
Copyright © 2021 Storace and Cohen
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: New Research | Sensory and Motor Systems

The mammalian olfactory bulb contributes to
the adaptation of odor responses: a second
perceptual computation carried out by the bulb

https://doi.org/10.1523/ENEURO.0322-21.2021

Cite as: eNeuro 2021; 10.1523/ENEURO.0322-21.2021

Received: 29 July 2021
Accepted: 31 July 2021

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

Title: The mammalian olfactory bulb contributes to the adaptation of odor responses: a second 1 

perceptual computation carried out by the bulb  2 

 3 

Authors: Douglas A. Storace1,2, Lawrence B. Cohen1,3 4 

1Department of Cellular and Molecular Physiology, Yale University School of Medicine, 333 Cedar 5 

Street, New Haven CT 06520. 6 

2Department of Biological Science, Florida State University, 107 Chieftan Way, Tallahassee, FL 7 

32306. 8 

3Brain Science Institute, Korea Institute of Science and Technology, Seoul 136-791, Republic of 9 

Korea. 10 

*Correspondence to: dstorace@fsu.edu, lawrence.b.cohen@hotmail.com 11 

 12 

Keywords: Olfactory bulb, optical imaging, adaptation, input-output transformation 13 

 14 

Conflict of interest: The authors declare no competing financial interests.  15 

 16 

Acknowledgements: This work was supported by US NIH grants DC005259, NS099691, 17 

DC016133, the Korea Institute of Science and Technology (KIST) grants 2E26190 and 2E26170, the 18 

State of Florida’s Consortium for Medical Marijuana Clinical Outcomes Research and internal funds 19 

from Florida State University. Justus Verhagen provided programming assistance on the Arduino 20 

device that carried out the LED strobing. Also, thanks to Justus Verhagen, Dmytro Klymyshyn and 21 

Sigita Augustinaite for helpful comments on an early draft of the manuscript.  22 

 23 

 24 

 25 



 

 2 

Abstract 26 

While humans and other mammals exhibit adaptation to odorants, the neural mechanisms and 27 

brain locations involved in this process are incompletely understood. One possibility is that it primarily 28 

occurs as a result of the interactions between odorants and odorant receptors on the olfactory 29 

sensory neurons in the olfactory epithelium. In this scenario, adaptation would arise as a peripheral 30 

phenomenon transmitted to the brain. An alternative possibility is that adaptation occurs because of 31 

processing in the brain. We made an initial test of these possibilities using a two-color imaging 32 

strategy to simultaneously measure the activity of the olfactory receptor nerve terminals (input to the 33 

bulb) and mitral/tufted cell apical dendrites (output from the bulb) in anesthetized and awake mice. 34 

Repeated odor stimulation at the same concentration resulted in a decline in the bulb output, while 35 

the input remained relatively stable. Thus, the mammalian olfactory bulb appears to participate in 36 

generating the perception of olfactory adaptation under this stimulus condition. Similar experiments 37 

carried out previously showed that the bulb may also participate in the perception of concentration 38 

invariance of odorant recognition (Storace and Cohen, 2017); thus the bulb is simultaneously carrying 39 

out more than one computation, as is true of other mammalian brain regions and perhaps is the case 40 

for all animals with sophisticated nervous systems. However, in contrast with other sensory systems 41 

(e.g., (Van Essen et al., 1992)), the very first processing stage in the olfactory system has an output 42 

that may directly represent perceptions.  43 

 44 

Significance statement 45 

The ability to identify sensory information embedded in a complex environment requires the brain to 46 

be able to filter background information and attend to novel stimuli. Adaptation is likely to be important 47 

in this process as it allows neurons in a brain area to adjust to the broader sensory environment. 48 

However, the brain area(s) that are involved in olfactory adaptation remain an outstanding question. 49 

We carried out simultaneous imaging of the input to the olfactory bulb, and the output from the bulb to 50 
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the rest of the brain. This comparison revealed that the sensory input from the nose provides a 51 

relatively stable representation of the odor environment, whereas robust adaptation occurred in the 52 

bulb output. This is the second perceptual calculation, done simultaneously, by the olfactory bulb.  53 

 54 

 55 

 56 

Introduction 57 

The ability to identify sensory information embedded in a complex environment requires the 58 

brain to be able to filter background information and attend to novel stimuli (Linster et al., 2007; 59 

Gottfried, 2010). This is a challenging problem in the olfactory system because odor perception is 60 

thought to be related to the combination of activated olfactory receptors, yet different receptors can 61 

be activated by the same odor at different concentrations and the same receptor can be activated by 62 

perceptually different odors (Duchamp-Viret et al., 1999; Wachowiak and Cohen, 2001; Hu et al., 63 

2020). A new and potentially important odor stimulus can activate some of the same odor receptors 64 

as those activated by a background odor. Thus, distinguishing a novel odor amidst a background is 65 

inherently confounded at the receptor level. In principle, this confound could be obviated by 66 

adaptation, a process in which the input-output transformation of a neuron or brain area is not static, 67 

but changes based upon repeated presentation of the same odor. Adaptation is essential for filtering 68 

out background information (Barlow, 1961; Wark et al., 2007; Weber and Fairhall, 2019). It is well 69 

established that animals exhibit habituation to odor stimuli, a phenomena in which there are reduced 70 

behavioral responses to repetitive or constant odor stimulation (Rankin et al., 2009; Pellegrino et al., 71 

2017). However, the brain areas and neural mechanisms involved in this perception are incompletely 72 

understood.  73 

Olfactory receptor neurons, which send their projections to the olfactory bulb, adapt in 74 

response to some (but not all) stimulus conditions (Kurahashi and Menini, 1997; Leinders-Zufall et al., 75 
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1998; Zufall and Leinders-Zufall, 2000; Reisert and Matthews, 2001a; Verhagen et al., 2007; Lecoq et 76 

al., 2009; Ghatpande and Reisert, 2011). Similar observations have been made in the mitral and 77 

tufted cells, which receive olfactory receptor neuron input, and project out of the bulb. There are 78 

reports of strongly adapting mitral/tufted cells (Margrie et al., 2001; Dietz and Murthy, 2005; 79 

McNamara et al., 2008; Chaudhury et al., 2010; Ogg et al., 2015), while others indicate that they do 80 

not adapt and instead strongly adapting neurons are found in their cortical targets (Sobel and Tank, 81 

1993; Wilson, 2000a, b; Cang and Isaacson, 2003; Kadohisa and Wilson, 2006; Shea et al., 2008).  82 

These different experimental outcomes likely reflect differences in preparation type and/or 83 

stimulus paradigms as well as the fact that adaptation is mediated by different processes at different 84 

timescales (McNamara et al., 2008; Chaudhury et al., 2010; Cafaro, 2016). Indeed adaptation can 85 

occur presynaptically at the olfactory receptor neuron synapse (Murphy et al., 2004; Kazama and 86 

Wilson, 2008). This would presumably result in inherited adaptation in their postsynaptic targets. 87 

Adaptation could also occur via circuit mechanisms (Margrie et al., 2001; Dietz and Murthy, 2005), in 88 

which case mitral/tufted cell adaptation could occur in the absence of changes in olfactory receptor 89 

neuron input. Thus, although adaptation has been described in mitral/tufted cells, it is impossible to 90 

know if the olfactory bulb was involved or whether the changes are inherited without knowing the 91 

olfactory receptor neuron input.  92 

Here we sought to determine whether it is possible to disentangle these issues by 93 

simultaneously measuring the input-output transformation of the bulb (Wilson et al., 2004; Storace 94 

and Cohen, 2017). A simultaneous measurement of the input and output makes it certain that the 95 

animal condition, odorant delivery, anesthetic level, respiration rate, and other external and internal 96 

variables are the same for both measurements. The glomerular input and output odor activation 97 

patterns were measured and compared in response to repeated three second odorant presentations 98 

separated by six second intervals. In many experiments input and output were measured 99 

simultaneously in awake or anesthetized mice using wide-field epifluorescence imaging. In other 100 
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experiments input and output were measured in separate, anesthetized preparations using 2-photon 101 

imaging. The results demonstrate a specific odor presentation paradigm in which the olfactory 102 

receptor neurons respond with a relatively stable representation of the sensory environment, while 103 

olfactory bulb processing results in output adaptation. Thus, the olfactory bulb may also contribute to 104 

sensory adaptation. 105 

 106 

Methods 107 

Surgery and imaging in adult mice 108 

All experiments were performed in accordance with relevant guidelines and regulations, 109 

including a protocol approved by the Institutional Animal Care and Use Committee at Yale University. 110 

