dendrites in the same glomerulus, referred to as sister cells, 
carry redundant information about odors to higher brain centers?  
Progress in answering these questions about redundancy and the 
topography of lateral connectivity has been slowed by the nature of 
odor representations at the input layer and the anatomy of the bulb. 
Activating individual input elements (glomeruli) selectively is diffi-
cult because individual odors tend to activate distributed populations 
of glomeruli4,5 and not all glomeruli can be activated, even with a 
large palette of odors6.

We developed new tools for activating glomeruli optically with high 
spatial and temporal precision. We engineered transgenic mouse lines 
that express the light-activated ion channel channelrhodopsin-2 (ChR2)7 

specifically in OSNs. Then, using a digital mirror device (DMD) to deliver 
patterned light stimulation onto the olfactory bulb in conjunction with 
extracellular recordings, we obtained the glomerular receptive field maps 
of individual mitral/tufted cells. By identifying the parent glomeruli, we 
were able to directly examine the similarity of odor responses of sister 
and non-sister mitral/tufted cells.

RESULTS
We generated transgenic mice that express ChR2-EYFP (enhanced 
 yellow fluorescent protein) in all mature OSNs using the olfactory marker  
protein (Omp) promoter (ORC mice), such that all glomeruli were light  
sensitive (Fig. 1a). We characterized the ORC mice in vitro using acute 
brain slices and laser-scanning photostimulation8. Whole-cell patch  
clamp recordings from mitral cells (Fig. 1b,c) showed reliable light- 
evoked currents only in response to photostimulation of the glomerular 
layer. These responses were blocked by ionotropic glutamate recep-
tor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 
d(−)-2-amino-5-phosphonovaleric acid (AP5) (n = 5 cells; Fig. 1b–d). 
Furthermore, when stimulating at subglomerular inter-foci spacing  
(15 μm), excitatory currents (Fig. 1d) were obtained by stimulation of 
only a single glomerulus for each recorded cell (Fig. 1c). Fluorescent dye 
(Alexa 546) loaded into the recorded mitral cell confirmed that its apical 
dendrite projected to the same glomerulus whose stimulation evoked 
currents (Fig. 1c). Increasing the stimulation intensity led to larger 
currents (Supplementary Fig. 1), as well as to a spread of the hotspot 
to areas adjacent to the input glomerulus (Supplementary Fig. 1), pre-
sumably as a result of activation of ChR2 in axons of passage. These 
results confirm that activation of ChR2 in olfactory sensory axons in 
single glomeruli could depolarize their terminals effectively, causing 
glutamate release to activate postsynaptic neurons.
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Non-redundant odor coding by sister mitral cells 
revealed by light addressable glomeruli in the mouse
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Sensory inputs frequently converge on the brain in a spatially organized manner, often with overlapping inputs to multiple target 
neurons. Whether the responses of target neurons with common inputs become decorrelated depends on the contribution of 
local circuit interactions. We addressed this issue in the olfactory system using newly generated transgenic mice that express 
channelrhodopsin-2 in all of the olfactory sensory neurons. By selectively stimulating individual glomeruli with light, we identified 
mitral/tufted cells that receive common input (sister cells). Sister cells had highly correlated responses to odors, as measured 
by average spike rates, but their spike timing in relation to respiration was differentially altered. In contrast, non-sister cells 
correlated poorly on both of these measures. We suggest that sister mitral/tufted cells carry two different channels of information: 
average activity representing shared glomerular input and phase-specific information that refines odor representations and is 
substantially independent for sister cells.
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Identification of parent glomeruli of mitral/tufted cells by light
We adapted a DMD from a commercial digital light projection 
(DLP) projector (see Online Methods) to construct an instrument 
that allowed us to illuminate the olfactory bulb surface with arbitrary 
light patterns (at ~470 nm, see Online Methods) and photo-activate 
glomeruli in vivo (Fig. 2). Thus, we were able to optically control 
neuronal activity at subglomerular resolution, with each pixel on the 
DMD corresponding to a ~5-μm spot on the bulb surface.

We simultaneously recorded mitral/tufted cell activity using  
tetrodes that were inserted at a depth of 250–300 μm in the olfactory 
bulb of anesthetized ORC mice (Online Methods). The surface of the 
bulb was tessellated into a square grid and each square pixel was illu-
minated sequentially by single focal spots of light in a pseudo-random 
spatial order (Fig. 2a). The stimulating light spots were of the same size 
or smaller (20–75 μm) than the average mouse glomerulus (~75 μm)6,9.  
Light stimulation induced rapid and reliable changes in firing, peak-
ing at 25–50 ms and lasting for 100 ms on average (Fig. 2b).

For each single unit (Fig. 2c) satisfying our selection criteria (Online 
Methods), we constructed a two-dimensional light activation map 
(2DLAM) at subglomerular resolution (75 μm down to 20 μm; Fig. 2c 
and Online Methods). The light intensity was successively lowered until 
no light-triggered activity was seen in any unit being recorded (down to 
intensities lower than 2 mW mm−2). This ensured that we were oper-
ating in the regime of minimal glomerular activation (Fig. 2d) with 
negligible nonspecific activation of axons of passage, as observed in 
acute slice experiments.

Because any given mitral/tufted cell in the adult mouse olfactory bulb 
receives excitatory inputs from only one glomerulus1, we interpreted 
the hotspots to be parent glomeruli for the corresponding mitral/tufted 
cells. This was supported by the observation that reducing light levels 
led to a single hotspot on the 2DLAMs for all 40 units that were light 
responsive. In addition, the average size of the hotspot at the lowest 
intensity of stimulation (73.6 ± 3.9 μm, n = 40) was comparable to the 
size of the average mouse glomerulus (74.2 ± 1.2 μm), as measured 

in OMP-synaptopHluorin (OMP-spH) mice10 (572 glomeruli and  
9 hemibulbs; Fig. 2e), consistent with anatomical studies9. Furthermore, 
taking advantage of YFP expression in glomeruli, we overlaid func-
tional hotspots (n = 9) obtained from light mapping onto multiphoton 
z stack projections of images of YFP glomeruli taken in the same ani-
mal (Online Methods). The hotspots colocalized well with anatomical 
glomeruli (Fig. 3a and Supplementary Fig. 2) and the full width at half 
maximum (FWHM) of the hotspots fitted in the anatomical bounda-
ries of matching glomeruli (Fig. 3b). Furthermore, the jitter between 
the centroids of hotspots and anatomical glomeruli was substantially 
smaller than the corresponding glomerular widths (Fig. 3c and Online 
Methods). The parent glomerulus for each isolated mitral/tufted unit was 
thus identified optically, just as it was done in vitro.