Thy1-GCaMP6f GP5.11 transgenic mice were acquired from Jax (Stock #024339) (Dana et al., 111 

2014). Tbx21-Cre (Jax #024507) and OMP-Cre (Jax #006668) (Li et al., 2004) transgenic mice were 112 

acquired from Jax and crossed to a floxed GCaMP6f reporter transgenic mouse (Jax #024105) 113 

(Madisen et al., 2015). OMP-GCaMP3 (Jax #029581) transgenic mice were a gift from Tom Bozza, 114 

which were crossed to the Tbx21-Cre line to create a new line in which GCaMP3 was expressed in 115 

the olfactory receptor neurons, and cre recombinase was expressed in the mitral/tufted cells (OMP-116 

GCaMP3 x Tbx21-Cre). In this line the output cells could be targeted with a cre-dependent adeno 117 

associated virus (AAV). Experiments with OMP-GCaMP3 mice were made in animals that were 118 

heterozygous. Animals used in the study were confirmed to express the appropriate transgenes via 119 

genotyping by Transnetyx (Cordova, TN).   120 

For all surgical procedures, male or female adult (40 – 100 days old) mice were anesthetized 121 

with a mixture of ketamine (90 mg kg-1) and xylazine (10 mg kg-1). Anesthesia was supplemented as 122 

needed to maintain areflexia, and anesthetic depth was monitored periodically via the pedal reflex. 123 

Animal body temperature was maintained at approximately 37.5 C° using a heating pad placed 124 

underneath the animal. For recovery manipulations, animals were maintained on the heating pad until 125 
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awakening. Local anesthetic (1% bupivacaine, McKesson Medical) was applied to all incisions. 126 

Respiration was recorded with a piezoelectric sensor.  127 

Calcium dye (Cal-590 Dextran, #20509, AAT Bioquest, Sunnyvale, CA) was loaded into 128 

olfactory sensory neurons of mice via the time-honored, yet thorny approach described by 129 

Wachowiak and Cohen (2001). Mice were anesthetized, placed on their back, and an 8 µl mixture of 130 

4%/0.2% calcium dye/Triton-X was drawn into a Hamilton syringe with a flexible plastic tip, which was 131 

inserted ~10 mm into the nasal cavity. 2 µl of the dye/triton mixture was infused into the nose every 3 132 

minutes. Mice were allowed to recover for at least 4 days prior to optical measurements. The olfactory 133 

sensory neurons were also measured using the genetically encoded calcium indicators GCaMP3 and 134 

GCaMP6f (Tian et al., 2009; Chen et al., 2013). The mitral/tufted cells were measured using 135 

GCaMP6f, jRGECO1a, and jRCaMP1a (Chen et al., 2013; Dana et al., 2014; Dana et al., 2016). 136 

GCaMP6f was endogenously expressed in mitral/tufted cells in Thy1-GCaMP6f 5.11 and Tbx21-Cre x 137 

Flex-GCaMP6f transgenic mice. Cre-dependent AAVs were used to express jRGECO1a and in 138 

Tbx21-Cre (or OMP-GCaMP3 x Tbx21-Cre) transgenic mice.  139 

For epifluorescence imaging, a custom head-post was attached to the top of the posterior skull 140 

using metabond (Parkell, Edgewood, NY). The skull above the dorsal olfactory bulb was thinned and 141 

covered with an optically transparent glue and allowed to dry. For recordings in awake mice, the skull 142 

was covered with Kwik-Sil (WPI Sarasota, FL), and the mouse was allowed to recover for 3 days. The 143 

recording chamber was a conical vial with the sealed end cut open in which the mouse was allowed 144 

to acclimate for a minimum of 3 days prior to imaging experiments. Mice were initially placed in the 145 

vial for periods of up to 10 minutes, which gradually increased up to 30 minutes. Animals did not 146 

exhibit prolonged struggling or other signs of distress. Anesthetized recordings were carried out on 147 

the same day as the dissection while being maintained on the heating pad at 37.5°, and with 148 

anesthetic depth being monitored frequently via pedal reflex. 149 
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Epifluorescence imaging was done using a microscope made from Thorlabs (Newton, NJ) 150 

components with two Prizmatix (Southfield, MI) LEDs (UHP-T-LED-455 and UHP-T-LED-545), which 151 

were filtered with a 488/10 nm (Semrock FF01-488/10), and a 575/5 nm (Semrock FF01-575/5) 152 

excitation filter, respectively. A beam combiner dichroic cube directed the light from both LEDs 153 

towards a dual-reflectance, dual emission dichroic mirror (59009bs; Chroma, Bellows Falls, VT) that 154 

reflected the excitation light towards the preparation, while transmitting the fluorescence emission of 155 

both fluorophores in the emission pathway. The fluorescence emission passed through a 175 mm 156 

focal length lens (Edmund Optic), and a dual band-pass filter (Chroma 59009m) before being 157 

recorded with a NeuroCCD-SM256 camera with 2x2 (128x128 pixels) or 3x3 (84x84 pixels) binning at 158 

frame rates between 25-50 Hz using NeuroPlex software (RedShirtImaging, Decatur, GA).  159 

A schematic of the LED strobing is included in Extended Data Fig. 1-1, which was carried out 160 

by sending a trigger that defined the onset of each camera frame to an Arduino Mega 2560 which 161 

was programmed to send alternating 5 V triggers to the two LED power supplies. The precision of the 162 

Arduino board was measured using an oscilloscope (WaveAce 102, Teledyne LeCroy). The delay 163 

from detection of a triggered pulse on the camera pin to the output of either of the LED pins was 164 

between 4-25 µs. The jitter of the output of the LED pin was similarly small. The board was 165 

programmed to include a short buffer (500 µs) at the beginning and end of each camera frame during 166 

which the LED was off, to avoid crosstalk across frames.  167 

The strobing control analysis in Extended Data Fig. 1-1 was performed in a transgenic mouse 168 

that had GCaMP6f expressed in the olfactory receptor neurons (OMP-Cre x Ai95.flex.GCaMP6f). In 169 

this experiment odor-evoked signals were measured in one trial while the light was on continuously. 170 

In another trial, the blue light was strobed so that it was only on during alternate camera frames. The 171 

traces in Extended Data Fig. 1-1c are from single trials. Similar results were observed in 2 additional 172 

preparations.  173 
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The procedures for 2-photon imaging experiments were similar to those for epifluorescence. 174 

The skull was removed and replaced with agarose and a cover glass window. All imaging took place 175 

while the animal was anesthetized on the same day as the surgery. 2-photon imaging was performed 176 

with a modified Sutter moveable objective microscope (MOM, Sutter Instruments) equipped with an 8 177 

kHz resonant scanner (Cambridge Technologies). The tissue was illuminated with 940-980 nm laser 178 

light for GCaMP, or 1040 nm for jRGECO1a using a Coherent Discovery laser (Coherent). Imaging 179 

was performed using either a Nikon CFI APO LWD 25x 1.10 N.A. a Nikon CFI LWD 16x 0.80 N.A., a 180 

Leica 20x 1.0NA, a Olympus 10x 0.6NA, a Zeiss 10x 0.5NA, or a Olympus 20x 1.0NA objective. 181 

Fluorescence emission passed through a 510 / 84 bandpass filter and was detected with a GaAsP 182 

PMT (Hamamatsu). Power delivered to the sample ranged from 75-140 mW as determined using a 183 

power meter (Thorlabs PM100D) placed underneath the microscope objective at the beginning of 184 

each experiment. 2-photon movies were spatially binned from 512x512 to 256x256 pixels. 185 

Data Analysis 186 

Odorant-evoked signals were collected in consecutive trials separated by a minimum of 3 187 

minutes. The individual trials were manually inspected, and occasional trials with obvious motion 188 

artifacts were discarded. The mice underwent an initial habituation trial on the day prior to data 189 

collection where the mouse was imaged in response to odor stimulation to confirm that the dye 190 

loading or AAV injection was successful and to habituate the mouse to the experimental apparatus. 191 