Glomeruli are generally laid out in a single row on the bulb surface, 
but occasionally they can be stacked on top of each other. As it could 
affect the correct assignment of parent glomeruli to mitral/tufted 
units, we quantified the frequency of this over-stacking. Multiphoton  
z stacks of ORC and OMP-spH glomeruli obtained via the same surgical 
configuration used for the physiology experiments revealed that only 
~6% of glomeruli overlapped on the dorsal surface (5.94 ± 0.45%, 
558 glomeruli, 4 ORC-M hemibulbs; 6.02 ± 1.16%, 875 glomeruli,  
7 OMP-spH hemibulbs; Fig. 3d and Supplementary Fig. 2).

Identification of sister and non-sister mitral/tufted cells by light
Using tetrodes or dual-tetrodes11, we recorded odor responses simul-
taneously from multiple mitral/tufted units with defined parent 
 glomerular identities. On average, we were able to isolate ~4 single units 
per recording site. We compared all possible pairs of light-responsive 
units obtained at each recording site (n = 35 pairs) by taking the dif-
ference of 2DLAMs corresponding to each unit (Fig. 4a–d). In some 
pairs, the hotspots were clearly spatially separated (Fig. 4b), whereas in 
others they were overlapping (Fig. 4d). Thus, some units appeared to 
receive inputs from different neighboring glomeruli (Fig. 4b), whereas 
others shared the same glomerular territory (Fig. 4d).

Figure 1 ORC transgenic expression pattern. 
Laser-scanning photostimulation identified 
parent glomeruli for mitral cells in ORC mice 
olfactory bulb slices. (a) Confocal micrograph  
of olfactory bulb sagittal section from ORC  
mice showing EYFP fluorescence. A, anterior; 
AOB, accessory olfactory bulb; D, dorsal;  
GL, glomerular layer; MCL, mitral cell body layer; 
P, posterior; V, ventral. Scale bar represents 
100 μm. Inset, higher magnification view, arrow 
indicates OSN axons. Scale bar represents  
50 μm. (b) Bath application of glutamate 
receptor antagonists CNQX and AP5. The three 
traces for each of the conditions correspond 
to three adjacent photostimulation foci 50 μm 
apart (red trace, before drug application; black 
trace, during drug application; arrow indicates 
the time of photostimulation). (c) Phase (top 
left) and red fluorescence image (bottom left)  
of one mitral cell filled with Alexa 546; the  
box indicates the field of photostimulation.  
Top right, primary dendrite and tuft projecting to  
a glomerulus. Bottom right, matching 2DLAM 
(16 × 16), inter-foci distance = 15 μm,  
photostimulation duration = 1 ms. Note 
the fiduciary circle on the two panels. Color 
represents the peak amplitude of the light-induced currents. ONL, olfactory nerve layer. Scale bar represents 100 μm. (d) Currents recorded in the mitral 
cell by laser-scanning photostimulation in c are shown at locations corresponding to each point in the 16 × 16 grid. Traces were averaged across four 
repeats, 1.6-mW laser power was used. Scale bars represent 50 pA and 100 ms.
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We needed an objective criterion for classifying the recorded mitral/
tufted units as sister cells or non-sister cells (Fig. 4e). For each pair, we 
calculated the Euclidean distance between the centers of the hotspots, 
normalized by the mean width (FWHM) of the two hotspots consid-
ered (Fig. 4f). We found that the size of glomeruli was greater than or 
equal to one FWHM of the functional hotspots (Figs. 2e and 3a–c). 
Therefore, pairs of mitral/tufted units whose parent glomeruli were 

placed less than one mean FWHM apart were classified as being sister 
cells and the rest as being non-sister cells. Two distinct populations 
emerged (Fig. 4f) that were unambiguously separated by the FHWM 
criterion. Out of the 35 mitral/tufted pairs that we considered, 20 were 
found to be sisters. In a second strategy, we computed the correla-
tion between the 2DLAMs for each mitral/tufted pair (Supplementary 
Fig. 3 and Supplementary Note 1); this  approach yielded the same 
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Figure 2 DMD patterned illumination in ORC mice maps the parent glomeruli of mitral/tufted cells in vivo. (a) Left, schematic of the DLP projector–based 
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vii, dual-tetrode; viii, olfactory bulb. (b) Top, raw voltage traces corresponding to the four channels of a tetrode during photostimulation. Center, raster 
plot of spikes from an isolated single unit. Bottom, peri-stimulus time histogram (PSTH) with 20-ms time bins. (c) Left, example spike waveform of a 
single unit across the eight channels of a dual-tetrode. Dark traces represent individual spikes and the white line represents the average waveform. Center, 
2DLAM showing the change in firing rate of the mitral/tufted unit during photostimulation over ten repeats. Scale bar represents 100 μm (light spot size, 
50 μm). Right, 2DLAM re-sampled by interpolation. (d) 2DLAMs obtained at different stimulation intensities (spot size, 50 μm). All maps were normalized 
to the highest bin in the 20.8 mW mm−2 2DLAM. (e) Distribution of 2DLAM hotspot widths (FWHM) for all units (n = 40) obtained in a minimal photostimulation  
regime (black bars). The distribution of synaptopHluorin-labeled glomerular widths (FWHM) from OMP-spH mice (red line, n = 572) is shown.
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results. The high proportion of sister pairs is a result of two factors: 
heterogeneity in light excitability of glomeruli and pre-selection bias 
to overcome the intrinsically low chance (20–30%) of recording sister 
pairs (Supplementary Note 1). We conclude that the physical sepa-
ration between 2DLAM hotspots can be used to determine which 
mitral/tufted units share input from the same parent glomerulus.

Odor response diversity in sister mitral/tufted cells
We next investigated the odor response properties of these mitral/
tufted unit pairs to a set of 42 odor stimuli. Mitral/tufted firing is often 
locked to respiration12 (Fig. 5a,b); that is, mitral/tufted cells tend to 
spike preferentially at a particular phase of the respiratory cycle. In 
response to an odor, mitral/tufted cell firing rates can increase or 
decrease from resting values and the timing of spikes in relation to 
respiration can be altered13–15. We divided each cycle of respiration 
into five bins and populated these bins with spikes (Fig. 5b,c). The 
resulting vector, referred to as the phase tuning curve, was obtained 
for each mitral/tufted unit separately for the air period and odor 
period across many respiratory cycles (Fig. 5b,c) for all 42 odors. 
For example, one unit spiked reliably at the beginning and toward 
the end of the respiratory cycle during fresh air, but shifted its phase 
preference to a different point in the cycle, and underwent a reduction 
in firing rate once allyl-tiglate was presented (Fig. 5a,b).

Responses to multiple odors were compared in simultaneously 
recorded sister mitral/tufted cells (Fig. 5c). p-anis aldehyde increased 
the firing rates of both units, with odor-triggered spikes occurring at 
all phases of the respiratory cycle. For heptanal, however, the firing 
rate increased for unit 1, but was suppressed for unit 2. In response 
to 2-heptanone, although both units increased their firing rates, the 
phases of the respiratory cycle at which they predominantly spiked 
were different. Thus, we observed similarities and differences in the 
odor responses of sister mitral/tufted cells.

Odors induce correlated firing rate changes in sister cells
For each mitral/tufted unit, we calculated the average change in 
firing rate on odor presentation for all 42 stimuli and constructed 
a firing rate–based odor response spectrum (F-ORS; Fig. 6a,b,  
see Online Methods). Sister mitral/tufted units tended to be 
similar in their firing rate changes (Fig. 6a), as quantified by the 
Pearson correlation coefficient between the F-ORSs (0.68 ± 0.05, 
n = 20; Fig. 6c,d). In contrast, the F-ORSs of non-sister pairs were 

diverse (Fig. 6b) and had lower correlations (0.23 ± 0.11, n = 15, 
P = 2.4 × 10−4, two-sample unpaired t test; Fig. 6c,d).

To obtain a measure of reliability for individual units across differ-
ent trials, we split the odor repeats and calculated ‘self ’ F-ORS cor-
relations, whose average value was 0.67 ± 0.04 (n = 40). Sister pairs’ 
F-ORS and self correlations were not significantly different (P = 0.81, 
also true when using a matched number of trials, data not shown). 
However, some odors did trigger different changes in the firing rates 
of sister cells (Figs. 5c and 6a).

Sister mitral/tufted cells are desynchronized by odors
For each mitral/tufted cell, we constructed phase tuning curves dur-
ing air and odor periods (Fig. 7a) for all stimuli. As a measure of 
similarity, we computed the correlation coefficient between the phase 
tuning curves in air and odor periods for each stimulus. We termed 
this the phase response, analogous to a firing rate response. The phase 
responses for all 42 odors then yielded a phase odor response spec-
trum (P-ORS; Fig. 7b) for each cell. For a given stimulus, a high value 
of the phase response (close to 1) indicates that odor presentation did 
not cause a substantial change in the phase tuning curve compared to 
the preceding air period.

How similar are phase responses for sister and non-sister pairs? We 
found that for sister pairs the average P-ORS correlation was only 0.18 ±  
0.07 (n = 20; Fig. 7c), higher than, but not significantly different 
from, the average correlation for non-sister pairs (0.05 ± 0.06, n = 15,  
P = 0.16). These low correlation values were not the result of a lack 
of reproducibility of phase response spectra across trials, as ‘self ’  
P-ORS correlation was 0.61 ± 0.05 (n = 40), which is significantly 
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Figure 4 Light mapping sorts mitral/tufted cells into sister and non-
sister pairs. (a) Example spike waveforms on individual tetrode channels 
for two isolated non-sister mitral/tufted cell units. (b) 2DLAMs for the 
units shown in a at different light intensities used for stimulation. 
The color scale to the right of the highest intensity maps indicates the 
range of firing rate changes with respect to baseline. All light maps for 
a particular unit are scaled to this range. Difference map refers to the 
difference between the normalized 2DLAMs of the two units, plotted for 
each of the light intensities used. Spatial scale bar represents 100 μm. 
(c) Example waveforms for two isolated sister mitral/tufted cell units. 
(d) 2DLAMs for the units shown in c at different light intensities used 
for photostimulation. The color scale is as described in b. The spatial 
scale bar represents 100 μm. (e) Cartoon schematic of parent glomerular 
connectivity for sister and non-sister mitral/tufted cells. (f) Separation 
of mitral/tufted cells into sisters and non-sisters based on Euclidean 
distance between the centers of light hotspots on 2DLAMs obtained in a 
minimal photostimulation regime. The distance between the centers of 
hotspots is expressed in units of the mean full width at half maximum 
(FWHM) of Gaussian fits to the two hotspots for each pair. Dotted line 
marks the separation between sister and non-sisters mitral/tufted cells 
and is placed at 1 FWHM.
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higher than both sister and non-sister P-ORS 
correlations (P < 10−5 and P < 10−7, respec-
tively). Thus, unlike in the case of firing 
rate changes described above (Fig. 6), odors 
induce differential phase responses in both 
sister and non-sister mitral/tufted pairs.