On the data collection day, the total number of recording trials (and hence odor presentations) each 192 

mouse experienced varied. The data reflect responses to odor stimuli the animals had already been 193 

exposed to.   194 

Individual glomeruli were visually identified in the average fluorescence intensity, or via a 195 

frame subtraction analysis in NeuroPlex that identified activated glomeruli (Wachowiak and Cohen, 196 

2001; Storace and Cohen, 2017). The frame subtraction analysis color scales (e.g., Fig. 2a) are 197 

scaled to the maximum value of the first odor presentation for input and output, respectively. The 198 



 

 9 

maps in panel Fig. 1b are spatially filtered with one iteration of a 3x3 low-pass filter. Response 199 

amplitudes were calculated as the difference between the 2 s average around the peak of the 200 

response, and the 2 s preceding the stimulus. Fluorescence signals were converted to ∆F/F by 201 

dividing the spatial average of the pixels containing each identified glomerulus by the resting 202 

fluorescence, and were low-pass filtered at 4 Hz. The resting fluorescence was defined as the 203 

average of 5 frames at the beginning of the trial (epifluorescence imaging) or the average of the 3 s 204 

prior to the first odor presentation (2-photon imaging).   205 

The scaled subtraction analysis was used to remove common noise and widespread signals 206 

(e.g., Fig. 1c-d; Fig. 2, Extended Data Figs. 1-4, 1-5, 1-6, 3-2). The pixels surrounding an activated 207 

glomerulus were selected as the “surround”. We made an effort to select nearby pixels that did not 208 

overlay other glomeruli appearing in the activity map. The values used in the quantification (e.g., Fig. 209 

1d, Fig. 2) were generated by subtracting the difference between the center and surround values at 210 

the peak of the odor response. The example traces shown as “Glomerulus minus surround” in Fig. 211 

1c, and Extended Data Fig. 1-4, 1-5, 1-6, and 3-2 were generated using the scaled subtraction 212 

function in NeuroPlex. The behavior of the scaled subtraction traces closely reflected that of the 213 

activity maps.  214 

The responses to the first and third odor response were then normalized to the response 215 

amplitude evoked by the first odor presentation. The 2-photon data was not analyzed using the 216 

scaled subtraction analysis since 2-photon imaging is influenced less by out of focus fluorescence. 217 

The average fluorescence intensity images in Fig. 3a were generated by taking the average of the 218 

entire imaging trials. The figures primarily include single trial recordings to highlight the imaging 219 

signal-to-noise ratio, although all activity maps (e.g., Fig. 1b, Fig. 3a), and quantitative 220 

measurements (e.g., Fig. 1d, Fig. 2 and Fig. 3c-d) were carried out in averaged trials. The 221 

population analysis in Fig. 2b and Fig. 3d averaged all normalized measurements for each 222 

preparation. For the 2-photon analysis, the normalized response to the second, third and fourth odor 223 
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presentation were grouped across all preparations for input and output respectively (Fig. 3d). Two-224 

sample statistical comparisons were performed using a Mann-Whitney U-test (ranksum in MATLAB).   225 

The bleaching analysis was carried out by measuring the average fluorescence intensity from 226 

the spatial average from all the regions of interest used for that preparation at the beginning of the 227 

recording trial (i.e., the mean of frames 6-11) and immediately prior to the third odor pulse (when the 228 

odor response to the second stimulus had recovered). The difference between these two values 229 

defined the total bleaching within a trial and was used to generate a correction factor for the last odor 230 

pulse.  231 

The analysis carried out to compare input and output using the same sensor in different 232 

preparations used 4 mice in which GCaMP6f was expressed in the olfactory receptor neurons (a 233 

cross between OMP-Cre and a GCaMP6f reporter mouse). The olfactory receptor neuron GCaMP6f 234 

dataset includes a total of 417 odor-glomerulus pairs were measured in response to 3 different odors 235 

(methyl valerate, N = 232; isoamyl acetate, N = 124; 2-heptanone, N = 61) and concentrations (2 % of 236 

saturated vapor: N = 263; 0.36 %: N = 110; 0.12 %: N = 37; 0.06 % N = 7). The mean result from 237 

each preparation was compared with the preparations in Fig. 2 and Table 1 that expressed GCaMP6f 238 

in the mitral/tufted cells. The comparison of adaptation measured using different input sensors 239 

compared the average adaptation in the four preparations in which GCaMP6f was expressed in the 240 

olfactory receptor neurons to the preparations in Fig. 2 and Table 1 in which the input was measured 241 

using Cal-590 (N = 11 preparations) and GCaMP3 (N = 5 preparations). The statistical comparison 242 

between the 3 groups was carried out using a Kruskall-Wallis test in MATLAB.  243 

Odorant stimuli and delivery  244 

Odorants (Sigma-Aldrich) were diluted from saturated vapor using a flow dilution olfactometer 245 

(Vucinic et al., 2006), a design which generates a constant headspace concentration throughout the 246 

trial. Ethyl tiglate, methyl valerate, isoamyl acetate 2-heptanone and an odorant mixture (methyl 247 

valerate, isoamyl acetate and 2-heptanone mixed in equal proportions in liquid phase) were delivered 248 
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between concentrations of 0.06% and 2% of saturated vapor. The odor stimuli used for the 249 

epifluorescence imaging experiments are listed in Table 1. In a subset of the experiments a photo-250 

ionization detector (200B mini-PID, Aurora Scientific, Aurora, ON) confirmed the time course and 251 

relative concentrations delivered by the olfactometer. The photo-ionization measurements in 252 

Extended Data Fig. 1-2 were taken while the sensor was placed in front of the olfactometer located 253 

in front of the animal’s nose in a subset of the experiments (which is the cause of the “sniff” pattern in 254 

the red trace in Extended Data Fig. 1-2a).  255 

We confirmed that the olfactometer delivered repeatable odor pulses by comparing the 256 

amplitude of the photoionization detector signal in response to the 1st and 3rd odor presentation on 8 257 

different recording days in response to different odors and concentrations. The amplitude of the 3rd 258 

odor pulse changed minimally relative to the 1st odor pulse (1.3 ± 1.7 % SEM) when averaging 259 

individual trials using different odorants and concentrations.  260 

Histology 261 

 Mice were euthanized with euthasol, and their brains were dissected and left in 4% 262 

paraformaldehyde for a minimum of 3 days. Olfactory bulbs were embedded in 3% agarose and cut 263 

on a vibratome in 50-75 µm thick coronal sections. Sections were mounted and coverslipped with 264 

VECTASHIELD Mounting Medium with DAPI (Vector Labs, H-1500) or Propidium Iodide (Vector 265 

Labs, H-1300). Slides were examined using a Zeiss LSM-780 confocal microscope (Carl Zeiss 266 

Microsystems). Appropriate targeting of the sensors was confirmed by visual inspection.  267 

The fluorescence for the images in Fig. 1a and Extended Data Fig. 1-3 were generated 268 

without additional amplification steps. Images were uniformly contrast-enhanced and sharpened 269 

(unsharp mask), cropped and pseudo-colored using Zen Lite 2011 (Carl Zeiss Microsystems), Adobe 270 

Photoshop and Illustrator (Adobe Systems Inc.). 271 

 272 

 273 
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Results 274 

Input-Output Transformation. 275 

Simultaneous measurements of input and output.  276 

Figure 1a shows an example histological result in which olfactory sensory neurons were 277 

loaded with an organic calcium dye (Cal-590 dextran) via nasal infusion (left panel) (Friedrich and 278 

Korsching, 1997; Wachowiak and Cohen, 2001; Fried et al., 2002; Storace and Cohen, 2017) in a 279 

transgenic mouse that expressed the Genetically Encoded Calcium Indicator (GECI) GCaMP6f in the 280 

mitral/tufted output cells (middle panel) (Dana et al., 2014). The merged result (right panel) shows 281 

that the input and output processes overlap in the bulb glomeruli, and thus measurements from the 282 

glomeruli will have activity signals from both the olfactory receptor neuron input and the mitral/tufted 283 

cell output.  284 

Alternative imaging frames measured the fluorescence induced by two different excitation 285 

wavelengths and thus the two different activity sensors. Input and output activity measurements were 286 

made using a microscope with two LED light sources. The LEDs were synchronized with the camera 287 

so that only one LED illuminated the preparation in each camera frame (Extended Data Fig. 1-1a) 288 