How do odors induce distinct phase 
responses in sister cells? Do they start with 
similar phase tuning curves that diverge on 
odor stimulation or do they start with differ-
ent phase tuning curves even at rest (air period)? To determine the 
phase relationship between units, we calculated the correlation coeffi-
cient between the phase tuning curves of the two units of a mitral/tufted 
pair, for all stimuli used. We calculated this inter-unit phase similarity 
(PS) separately for air and odor periods (Fig. 7d). Over the entire popu-
lation of sister mitral/tufted cells, the average phase similarity for all 
stimuli was high during air and was significantly reduced when odors 
were presented (average PSair = 0.45 ± 0.02, average PSodor = 0.27 ± 0.02;  
n = 20 pairs times 42 odors, P < 10−7, two-sample Kolmogorov-Smirnov 
test; Fig. 7d–f). This drop in phase similarity on odor presentation was 
not a result of a lack of reproducibility of phase tuning curves across 
trials, as the self phase similarity was high in both air and odor condi-
tions (average self PSair = 0.45 ± 0.01, average self PSodor = 0.45 ± 0.01; 
P = 0.05, two-sample Kolmogorov-Smirnov test; Fig. 7f). Non-sister 
pairs had a broad, polymodal distribution of phase similarities at rest 
(air), with modes at positive and negative similarity values (Fig. 7e), 
clearly different from the distribution of sister pairs (P = 0.004, two-
sample Kolmogorov-Smirnov test). This implies that different pairs 
of non-sister units fired consistently with different phase lags. Odor 
presentation flattened the distribution of phase similarity between the 
non-sister mitral/tufted units (Fig. 7e).

We obtained similar results if we focused on just the mean fir-
ing phase instead of the entire phase tuning curve for each stimulus 
(Supplementary Fig. 4 and Supplementary Note 2). We also examined 
the spiking relationship (Supplementary Fig. 5 and Supplementary 
Note 3) between pairs of mitral/tufted units with the more commonly 
used spike time correlation analysis. This analysis indicated that odor 
presentation led to significant broadening of the peak and a drop in peak 
height of the mitral/tufted units’ auto-correlograms, as well as of sister 
pairs’ cross-correlograms (Supplementary Fig. 4). Closer inspection 
revealed periodic modulation of spike timing in the beta and gamma 
frequency range for some mitral/tufted pairs, as seen previously16 
(Supplementary Fig. 6), but on average we did not detect substantial 
power in these bands via coherence measurements at a population level 
(Supplementary Note 4). The odor-induced drop in phase similarity 
observed between sister units did not depend on the quality of unit 
isolation, the width of their hotspots or the distance between them 
(Supplementary Figs. 7 and 8 and Supplementary Note 5).

Odorants tend to activate multiple glomeruli. To investigate the 
effects of activating only the parent glomerulus on the phase proper-
ties of sister mitral/tufted pairs, we used the minimal light-stimulation  
strategy (Figs. 2 and 4) to modulate activity of single glomeruli 

Figure 5 Examples of similarities and 
differences in odor responses of sister mitral/
tufted cells. (a) Example odor response of a 
mitral/tufted unit. Top, five odor stimulation 
trials are shown for this unit; vertical lines mark 
the time of a spike occurrence. Shadowed area 
indicates the odor presentation window (5 s). 
Bottom, respiration trace. One respiratory cycle 
(labeled 0 to 2π) was typically ~500 ms long. 
Inset, expanded traces showing three respiratory 
cycles during air and odor presentation periods 
for one trial. (b) Top, phase-time plot of the 
odor response of the same mitral/tufted unit 
in a, shown over five repeats of allyl tiglate. 
Note the change in the preferred phase during 
odor stimulation (shadowed area). To the right 
of the phase-time plot are phase tuning curves 
calculated during air (dotted line) and odor 
(continuous line) presentation in which each 
respiratory cycle was divided into five time 
bins. Bottom, PSTH of the same unit showing a 
drop in firing rate triggered by odor onset (bin 
width, 500 ms; NSC, normalized spike count). 
(c) Example odor responses to p-anis aldehyde, 
heptanal and 2-heptanone for two sister mitral/
tufted cells (unit 1 and unit 2) shown as phase 
plots, PSTHs and phase tuning curves as in b. 
Left, note the strong increase in firing, spread 
across all respiration cycle phases for both 
units. Center, the excitatory versus inhibitory 
response triggered by odor onset in the two 
units. Right, the change in preferred phase of 
unit 2 triggered by the odor onset.
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(Online Methods), by presenting light pulses continuously for 200-ms  
periods. As expected, light activation of individual glomeruli significantly  
increased the firing rate of sister mitral/tufted units compared to base-
line (average 2.63 ± 0.47 Hz in the air period versus 9.10 ± 0.72 Hz  
in the light period, P < 0.001 by two-sample paired t test). The phase 
similarity between sister pairs was indistinguishable between air 
and light conditions (average PSair = 0.43 ± 0.14, average PSlight =  
0.42 ± 0.12, n = 20 pairs, P = 0.88, two-sample Kolmogorov-Smirnov 
test; Fig. 7g,h), even in instances in which light stimulation changed 
the phase preference of the sister mitral/tufted units (Fig. 7g).

These data indicate that sister mitral/tufted units are entrained by 
respiration to fire synchronously at rest, but become desynchronized 
(in terms of their firing relation to respiration) by odors. However, light 
activation of just the parent glomerulus altered the phase properties of 
sister units in similar manner. Non-sister mitral/tufted units fired with 
consistent phase lags with respect to each other when at rest. On odor 
stimulation, these predictable phase relationships were also disrupted.

Odor-induced firing rate and phase changes are independent
Are the differential firing rate and phase responses in sister mitral/
tufted units (Figs. 6 and 7) that we observed caused by the same odors? 
To answer this question, we identified odors that affected one unit in a 
distinct manner compared with the other (Online Methods).