(Miyazaki and Ross, 2015; Miyazaki et al., 2018). Because the excitation spectra of the fluorophores 289 

used in these experiments had minimal overlap, there was minimal cross talk between the 290 

fluorophores. Strobing the LEDs did not noticeably impact the imaging signal-to-noise ratio. This can 291 

be seen by comparing measurements from trials using continuous illumination to those in which the 292 

LED was strobed (in a preparation that had only a single fluorophore, GCaMP6f). Odor-evoked 293 

signals were measured during trials in which the blue LED was on continuously, and in separate trials 294 

where the blue LED was only on during alternate camera frames (Extended Data Fig. 1-1b, top vs 295 

bottom). The signals from the continuous imaging trial were similar to those from the LED-On frames 296 

of the strobing trial, while the LED-Off frames had no detectable signal (Extended Data Fig. 1-1c, 297 

black trace). Thus, this approach allows effectively simultaneous measurements of the input-output 298 
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Figure 1: Measuring the olfactory bulb input-output transformation using wide-field imaging reveals a contribution to 
adaptation. (a) Histology illustrating spectrally distinct sensors targeted to input (Cal-590) and output (GCaMP6f). (b-
d) Strobing LEDs were used to image input and output on alternate camera frames in response to repeated odor 
presentations. Strobing did not noticeably impact the signal-to-noise ratio (Extended Data Fig. 1-1) and the 
olfactometer delivers repeatable odor pulses (Extended Data Fig. 2). (b) Input (top, left) and Output (bottom, left) 
activity maps are shown in response to the first odor presentation scaled to their minimum and maximum ∆F/F values 
(max ∆F/F indicated on panel). The activity map evoked by the third odor pulse (right panels) is shown with the color 
scale set to the maximum ∆F/F value evoked by the first odor pulse. (c) Fluorescence time course of input and output 
for 2 glomeruli from one of the single trials used to generate the activity maps in panel b. Unsubtracted: The colored 
traces are from the center of the activated glomeruli. The signal from the immediate surround is shown as the 
superimposed thin black trace. Glomerulus minus surround: Fluorescence traces that have had the surround 
subtracted from the glomerular center. The odor used was methyl valerate at 2% of saturated vapor. (d) Quantification 
of the response to the 3

rd
 odor presentation normalized to the 1

st
 odor presentation (N = 16 glomeruli). The dashed 

line represents the result for zero adaptation. ** p < 0.005. The scalebars in panels a-b indicate 100 µm, and the 
scalebars in panel c indicate 1% and 5% ∆F/F, respectively. Similar results were obtained using different sensor 
combinations (Extended Data Figs. 1-3 through 1-7).  

 

transformation in a single trial. 299 

Simultaneous wide-field input and output measurements from the same glomeruli. 300 

Odor-evoked responses were measured from the bulb input and output in response to 301 

repeated three second presentations of the same odor stimulus with a six second interstimulus 302 
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interval in awake or anesthetized head-fixed mice. We confirmed that the olfactometer could deliver 303 

stable odor pulses using a photoionization detector (Extended Data Fig. 1-2).  304 

 Figure 1b-d shows measurements from a preparation in which the olfactory receptor neurons 305 

were labeled with the organic calcium dye Cal-590 dextran via nasal infusion in the Thy1-GCaMPf 306 

5.11 transgenic line that expresses GCaMP6f in the mitral/tufted cells (Dana et al., 2014; Iwata et al., 307 

2017). The image of the responses to each odor presentation was visualized by performing a frame 308 

subtraction analysis (see Methods) for both the input and output (Wachowiak and Cohen, 2001) (Fig. 309 

1b, Activity Maps).  310 

In this preparation, the input activity map evoked by the third odor presentation was very 311 

similar to the activity map evoked by the first odor presentation. This is visualized by scaling the third 312 

activity map at the same scale as used for the first presentation (Fig. 1b, top, input, left versus right 313 

panel). Thus, the input measurements were stable across odor repeats, exhibiting minimal 314 

adaptation. In contrast, the magnitude of the output response changed substantially across odor 315 

presentations. Applying the same scaling analysis to the output activity maps revealed reductions in 316 

signal amplitude in almost all of the activated glomeruli (Fig. 1b, bottom, output, left vs right panel).  317 

Single trial fluorescence time course measurements from two activated glomeruli in response 318 

to the odorant methyl valerate at 2% of saturated vapor are shown in Fig. 1c. The presence of a 319 

glomerular sized peak in the activity map indicates that a glomerulus is more strongly activated than 320 

the surround. This is evident by comparing the fluorescence time course measured from a glomerulus 321 

versus its surrounding area (Fig. 1c, left panel, color versus black traces). For the input 322 

measurements, the separation between the center and surround were similar for the three odor 323 

pulses (Fig. 1c, right panel). In contrast, the difference between the center and surround of the output 324 

signals became smaller (Fig. 1c, right panel, output). The results from these two glomeruli are 325 

consistent with the changes visualized in the input and output activity maps (Fig. 1b). The difference 326 

between the center and surround of activated input and output glomeruli was used to quantify the 327 
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amount of adaptation. The amplitude of the bulb input declined much less than the output (Fig. 1d). 328 

For this preparation, the input declined to 0.96 ± 0.05, while the output declined to 0.68 ± 0.07 (p < 329 

0.005; N = 16 glomeruli, output vs input).  330 

While the Thy1-GCaMP6f 5.11 transgenic line selectively expresses GCaMP6f in mitral/tufted 331 

cells in the olfactory bulb, some expression also exists in the cortex (Dana et al., 2014). We were 332 

concerned that some of these cortical neurons could feedback to the olfactory bulb, which could 333 

introduce confounding optical signals. We repeated this experiment using the Tbx21-Cre mouse line, 334 

which expresses Cre recombinase exclusively in mitral/tufted cells (Mitsui et al., 2011). This line was 335 

then crossed to a transgenic GCaMP6f reporter mouse (Madisen et al., 2015). Histological 336 

examination confirmed that the GCaMP6f expression was restricted to the mitral/tufted cells 337 

(Extended Data Fig. 1-3a). In these preparations, Cal-590 dextran was loaded into the olfactory 338 

receptor neurons using nasal infusion. The results from an example preparation are shown in 339 

Extended Data Fig. 1-4, which has an identical display arrangement as that used in Fig. 1b-d. On 340 

average the output declined more than the input (Input: 0.87 ± 0.08; Output: 0.49 ± 0.1; p =0.06; N = 341 

4 glomeruli, output vs input). Thus, the differences between input and output are unlikely to be 342 

explained by the choice of the transgenic mouse line.  343 

 344 

Using other combinations of calcium sensors.  345 

Different optical indicators can vary in their signal-to-noise ratio, and calcium indicators have 346 

different affinities (Kd), Hill coefficients, and photobleaching properties (Tian et al., 2009; Akerboom et 347 

al., 2012; Chen et al., 2013; Sun et al., 2013; Badura et al., 2014; Dana et al., 2016). To control for 348 

these effects, we generated a transgenic mouse line in which we could record from the olfactory 349 

sensory neuron input using a protein-based sensor (GCaMP3). The Tbx21-Cre transgenic mouse line 350 

was crossed to a transgenic mouse in which GCaMP3 (Dewan et al., 2018) was expressed in the 351 

bulb input (OMP-GCaMP3 x Tbx21-Cre). The mitral/tufted cell output was targeted with red calcium 352 
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sensors, either jRCaMP1a or jRGECO1a (Dana et al., 2016) using a Cre-dependent adeno-353 

associated virus. Histology demonstrating targeting of the sensors in this double transgenic mouse 354 

line is shown in Extended Data Fig. 1-3. jRCaMP1a was used for the preparation in Extended Data 355 

Fig. 1-5 where the input and output declined to 0.97 ± 0.06 and 0.85 ± 0.07 (N = 23 glomeruli, p = 356 

0.14, output vs input), respectively. jRGECO1a was used for the preparation in Extended Data Fig. 357 

1-6. However, input and output measurements were performed in alternate imaging trials because 358 

blue light activates slow and sustained rises in jRGECO1a fluorescence, which precluded 359 

simultaneous measurements (Extended Data Fig. 1-7). Regardless, the results were consistent with 360 

the other preparations where the normalized response to the 3rd odor presentation for input and 361 

output was 1.0 ± 0.04 and 0.92 362 

± 0.1 (N = 7 glomeruli, p = 0.16, 363 

output vs input), respectively. 364 

Thus, we measured effects in 365 

the same direction regardless of 366 

whether the input was recorded 367 

using an organic dye or a 368 

protein-based calcium indicator.  369 
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Figure 2: Population summary and individual preparations in which both input and output were measured in the same 
hemibulbs of awake or anesthetized mice. Measurements are shown as the response to the third odor pulse 
normalized to the ∆F/F amplitude evoked by the first. (a) Signal size measurements from identified glomeruli that were 
present in both input and output for 16 preparations. Lines show the direction of the same glomeruli for input and 
output. The sensor combination, anesthetic state, and stimuli used for each preparation are given in Table 1. (b) 
Quantification of signal size across the population of all 16 preparations. * < 0.05, ** < 0.005.   