More odors had differential effects on phase than on firing rate in 
sister pairs (18.7 ± 3.0% versus 9.3 ± 2.3% of odors, P = 0.02, Wilcoxon 
signed-rank test, Fig. 8a), as anticipated (Figs. 6 and 7). Notably, the 
percentage overlap between odors that caused differential responses 
in firing rate and phase was 1.6 ± 0.6%, not different from chance 
(1.4 ± 0.5%, P = 0.68, by Wilcoxon signed-rank test; Fig. 8a and see 
Supplementary Note 6). For non-sister mitral/tufted pairs, similar 
percentages of odors caused both firing rate and phase similarity 
changes (19.1 ± 3.9% versus 18.1 ± 5.4%), also overlapping only to 
chance levels (P = 0.95, Wilcoxon signed-rank test). It is noteworthy 
that similar percentage of odors caused a decrease in phase similarity 
for sister (18.1 ± 3.0%) and non-sister pairs (19.1 ± 3.9%, P = 0.51, 
two-sample Kolmogorov-Smirnov test).

These results indicate that odors can induce differential changes in the 
phase of sister mitral/tufted cells without inducing differential changes 
in firing rates. Thus, changes in phase and firing rate are independent.

DISCUSSION
We engineered transgenic mice with optically excitable glomeruli, 
which offer many possibilities for dissecting the circuitry of the early 

olfactory system. We used these mice to identify sister mitral/tufted 
cells and found that their odor responses are not redundant.

Optical activation of inputs to the olfactory bulb
The expression of ChR2 in the OSNs provides unprecedented control 
over glomeruli, the elementary input units of the bulb. This is an 
important advance in the study of olfaction, as it has been difficult 
to selectively activate every glomerulus in a region with odors. This 
approach could be extended to map the ‘surround’ for each mitral/
tufted neuron, uncovering glomeruli that provide inhibitory input 
and thus obtain the glomerular receptive field for each mitral/tufted 
cell, which has not been possible until now15. Beyond circuit mapping, 
these mice could also be used for behavioral studies to test hypotheses 
about odor coding and perception17,18.

The ORC mouse contrasts with the Thy1-ChR2 mouse19, which 
expresses ChR2 in a large fraction of mitral/tufted cells. Light control 
of neuronal activity in these Thy-1 ChR2 mice bypasses the first level 
of processing and is agnostic to important transformations on the 
inputs that take place in the glomerular layer, including feedforward 
inhibition20,21. The two transgenic lines are likely to provide comple-
mentary information on circuits in the olfactory bulb.

The DMD patterned illumination strategy that we adapted has 
been employed extensively in vision research22, as well as to control 
neuronal activity in other systems23. In comparison to laser-scanning  
photostimulation, DMDs can stimulate multiple foci in parallel to 
deliver a range of stimuli—from single spots to spatio-temporally 
complex natural (odor like) or even arbitrary activity patterns. Finally, 
different stimulation wavelengths can be easily co-projected to trigger 
excitatory and inhibitory responses in parallel, for multi-color control 
of neuronal circuits24,25.
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Figure 6 Sister mitral/tufted cells have correlated changes in odor 
induced firing rates. (a,b) Examples of F-ORSs obtained using a set  
of 42 odors for three pairs of sister (a) and three pairs of non-sister 
mitral/tufted (M/T) cells (b). Arrows in a denote differential responses 
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F-ORS correlations for sister and non-sister mitral/tufted cells; self 
refers to the same unit (n = 40) probed across different blocks of odor 
repeats by splitting the total number of trials in two. #P < 0.05 for  
F-ORS correlations, across groups with respect to sister mitral/tufted 
pairs (for example, sister versus non-sister mitral/tufted units). Error 
bars represent s.e.m.
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Odor response properties of sister mitral/tufted cells
In vivo studies using extracellular recordings in the olfactory bulbs 
of rodents came to divergent conclusions about the similarities in 
odor responses of neighboring mitral/tufted cells26,27. This was pre-
sumably because, in contrast with our study, they could not differ-
entiate between sister and non-sister pairs. We found that sister cells 
were correlated in their firing rate changes. This is consistent with 
the prevalent view that the glomerulus is homogenous in terms of 
receptor type innervation3; thus, sister cells should receive common 
excitatory input. In vitro studies have provided evidence for strong 
coupling between the primary dendrites of sister mitral cells, through 
gap junctions28,29 or glutamate spillover30,31. Slice experiments also 
suggest that activation of the olfactory nerve leads to highly cor-
related activation of sister mitral/tufted cells21,32. A recent in vivo 
study sequentially recorded from mouse mitral cells connected to 
the same glomerulus created by an ectopically expressed rat receptor. 
Consistent with our results, they found that mitral/tufted cell firing 
rate responses are correlated with each other and mirror presynaptic 
activity in their parent glomerulus33.

Correlated firing of principal cells in the olfactory bulb or its ana-
log brain structures appears to be a common theme across species.  
In the antennal lobe of Drosophila, genetically identified homotypic 

projection neurons, the fly analogs of sis-
ter mitral/tufted cells, fire in synchrony at 
rest and odor presentation triggers a fur-
ther increase in spiking correlations34. In 
experiments on the tadpole olfactory bulb35, 
imaging activity of large populations of 
mitral/tufted cells using calcium-sensitive 

dyes identified clusters of highly similar mitral/tufted cells that were 
shown in some instances to be connected to the same glomerulus. Our 
observation that odors desynchronize pairs of sister mitral/tufted cells 
is at odds with these findings from other species. Possible reasons for 
this include the limited numbers of odors used in these previous stud-
ies, an expanded role of local interneurons in sculpting bulbar activity 
patterns and the active sampling of odors by sniffing in mammals.

It is important to stress that we presented different odorants at a 
single nominal liquid dilution (1:100, Online Methods). It would be 
interesting to systematically explore the effect of odor concentration 
on the firing and phase properties that we have catalogued.

Origin of sister mitral/tufted cells’ differential phase responses
Where and how does the non-redundancy in phase properties of sister 
mitral/tufted cells arise? One possibility is that OSNs innervating the 
same glomerulus are heterogeneous in their phase responses by virtue 
of their spatial positioning in the olfactory epithelium36. Per contra, 
differences in the timing of sensory axon inputs in a glomerulus have 
not been found37. In addition, we did not observe a consistent phase 
relationship between sister units in terms of one cell systematically 
leading or lagging another (Supplementary Fig. 4), which would be 
expected if sister units received signals from spatially distinct groups 
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Figure 7 Odors disrupt phase correlations of 
sister and non-sister mitral/tufted cells. (a) 
Example phase tuning curves for two mitral/
tufted units (unit 1 and unit 2) during air 
and odor. (b) Phase response spectra for one 
representative sister mitral/tufted unit pair. 
Arrows indicate example mismatches between 
the spectra. (c) Average phase response spectra 
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spectra for two sister mitral/tufted cells during 
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(e) Histograms of phase similarity during Air 
(blue) and Odor (red) for all sister (n = 20, top) 
and non-sister (n = 15, bottom) mitral/tufted 
unit pairs for 42 stimuli. (f) Average phase 
similarity for sister and non-sister mitral/tufted 
pairs. (g) Example phase tuning curves for two 
mitral/tufted units (unit 1 and unit 2, different 
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(h) Left, average phase response between air 
and light for individual sister mitral/tufted units. 
Right, average phase similarity between sister 
mitral/tufted pairs during air (dotted line) and 
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between phase tuning curves generated from the 
same unit by splitting the number of trials into 
two. *P < 0.05 for comparisons within the same 
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across conditions (odor versus air), #P < 0.05 
for same condition (air or odor), across groups 
(sister versus non-sister mitral/tufted units) with 
respect to sister mitral/tufted pairs.
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of OSNs. Alternatively, differences in mitral/tufted cells intrinsic 
properties, such as varying spiking thresholds or differences in the 
expression and distribution of various ion channels, may account for 
the unpredictable effects of different odors on sister units. However, 
it is hard to envision any odor-specific effects in these scenarios. 
Furthermore, using light stimuli to activate only the parent glomer-
ulus of sister units produced coordinated modulation of the phase 
tuning curves of sister units (Fig. 7g,h). Therefore, it is unlikely that 
the differences in phase properties of mitral/tufted sisters observed 
on odor stimulation are related to differences in intrinsic properties 
of the units. A circuit-level explanation seems more plausible. The 
phase of spiking may be influenced by the lateral input a mitral/tufted 
cell receives via interneurons in the glomerular layer20 and/or the 
granule cell layer38. The non-redundancy in odor responses of sister 
mitral/tufted cells could arise from the unique set of lateral ‘surround’ 
input connections that each cell receives. As the numbers of odors 
that reduce phase similarities of sister and non-sister mitral/tufted 
pairs are comparable (Fig. 8a), we suggest that the surrounds of sister 
cells are as distinct as those of non-sister cells. In our model, common 
input and intraglomerular interactions dominate mitral/tufted spik-
ing at rest, leading to sister cell synchronization. Surround inhibition 
becomes preeminent during odor presentation because of stronger 
overall input to the bulb. This leads to desynchronization of preferred 
spiking phase of sister mitral/tufted units and further alteration of 
phase relationships between non-sister units.

What are the mechanisms that can uncouple firing rate changes and 
phase changes? One possibility is that the excitatory sensory inputs 
drive the overall excitability of mitral cells, whereas lateral inhibition 
arrives at different times39, even for sister mitral/tufted cells, to sculpt 
the pattern of firing (Fig. 8b). This requires that sister mitral/tufted 
cells receive synaptic inputs from different populations of interneu-
rons, which is plausible, but remains to be established.

Spike counts and spike timing carry independent information
A single sniff is sufficient for a rodent to distinguish closely related 
odors40, thus the sniff has been thought of as representing a snap-
shot of the outside olfactory world. Mitral/tufted cells can convey 
odor information to higher brain regions by modulation of either 
the number of spikes in each respiratory cycle or the timing of 
these spikes in the cycle. The first strategy would be a form of a 
rate code, whereas the second would be a time code. Our find-
ing that sister cells are similar with respect to firing rate changes, 
but dissimilar with respect to the timing of their spikes suggests 
that both types of codes may be used in an independent manner. 

This implies that the mitral/tufted cells are capable of conveying 
 different kinds of information by multiplexing rate and time codes 
in the same spike train.

What are these different kinds of information? Because the phase 
of spiking is probably influenced by the lateral input an mitral/tufted 
cell receives, one possibility is that the temporal code is a representa-
tion of the subset of glomeruli in the surround that are activated by 
the stimulus, whereas the rate code might convey the activity level 
of the OSNs projecting to the primary glomerulus. In other words, 
the temporal code may represent cross-receptor relationships that 
frequently differ between odors activating the same odorant receptor, 
whereas the rate code may be more specific to activation levels of an 
individual receptor that is likely to scale similarly for all odors that 
activate the same receptor. These two codes are largely independent 
(Fig. 8 and Supplementary Fig. 9).

How do downstream circuits read out the different timing of spikes? 
Olfactory cortical neurons are very sensitive to timing of inputs coming 
from mitral/tufted cells because of precisely timed feedforward inhibi-
tion41,42. Therefore, sister mitral/tufted cells with different spike times 
may activate different populations of neurons. Other downstream 
brain regions that are less sensitive to timing differences may act in 
a more integrative mode. It will be interesting to determine whether 
there are such differences in bulbar target areas such as the olfactory 
tubercle, anterior olfactory nucleus and even the amygdala.

The non-redundancy that we found in the temporal characteristics 
of sister mitral/tufted cell activity suggests that many more informa-
tion output channels are leaving the olfactory bulb than the number of 
OSN types entering it. Such an expansion of outputs suggests that the 
bulb is not just a relay station. On the contrary, interesting computa-
tions occur here that may be important for extracting various features 
from the inputs and conveying them to the cortex.