 

Table 1: Summary of all preparations in Fig. 2. Input and output values indicate mean ± s.e.m. Statistics indicate 
results from a Wilcoxon Rank sum test. mv, methyl valerate; et, ethyl tiglate; 2hep, 2-heptanone; ia, isoamyl acetate.  

 

Next, we assessed whether output adaptation was dependent on anesthetic state by carrying 370 

out input-output measurements in three anesthetized mice (olfactory receptor neurons labeled with 371 

Cal-590 in Thy1-GCaMP6f 5.11 mice) (Fig. 2 and Table 1, preps 14-16). 94 glomeruli-odor pairs (34, 372 

39 and 21 per preparation) were recorded in response to 3 different odors across 4 concentrations 373 

(between 0.12-2% of saturated vapor). Consistent with the prior reports, odors evoked more diffuse 374 

output signals in anesthetized mice in comparison to measurements from awake animals (Blauvelt et 375 

al., 2013; Wachowiak et al., 2013). In any case, the output still adapted more on average than the 376 

input after applying the center-surround subtraction analysis (Input: 0.78 ± 0.12; Output: 0.64 ± 0.13; 377 

N = 3 preparations, not statistically significant). Comparisons of input and output measurements in 378 

awake (N = 13 preparations) versus anesthetized (N = 3 preparations) mice were not significant 379 

(input: ranksum = 123; p = 0.11; output: ranksum = 118, p = 0.36). Thus, the ability of the olfactory 380 

bulb to contribute to sensory adaptation does not require wakefulness.  381 

We determined whether different bleaching kinetics of the sensors could explain the result by 382 

measuring the change in the absolute fluorescence intensity at the beginning of the imaging trial and 383 

immediately prior to the delivery of the third odor pulse. The different sensors had similarly small 384 

bleaching effects: Cal-590 (0.98 ± 0.01; N = 6), GCaMP3 (0.94 ± 0.01; N = 4), GCaMP6f (0.97 ± 0.01, 385 

N = 6), jRGECO1a (0.96 ± 0.01, N = 2) and jRCaMP (0.95, N = 1) (values are the fluorescent 386 
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intensity of the 3rd odor pulse baseline normalized to the 1st odor pulse baseline). On average the 387 

input and output measurements exhibited relatively small and similar decreases (Input: 0.96 ± 0.01; 388 

Output: 0.96 ± 0.01; N = 10). Thus, bleaching similarly affected both input and output, and by a 389 

magnitude much smaller than the effects of adaptation on the output.  390 

Summary of same glomeruli input-output comparisons. 391 

We compared input and output measurements in 16 preparations (13 awake, 3 anesthetized) 392 

using 2 different input sensors (Cal-590: 11 preparations; GCaMP3: 5 preparations) and 3 different 393 

output sensors (GcaMP6f: 11 preparations, jRCaMP1a: 2 preparations; jRGECO1a: 3 preparations) 394 

(Fig. 2a). The sensors, odorants and odorant concentrations used in these measurements are 395 

indicated in Table 1. Not all glomeruli exhibited the same behavior in each preparation (e.g., the 396 

output declined less than the input in some glomeruli), and not all preparations had within 397 

comparisons that were statistically significant. However, all but one of the experiments had means in 398 

the same direction (Fig. 2a). The average normalized response to the 3rd odor preparation was 399 

averaged across all activated glomeruli per preparation (15 ± 2.6; between 1-39 glomeruli per 400 

preparation). The input and output declined significantly from baseline conditions to 0.88 ± 0.03 and 401 

0.71 ± 0.04, respectively (Input: p < 0.005; Output: p < 0.001; Wilcoxon signed rank test). However, 402 

the output declined significantly more than the input (Fig. 2b; p < 0.005; Wilcoxon rank sum test). 403 

Statistical and experimental details for the individual preparations and the population are included in 404 

Table 1. Thus the mitral/tufted cells adapt significantly more than olfactory receptor neurons; the 405 

olfactory bulb contributes to adaptation.  406 

Moreover, preliminary results measuring olfactory receptor neuron activity using the 407 

Genetically Encoded Voltage Indicator, ArcLight showed comparable adaptation responses as those 408 

measured here using calcium sensors (Preliminary data, J. Platisa, L.B. Cohen, V. Pieribone, D.A. 409 

Storace). This strengthens the conclusion that the choice of optical sensor is unlikely to explain the 410 

measured differences between input and output. 411 
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Measuring input and output using the same sensor in different preparations.  412 

We also controlled for the effects of sensor differences by using the same protein sensor to 413 

record from both the input and output, albeit in different preparations. In these experiments GCaMP6f 414 

was used to measure the olfactory bulb input in an OMP-Cre transgenic mouse that had been 415 

crossed to a GCaMP6f reporter mouse (Madisen et al., 2015). We compared these input results to 416 

the preparations in Table 1 in which GCaMP6f had been used to measure the mitral/tufted output. 417 

The mitral/tufted cell output declined significantly more than the olfactory receptor neuron input when 418 

both were measured using GCaMP6f (Input: N = 4 preparations, 0.86 ± 0.03; Output: N = 11 419 

preparations, 0.65 ± 0.04; p < 0.01 with Wilcoxon rank sum).  420 

We also determined whether the magnitude of olfactory receptor neuron adaptation was 421 

different when measured using either an organic calcium dye or a protein sensor by comparing input 422 

adaptation measured with different sensors. The effect of repeated stimulation on olfactory receptor 423 

neurons lead to a similarly modest effect on response amplitude regardless of the sensor (Cal-590: 424 

0.86 ± 0.03; GCaMP3: 0.93 ± 0.05; GCaMP6f: 0.86 ± 0.03; χ² = 1.7, p = 0.43, Kruskall-Wallis test). 425 

Thus, input measurements carried out using an organic calcium dye and two different protein-based 426 

GECIs gave similar results. 427 

Measuring input and output using 2-photon imaging in separate anesthetized preparations.  428 

The optical signals from wide-field imaging can be influenced by fluorescence originating from 429 

above and below the objective focal plane. Accordingly, we made similar measurements using 2-430 

photon microscopy, which has a much smaller depth-of-field (Denk et al., 1990), to test the possibility 431 

that our results could be explained by out of focus signals. In these experiments input and output 432 

were measured in different, anesthetized preparations. The input signals were measured in 433 

transgenic mice expressing either GCaMP3 (OMP-GCaMP3, N = 5 preparations) or GCaMP6f (OMP-434 

Cre x Flex-GCaMP6f, N = 1 preparation). Output signals were measured in transgenic mice 435 

expressing either GCaMP6f (Thy1-GCaMP6f 5.11, N = 5 preparations; Tbx21-Cre x Flex-GCaMP6f, 436 
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Figure 3: Adaptation of input and output responses measured in different, anesthetized preparations using 2-photon 
imaging. (a) Average fluorescence intensity and activity maps from two different preparations in which input 
(GCaMP3) or output (GCaMP6f) were measured separately. The input maps are relatively similar for the first and 
fourth odor presentation while the signals in the fourth output map are smaller. Scalebar, 100 µm. (b) Fluorescence 
time courses from activated glomeruli measured in the two preparations in a. The response to the first and fourth 
odor presentation are cropped and displayed next to each other. The output traces in panel b are from a single trial, 
the input traces are from an average of four trials. The heterogeneity of the output responses are further illustrated in 
Extended Data Figs. 3-1 and 3-2. (c) Quantification of the signal size of the fourth odor presentation normalized to 
the amplitude evoked by the first odor presentation for all of the glomeruli identified in these two recording trials. (d) 
Population summary of adaptation of input and output. Each thin line is from a different preparation. The input and 
output recordings in a-b were measured in response to ethyl tiglate (2% saturated vapor) and methyl valerate (2% 
saturated vapor), respectively. ** < 0.005.   
 