METhODS
Methods and any associated references are available in the online version 
of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METhODS
generating the oRc mice. Mice were engineered to express ChR2 fused to 
EYFP in all mature OSNs under the control of a 12-kb fragment of the rat Omp 
promoter43. Two transgenic lines (#32, #33) had expression restricted to the 
vomeronasal organ and accessory olfactory bulb. A third line (#20, or ORC-M,  
used for this study) expressed ChR2-EYFP in both the olfactory epithelium 
and the main olfactory bulb, as well as in the vomeronasal organ and accessory  
olfactory bulb.

Subjects. We used a total of 89 adult ORC-M transgenic and 12 OMP-spH  
heterozygous mice (postnatal day 60–400, 25–55 g). Each mouse was anesthe-
tized with a cocktail of ketamine:xylazine (initial dose of 60:6 mg per kg of body 
weight, intraperitoneal), attached subsequently to an anesthesia pump (Harvard 
Apparatus, Pump 11 Plus) and thermo regulated with a heating pad (FST TR-
200). Flow of the anesthetics cocktail was kept at 40–70 μl h−1 throughout a typi-
cal 12–15-h acute experiment. Low melting-point agarose (1.5%, Sigma, Type III) 
was poured in a thin layer above the bulb surface, after performing craniotomy 
and duratomy. Cortex buffer44 was constantly circulated via a perfusion pump 
(ColePalmer Masterflex C/L) above the exposure. All animal procedures were 
performed in accordance with the guidelines of the US National Institutes of 
Health and were approved by the Institutional Animal Care and Use Committee 
at Cold Spring Harbor Laboratory.

Slice electrophysiology and light stimulation. We recorded intracellularly from 
mitral cells in 300-μm-thick horizontal olfactory bulb slices from postnatal day 
15–30 mice, in voltage clamp mode, holding the membrane potential at −70 mV. 
We used ~5-MΩ impedance patch pipettes filled with internal solution contain-
ing cesium gluconate and Alexa 546 fluorescent dye. Laser-scanning photostimu-
lation8 (DPSS Lasers, 3501-100, 354 nm, ~15-μm beam diameter at the specimen) 
through a 4× objective (Olympus, UPlanApo, NA 0.16) was used to determine 
the position of the parent glomerulus. An ultraviolet laser was used because it 
was already in operation in the experimental station for glutamate uncaging and 
we found that the broad excitation spectrum of ChR2 allowed for its excitation 
at 354 nm. Grids of 8 × 8, 8 × 16 or 16 × 16 stimulation foci were superimposed 
onto the slice, making sure that the glomerular layer was properly sampled. We 
typically used 0.1–40-mW laser power (measured at the back focal plane of 
the objective), 1–10 ms of light stimulation and 15–150-μm inter-foci spacing.  
Each cell we recorded from was filled with Alexa 546 dye and imaged at 4× and 
60× magnifications.

In vivo electrophysiology. We recorded mitral/tufted cell activity in the olfactory 
bulb using gold-plated tetrodes45. Tetrodes were constructed by twisting together 
four 12.5-μm polyimide-coated nichrome wires (Kanthal Palm Coast) and fusing 
their insulation using a heat gun. To increase single unit yield, we also employed 
clusters of eight electrodes11. These were made either by gluing together two 
tetrodes using Loctite 420 or by twisting together and heat-fusing eight nichrome 
wires. The tip of the tetrode was cut at an angle to make penetration into brain 
tissue easier and each electrode was gold plated to an impedance of 400–600 kΩ 
at 1 kHz. The electrodes were lowered into the bulb (Sutter MP-285) until they 
reached the dorsal mitral cell layer, characterized by the presence of multiple units 
with coordinated, rhythmic respiratory tuned activity at a depth of approximately 
250–300 μm from the pial surface.

Electrophysiological signals were amplified 200-fold (RHA1016, Intan 
Technologies LLC), filtered (band pass, 300 Hz to 5 kHz), and digitized at  
32 kHz (PCI-6259, National Instruments). The respiratory cycle of the  
mouse was recorded using piezo-electric stress transducers (RadioShack 
buzzer or Kent Scientific TRN0028 piezo-electric stress sensor) placed under 
the mouse, amplified via custom electronics and digitized in parallel with the 
neural signals.

In vivo light stimulation. To activate individual glomeruli in ORC mice, we 
used a DLP projector (Optoma EP727 or EP774) with its color wheel removed 
and inserted a blue filter (Edmund Industrial Optics NT52-532) in the emis-
sion path. One single lens reflex (SLR) photo lens (Nikor 50 mm, f/1.4, AF) 
was placed in front of the projector and coupled to an achromatic doublet 
(Thorlabs, AC508-150-A1, focal length (FL) = 150 mm) positioned so as to 
project the stimulus image at infinity. A second SLR photo lens (Voigtländer, 

Nokton 35 mm FL, f/1.2) was then used to focus the image onto the bulb 
(Fig. 2a). One pixel of a projected image corresponded to 4 μm on the  
x axis and 5 μm on the y axis. A dichroic mirror (Chroma 530dcxr, round, 2-inch  
diameter) was used to guide blue light to the tissue. To get a timestamp of the light 
stimulus, we used an LED (Luxeon V, Lumileds) as a photodiode and placed it 
in the optical path after the first SLR lens. Two SLR lenses (the same Nokton 35 
mm FL and a Nikkor 105 mm FL, f/2.0, AF, see Fig. 2a) coupled front to front 
and appended to an emission filter (Chroma, HQ510LP) were used to image the 
olfactory bulb onto the CCD chip of a camera (Vosskuhler 1300-QF) with a pixel 
size of 10 μm. Light stimuli were generally square in shape and were presented 
for 200 ms in 500-ms trials.

odor stimulation. We diluted 42 odorants46 in mineral oil (typically 1:100) 
and loaded them into a custom-built odor-delivery machine6 (Supplementary 
table 1). We used a photo-ionization detector (Aurora Scientific) to determine 
the concentration of some of the odorants. Air was passed through Whatman 
filters soaked in pure odorants and subsequently diluted to calibrate the photo-
ionization detector signals. The measured concentrations ranged between 0.1 to 
2%. If at least two units displayed light-triggered activity in the fine-scale light 
mapping, the panel of odorants was serially presented to the mouse over three 
to five repetitions. Each trial consisted of 10 s of air followed by 5 or 10 s of odor 
exposure and 5 s of air. An intertrial interval of 10 or 15 s was instituted to prevent 
olfactory adaptation.