N = 3 preparations) or jRGECO1a (Tbx21-Cre injected with a Cre-dependent jRGECO1a expressing 437 

adeno-associated virus, N = 1 preparation).  438 

Odor responses were measured to different odors (methyl valerate, isoamyl acetate, ethyl 439 

tiglate and 2-heptanone) between 0.4-2% of saturated vapor, and the same glomeruli were tested 440 

across multiple stimulus conditions when possible. Odor responses were measured in 103 individual 441 

input glomeruli (between 7 and 31 glomeruli per preparation), resulting in a total of 202 odor-442 

glomerulus input measurements. Odor responses were measured in 269 individual output glomeruli 443 
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(between 9 and 56 glomeruli per preparation), resulting in a total of 494 odor-glomerulus 444 

measurements. The activity maps and fluorescence traces from 2 different preparations in which only 445 

the input or only the output was measured are shown in Fig. 3. The activity maps are scaled in the 446 

same manner as those in Fig. 1. Consistent with the wide-field fluorescence imaging experiments, 447 

the input measurements were relatively similar across odor repeats, while the output declined (Fig. 448 

3a, see reduced hot colors for most output glomeruli). Fluorescence traces from some of the 449 

activated glomeruli are shown to demonstrate the differences (Fig. 3b). The mean normalized 450 

response to the fourth odor presentation for the input preparation was 0.85 ± 0.03 (N = 25 odor-451 

glomeruli pairs), while the mean of the output preparation was 0.6 ± 0.04 (N = 77 odor-glomeruli 452 

pairs) (Fig. 3c). Similar results were obtained across a population of preparations where the mean 453 

normalized response to the third odor presentation for the input was 0.83 ± 0.11 (N = 6 preparations), 454 

while the mean of the output preparations was 0.66 ± 0.07 (N = 9 preparations) (p < 0.005 using a 455 

Wilcoxon rank sum test) (Fig. 3d). Thus, the 2-photon measurements gave results similar to those in 456 

wide-field measurements. Overall, measurements from input and output using different combinations 457 

of sensors in awake and anesthetized mice, using wide-field and 2-photon fluorescence imaging, 458 

show that the olfactory bulb contributes to odor adaptation with the odorant presentation protocol we 459 

used. The bulb output adapts substantially more than its input.  460 

 461 

Unusual glomerular response types measured using 2-photon and wide-field imaging.  462 

Input (2-photon). The majority of input glomeruli exhibited increases with different onset kinetics that 463 

were consistent with previous reports (Wachowiak and Cohen, 2001; Spors et al., 2006). Only two 464 

glomeruli had suppressed responses (2/103 individual glomeruli, not shown).  465 

Output (2-photon). The majority of output glomerular measurements responded quickly to the odorant 466 

and returned to baseline following the removal of the odor (e.g., Extended Data Fig. 3-1a, 438/500 467 

glomerular measurements). The remaining measurements (62/500) exhibited more complex 468 
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response dynamics not seen in the input measurements. Single trial recordings of different response 469 

types are included in Extended Data Fig. 3-1b-g. Some glomeruli exhibited both an on and off 470 

response (Extended Data Fig. 3-1b-c; 28/500). Others exhibited a polarity change to repeated odor 471 

presentations. These glomeruli typically had a slow increase in fluorescence to the first odor 472 

presentation, and suppression to subsequent odor presentations (Extended Data Fig. 3-1d; 18/500). 473 

Other response types included an off response (Extended Data Fig. 3-1e; 2/500), an off-activity 474 

increase followed by suppression (Extended Data Fig. 3-1f; 2/500) and glomeruli whose activity was 475 

suppressed by the odor (Extended Data Fig. 3-1g; 9/500). Note that each trace presented in 476 

Extended Data Fig. 3-1b-g was recorded in a trial that had a response in another glomerulus 477 

consistent with Extended Data Fig. 3-1a (i.e., a “ON” response). Many of these response types are 478 

consistent with previous reports using electrode measurements and glomerular recordings from 479 

mitral/tufted cells (Sirotin et al., 2015; Economo et al., 2016; Bolding and Franks, 2018; Parabucki et 480 

al., 2019).  481 

Output (wide-field). In addition, a small fraction of our wide-field epifluorescence mitral/tufted 482 

recordings also exhibited unusual response properties (Extended Data Fig. 3-1i-k). The presence of 483 

glomeruli that switch polarities (Extended Data Fig. 3-1d, j) and those with suppressed responses to 484 

all the odor presentations (Extended Data Fig. 3-1k) suggest that glomerulus specific inhibition 485 

occurs. Because none of the input glomeruli had similar characteristics, these effects appear to be 486 

generated by processing within the olfactory bulb. In some preparations there were wide-spread 487 

areas with suppressed responses (Extended Data Fig. 3-2). The suppressed responses often did not 488 

change in response to repeated odor presentations, strongly suggesting that broad increases in 489 

suppressed signals cannot explain the output adaptation.    490 

 491 

Discussion  492 
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Here we provide the first simultaneous comparison between the olfactory sensory neuron input 493 

and the mitral/tufted cell outputs from many glomeruli in the same preparation in response to 494 

repeated odorant presentations. Although prior studies have shown adaptation occurring in both 495 

olfactory receptor neurons and mitral/tufted cells (Leinders-Zufall et al., 1998; Reisert and Matthews, 496 

1999; Wilson, 2000b; Reisert and Matthews, 2001a; Verhagen et al., 2007; Ghatpande and Reisert, 497 

2011; Ogg et al., 2015), distinguishing adaptation that occurs as a result of bulb processing from that 498 

inherited from the periphery requires recording from both cell populations simultaneously.  499 

Measurements from the olfactory receptor neuron input were relatively stable in response to 500 

repeated odor presentations, while the mitral/tufted signal declined significantly more. This was true 501 

for both wide-field and 2-photon measurements and for both calcium and voltage indicators. The 502 

results demonstrate that the olfactory sensory neurons provide a more faithful representation of the 503 

sensory environment, while processing in the olfactory bulb reduces the output signal as a result of 504 

repeated presentations. This function is likely to be critical for identifying novel or important odor 505 

stimuli from an ongoing odor background.  506 

Methodological considerations.  507 

Near-simultaneous measurements of input and output using strobing LEDs. Because adaptation may 508 

be experience-dependent, we wanted a way to perform the input and output measurements 509 

simultaneously. Multiplexing the LED excitation was preferable to using a dual band-pass filter to 510 

simultaneously excite both fluorophores since many fluorophores have broad excitation and emission 511 

spectra, which could introduce cross-talk between the channels. We concluded that the noise 512 

introduced by the strobing approach was negligible. 513 

Sensor differences. Different optical indicators can vary in their signal-to-noise ratio, and calcium 514 

indicators exhibit different calcium affinities (Kd), Hill coefficients and photobleaching properties (Tian 515 

et al., 2009; Akerboom et al., 2012; Chen et al., 2013; Sun et al., 2013; Badura et al., 2014; Dana et 516 

al., 2016). We attempted to address possible effects of the sensors we used by using three 517 
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strategies. First, we carried out input and output measurements using different combinations of 518 

optical sensors with different biophysical properties (Table 1). Second, by using the same sensor 519 

(GCaMP6f) in different preparations. Third, by demonstrating that the input measurements were 520 

similar regardless of the sensor used. Moreover, preliminary work suggests that input adaptation 521 

measured using a voltage indicator gave similar results (J. Platisa, L.B. Cohen, V. Pieribone and D.A. 522 