Spatial comparison of functional hostpots to anatomical glomeruli. Image 
projections from multiphoton z-stacks tessellating the bulb were stitched 
together using ImageJ. Blood vessel branching patterns were employed as 
landmarks for automated image registration using elastic deformations 
(bUnwarpJ47) between the multiphoton z stack image projections and bright 
field images of the bulb surface. The 2DLAMs were registered first to the 
bright field images and the overlay onto the multiphoton images was sub-
sequently constructed.

counting frequency of over-stacked glomeruli. The dorsal surface of ORC-M 
and OMP-spH hemibulbs was sampled systematically via multiphoton micro-
scopy. For each field of view, z stacks of the glomerular layer were obtained and the 
 corresponding two dimensional (x-y) glomerular contours were drawn manually. 
Glomeruli sharing nonzero number of pixels in x-y were considered over-stacked.

data processing. All offline analysis was carried out in MATLAB (Mathworks) 
and Igor Pro (Wavemetrics). Single units were identified by manual spike sorting 
using MClust (MClust-3.5, A.D. Redish). The sorting features used were the 
energy, peak height, peak to valley difference and the first two principal com-
ponents of the spike waveform. The interspike interval histogram was used to 
test for single unit isolation, imposing the criterion that the percentage of events 
separated by less than 2 ms should be below 1% of the total spike interval count, 
indicating a well-defined refractory period.

To determine single unit cluster quality, we employed isolation distance, a 
commonly used metric48. Three waveform parameters were used to compute the  
isolation distance: energy, peak-valley difference and the first principal com-
ponent. More than 85% of the single unit clusters used had isolation distances 
exceeding 20, which is a standard threshold value49,50 (Supplementary Fig. 7).

2DLAMs were constructed by determining the average firing rate change 
between the stimulus and pre-stimulus periods for each spot in the grid. In these 
maps, each pixel represents the average change in firing rate during a 200-ms 
light-stimulation period for the corresponding spot on the bulb surface (Fig. 2c). 
A two-sample Kolmogorov-Smirnoff test was used to test whether the distribu-
tion of spike counts in the 200-ms light period across repeats was significantly 
different (P < 0.01) from the spike counts in the 200-ms pre-stimulus period 
across all trials and repeats. If a map contained at least one significant pixel, it 
was subjected to further analysis.

To determine the spatial extent of the light hotspots, we selected the 2DLAMs 
obtained at the lowest laser intensity that still modulated activity in the recorded 
units. These light maps were re-sampled at 1-μm resolution by interpolation 
(Fig. 2c) and the hotspots fitted with two-dimensional Gaussians (Fig. 2e). The 
full width at half maximum (FWHM) of this two-dimensional Gaussian fit was 
taken as the width of the hotspot.
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To quantify the magnitude of the response of a unit to a given odor, we used 
several metrics. First, the firing rate change (FR) induced on odor presentation 
was determined for each of the 42 odors to build a F-ORS. 

FR
t t

= −spikes spikesodor

odor

air

air

Second, to quantify changes in the cells’ respiratory phase response character-
istics (Fig. 4), we binned all of the spikes into five respiratory phase bins. Binning 
was done separately for the odor and preceding air periods, generating odor and 
air phase tuning curves (PTC) respectively displayed in terms of normalized spike 
counts (0 to 1) versus phase bin. The phase response (PR) was then defined as the 
correlation coefficient between the air and odor (or light) phase tuning curves. 

PR = ( )corr PTC PTCair odor,

The above metrics were calculated for each of the 42 odors to generate the 
corresponding P-ORS for each unit.

Phase similarity was used to measure similarity between the phase tuning 
curves of pairs of mitral/tufted cell units in both air and odor (or light) pre-
sentation periods. The Pearson correlation coefficient was calculated between 
the phase tuning curves of the two units for each odor (equation (4)). The same 
procedure was carried out on the phase tuning curves for the air period preceding 
odor presentation (equation (3)). 

PSair unit1,air unit2,aircorr PTC ,PTC= ( )
PSodor unit1,odor unit2,odorcorr PTC ,PTC= ( )

Phase similarity values can vary from −1 to 1: pairs of units firing at very similar 
phase of respiration will have values close to 1, units that fire in opposite phases 
will have a value of −1 and units with no consistent relation will have values 
close to 0.

To quantify trial to trial variability in spike responses of the mitral/tufted cells, 
we divided the odor presentation trials into two groups and applied the above 
mentioned metrics. This procedure gave an upper bound for measuring similar-
ity across groups.

Firing rate changes on switching from air to odor for the two units of a pair 
were rescaled (FRR) to span the same range. This range corresponded to a 
 confidence interval spanning two s.d. (σ) about the mean firing rate change 
(μ) of each unit. 

(1)(1)

(2)(2)

(3)(3)

(4)(4)

FR
FR FR FR

FR
R =

− −( )m s
s

2
4

An s.d.-based range was chosen to avoid outlier biases given by the maximum 
and minimum firing rate changes. We then performed self analysis to compute 
the variability across trials for each unit. We performed the same transformation 
on the self firing rates (FRS). 

Rescaled S
S S S

S
FR

FR FR FR

FR
=

− −( )m s
s

2

4

We used the fluctuation in firing rate changes from trial to trial to compute 
a signal threshold. The threshold was picked at two s.d. of the FRS difference 
distribution. Any difference in rescaled firing rate changes between the two units 
exceeding this threshold was classified as a differential response. 

∆ ∆FR FRR S> ( )2s

The distribution of PSair for each pair of units was used to compute a signal 
threshold. As above, the threshold was at two s.d. from the mean PSair. 

PS PS PSodor air air− >m s( )2

(5)(5)
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(7)(7)

(8)(8)
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