Storace, unpublished). Thus, it is unlikely that the reported differences between input and output are 523 

artifactual. Furthermore, our recent comparisons of input and output for a different olfactory 524 

perception (Storace and Cohen, 2017; Storace et al., 2019) used an even larger number of different 525 

calcium and voltage indicators, all of which yielded similar results. That said, one caveat is that these 526 

experiments do not address the possibility that the axon terminals and dendrites could have different 527 

kinetic properties which could affect our conclusion.  528 

The relationship between calcium and neurotransmitter release. A concern is that calcium or voltage 529 

measurements might not directly reflect synaptic release in the nerve terminals of olfactory receptor 530 

neurons, a result described in the Drosophila olfactory system (Kazama and Wilson, 2008; Martelli 531 

and Fiala, 2019). Calcium influx and synaptic vesicle release are significantly correlated when using 532 

an odor paradigm with intermittent odor stimulation (Bozza et al., 2004), although this might not be 533 

true under the paradigm we used to induce adaptation. Indeed, in vitro measurements of olfactory 534 

receptor neuron synaptic vesicle release exhibited stronger paired-pulse depression than measured 535 

using calcium (Wachowiak et al., 2005). However, other in vitro studies that examined the effects of 536 

olfactory nerve layer stimulation on postsynaptic targets reported more rapid recovery (Aroniadou-537 

Anderjaska et al., 2000; Murphy et al., 2004). Clearly, olfactory receptor neurons exhibit synaptic 538 

depression under some conditions, which would be transmitted to the mitral/tufted cells. The relative 539 

proportion of mitral/tufted cell adaptation that can be attributed to depression at the olfactory receptor 540 

neuron synapse needs to be addressed in future work using either sensors of synaptic vesicle 541 
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release (Bozza et al., 2004; Wachowiak et al., 2005) or glutamate targeted to postsynaptic neurons 542 

(Marvin et al., 2013; Marvin et al., 2018; Moran, 2019).  543 

Another concern is the relationship of calcium measurements in the apical dendrites of 544 

mitral/tufted cells to spiking activity in the soma, since synaptic potentials can also evoke increases in 545 

calcium (Charpak et al., 2001). However, these subthreshold signals evoke much smaller increases 546 

in calcium than action potentials (Charpak et al., 2001; Zhou et al., 2006). In addition, because action 547 

potentials propagate actively over the entire length of the primary dendrite (Debarbieux et al., 2003; 548 

Djurisic et al., 2004; Zhou et al., 2006), the calcium signal in the dendritic tufts very likely mainly 549 

reflects action potential activity in the mitral/tufted output neurons.  550 

Use of a center-surround subtraction to correct for diffuse fluorescence in 1-photon experiments. 551 

Diffuse fluorescence has been described in epifluorescence imaging experiments from both olfactory 552 

receptor neuron glomeruli (Wachowiak and Cohen, 2001; Verhagen et al., 2007) and mitral/tufted cell 553 

glomeruli (Fletcher et al., 2009; Blauvelt et al., 2013). Diffuse signal likely reflects some combination 554 

of out-of-focus signal and hemodynamics, and these prior studies have used a similar background-555 

subtraction analysis to correct for the diffuse signal. Thus there is precedent from prior studies to use 556 

a similar analysis applied to both olfactory receptor neurons and mitral/tufted cells. Moreover, two 557 

results support the validity of this analysis. First, the results of the center-surround analysis were 558 

consistent with our frame subtraction analysis. Second, we obtained similar results using 2-photon 559 

imaging, which greatly increased the Z-axis resolution and thus restricted the measurement to the 560 

glomerular layer. Thus, we conclude that the center-surround analysis is a reasonable method for 561 

correcting diffuse fluorescence.  562 

 563 

Comparison with previous reports 564 

Odorant receptors are known to exhibit adaptation to continuous odor streams or paired pulse 565 

stimulation (Kurahashi and Menini, 1997; Reisert and Matthews, 1999; Zufall and Leinders-Zufall, 566 
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2000; Reisert and Matthews, 2001b; Lecoq et al., 2009; Ghatpande and Reisert, 2011). However, 567 

intact olfactory receptor neurons stimulated with paired pulses of odorants exhibited substantial 568 

recovery of the initial response with a 6 second delay between pulses (Kurahashi and Menini, 1997; 569 

Zufall and Leinders-Zufall, 2000; Murphy et al., 2004; Wachowiak et al., 2005). We used an intertrial 570 

interval of six seconds which allowed time for the input signal to partially recover from any adaptation 571 

that occurred from the preceding odor pulse.  572 

Although our study indicates that mitral/tufted cells adapt to odor stimuli, there are prior reports 573 

in which they exhibit relatively sustained responses to a constant or repeated odor stimulus (Sobel 574 

and Tank, 1993; Wilson, 1998; Cang and Isaacson, 2003; Kadohisa and Wilson, 2006). These 575 

differences could reflect diversity of mitral/tufted cell adaptation, as well as the odor stimulation 576 

paradigm. Indeed Fig. 2 demonstrates that the average of the mitral/tufted cells in different glomeruli 577 

exhibit quite different degrees of adaptation.  578 

The glomerular mitral/tufted cell outputs occasionally exhibited activity suppression in 579 

response to the initial odor presentation in awake animals (Extended Data Figs. 3-1 and 3-2). 580 

Suppressed responses were not evident in prior reports of glomerular measurements from 581 

mitral/tufted cells in anesthetized mice using wide-field imaging (Fletcher et al., 2009; Ogg et al., 582 

2015; Storace and Cohen, 2017), although they were reported in anesthetized mice when measured 583 

using 2-photon imaging (Economo et al., 2016).  584 

Possible mechanisms and future work.  585 

In earlier experiments we found that the olfactory bulb transforms an input which is a confound 586 

of odorant quality and concentration into an output which is relatively concentration invariant (Storace 587 

and Cohen, 2017). Thus, the olfactory bulb participates in at least two computations simultaneously 588 

that may be related to perception. Indeed, despite its position as the first stage of olfactory 589 

information processing, the olfactory bulb has also been shown to participate in additional diverse 590 

functions including metabolic sensitivity (Fadool et al., 2011; Thiebaud et al., 2014; Riera et al., 591 
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2017), learning (Kass et al., 2013), and context-dependent processing (Doucette et al., 2011; Nunez-592 

Parra et al., 2014; Li et al., 2017; Koldaeva et al., 2019; Wang et al., 2019).  593 

Because the computations that occur in the olfactory bulb about concentration invariance and 594 

adaptation occur on a second (or sub-second) time scale, it suggests that the mechanisms are circuit 595 

based and do not involve slower processes such as changes in gene expression. However, these 596 

computations could presumably involve local circuits as well as processing across multiple brain 597 

areas. 598 

The role of each of the large number of individual olfactory bulb interneuron types (e.g., 599 

(Parrish-Aungst et al., 2007)) need to be examined. Indeed processing within the olfactory bulb 600 

network has been shown to be important for both concentration invariance (Banerjee et al., 2015)} as 601 

well as for adaptation measured in mitral/tufted cells (Margrie et al., 2001; Dietz and Murthy, 2005). 602 

NMDA receptor modulation has been shown to play a role in olfactory bulb adaptation over much 603 

longer timescales (Chaudhury et al., 2010). Moreover, mitral/tufted cells send axons to twelve brain 604 

areas (Davis and Macrides, 1981; Igarashi et al., 2012), and almost all of those brain areas send 605 

feedback projections back to the olfactory bulb (Shipley and Ennis, 1996; Mandairon et al., 2014; In 't 606 

Zandt et al., 2019; Schneider et al., 2020). This centrifugal feedback appears to play a clear role in 607 

shaping the long-term olfactory bulb output as evidenced by experiments showing the impact of 608 

modulation of the locus coeruleus on adaptation over long timescales (Ogg et al., 2018), as well as 609 

the finding that mitral/tufted cell activity is experience and context-dependent (Doucette et al., 2011; 610 

Wang et al., 2019). These data indicate that in the long term mitral/tufted cell activity is shaped by 611 

sensory experience transmitted from higher brain centers, although future experiments are needed to 612 

study the role of feedback in the short-term perceptual calculations carried out by the bulb. 613 

The results presented here indicate that processing within the bulb can significantly transform 614 

a relatively stable olfactory sensory neuron input. In principle, a decreased mitral/tufted output would 615 

be useful for higher brain regions to know whether the olfactory input is novel versus part of a stable 616 
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background. Future studies need to determine how long it takes for the mitral/tufted cells to recover. 617 

Is the adaptation odorant specific? Is the degree of adaptation altered by learned associations which 618 

are known to influence mitral/tufted cell activity (Wilson and Sullivan, 1992; Doucette et al., 2011; 619 

Nunez-Parra et al., 2014; Ross and Fletcher, 2018)?  620 

Our results taken together with other recent work has shown that mitral/tufted cells are 621 

influenced by stimulus history (Vinograd et al., 2017; Parabucki et al., 2019), However, aside from an 622 

attenuated response, the functional transformation described here remains unclear. Future studies 623 

are needed to define whether this adaptation allows neurons to maximize their dynamic range, a 624 

function that exists in other sensory systems (Barlow, 1961; Fairhall et al., 2001; Wark et al., 2007; 625 

Whitmire and Stanley, 2016).  626 

Conclusions.  627 

It is remarkable that these olfactory perceptual calculations are carried out in the very first 628 

processing stage of the mammalian olfactory pathway. In other sensory systems some perceptual 629 

responses only appear after processing by multiple brain regions (e.g., Figure 2 of Van Essen et al., 630 

1992). The finding that the olfactory bulb is carrying out two computations simultaneously has 631 

important implications for interpreting the synaptic connectivity in the olfactory bulb. Any given 632 

synaptic connection could be part of one, or the other, or both of the perceptual computations.  633 

A well-known example of multiple computations in one brain region is V1 in visual cortex (e.g., 634 

(Hubel and Wiesel, 1962; Augustinaite and Kuhn, 2020)). But similar results have also been obtained 635 

in Molluscan (Wu et al., 1994) and Annelid (Briggman et al., 2005) nervous systems where individual 636 

neurons were shown to participate in more than one behavior. It seems likely that each brain region in 637 

all complex nervous systems will be similarly computing more than one output. This might result in 638 

the optimal use of a limited number of neurons as well as using an architecture that can more easily 639 

coordinate different behaviors.   640 

 641 
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 642 

Figure Legends 643 

 644 

Figure 1: Measuring the olfactory bulb input-output transformation using wide-field imaging reveals a 645 

contribution to adaptation. (a) Histology illustrating spectrally distinct sensors targeted to input (Cal-646 

590) and output (GCaMP6f). (b-d) Strobing LEDs were used to image input and output on alternate 647 

camera frames in response to repeated odor presentations. Strobing did not noticeably impact the 648 

signal-to-noise ratio (Extended Data Fig. 1-1) and the olfactometer delivers repeatable odor pulses 649 

(Extended Data Fig. 2). (b) Input (top, left) and Output (bottom, left) activity maps are shown in 650 

response to the first odor presentation scaled to their minimum and maximum ∆F/F values (max ∆F/F 651 

indicated on panel). The activity map evoked by the third odor pulse (right panels) is shown with the 652 

color scale set to the maximum ∆F/F value evoked by the first odor pulse. (c) Fluorescence time 653 

course of input and output for 2 glomeruli from one of the single trials used to generate the activity 654 

maps in panel b. Unsubtracted: The colored traces are from the center of the activated glomeruli. The 655 

signal from the immediate surround is shown as the superimposed thin black trace. Glomerulus 656 

minus surround: Fluorescence traces that have had the surround subtracted from the glomerular 657 

center. The odor used was methyl valerate at 2% of saturated vapor. (d) Quantification of the 658 

response to the 3rd odor presentation normalized to the 1st odor presentation (N = 16 glomeruli). The 659 

dashed line represents the result for zero adaptation. ** p < 0.005. The scalebars in panels a-b indicate 660 

100 µm, and the scalebars in panel c indicate 1% and 5% ∆F/F, respectively. Similar results were 661 

obtained using different sensor combinations (Extended Data Figs. 1-3 through 1-7).  662 

 663 

Figure 2: Population summary and individual preparations in which both input and output were 664 

measured in the same hemibulbs of awake or anesthetized mice. Measurements are shown as the 665 

response to the third odor pulse normalized to the ∆F/F amplitude evoked by the first. (a) Signal size 666 
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measurements from identified glomeruli that were present in both input and output for 16 667 

preparations. Lines show the direction of the same glomeruli for input and output. Preparations 1-13 668 

and 14-16 were carried out in awake and anesthetized mice, respectively. Between 1-39 glomeruli 669 

were measured in each preparation (15 ± 2.6). Input was measured using Cal-590 dextran or 670 

GCaMP3 in 11 and 5 preparations, respectively. Output was measured using GCaMP6f, jRGECO1a, 671 

or jRCaMP1a in 11, 3 and 2 preparations, respectively. The sensors and odorant for each preparation 672 

are given in Table 1. (b) Quantification of signal size across the population of all 16 preparations. * < 673 

0.05, ** < 0.005.   674 

 675 

Figure 3: Adaptation of input and output responses measured in different, anesthetized preparations 676 

using 2-photon imaging. (a) Average fluorescence intensity and activity maps from two different 677 

preparations in which input (GCaMP3) or output (GCaMP6f) were measured separately. The input 678 

maps are relatively similar for the first and fourth odor presentation while the signals in the fourth 679 

output map are smaller. Scalebar, 100 µm. (b) Fluorescence time courses from activated glomeruli 680 

measured in the two preparations in a. The response to the first and fourth odor presentation are 681 

cropped and displayed next to each other. The output traces in panel b are from a single trial, the 682 

input traces are from an average of four trials. The heterogeneity of the output responses are further 683 

illustrated in Extended Data Figs. 3-1 and 3-2. (c) Quantification of the signal size of the fourth odor 684 

presentation normalized to the amplitude evoked by the first odor presentation for all of the glomeruli 685 

identified in these two recording trials. The dashed line represents the result for zero adaptation. (d) 686 

Population summary of adaptation of input and output. Each thin line is from a different preparation. 687 

The input and output recordings in a-b were measured in response to ethyl tiglate (2% saturated 688 

vapor) and methyl valerate (2% saturated vapor), respectively. ** < 0.005.   689 

 690 
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Table 1: Summary of all preparations in Fig. 2. Input and output values indicate mean ± s.e.m. 691 

Statistics indicate results from a Wilcoxon Rank sum test. mv, methyl valerate; et, ethyl tiglate; 2hep, 692 

2-heptanone; ia, isoamyl acetate.  693 

 694 

Extended Data Fig. 1-1: (a) Imaging paradigm for simultaneous measurements from the two 695 

fluorophores. (b-c) Multiplexing LEDs does not notably impact the signal-to-noise ratio. In one 696 

experiment GCaMP6f was imaged continuously (b, top), or was multiplexed so that alternate frames 697 

were blank (c, bottom). (c) Odor-evoked fluorescence signals measured from the illuminated frames 698 

were not distinguishable from the continuous recording, and no signal was detectable in the LED-OFF 699 

camera frames (black trace). Similar results were obtained in 2 other preparations. 700 

 701 

Extended Data Fig. 1-2: The olfactometer delivers repeatable odor pulses. A photoionization 702 

detector was used to measure the output of the olfactometer across three odor repeats at two 703 

different concentrations. Similar recordings were taken across 8 experiments on different days.  704 

 705 

Extended Data Fig. 1-3: Histology from three different transgenic mice showing expression of the 706 

sensors in the expected locations. (a) Tbx21-Cre x Ai95.Flex.GCaMP6f transgenic mouse resulted in 707 

mitral/tufted cell specific expression (middle panel). (b) OMP-GCaMP3 x Tbx21-Cre transgenic 708 

mouse. GCaMP3 is targeted to the bulb input (left panel). jRGECO1a was expressed in the 709 

mitral/tufted cells using a cre-dependent AAV (middle panel).   710 

 711 

Extended Data Fig. 1-4: The bulb output adapts more than the input in response to repeated odor 712 

stimulation in a Tbx21-Cre x Ai95.Flex.GCaMP6f transgenic mouse that had Cal-590 loaded into its 713 

OSNs. The data display arrangement and legend are otherwise identical to Fig. 2. The odor used 714 
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was isoamyl acetate at 2% of saturated vapor. The input and output scalebars in panel b indicate 715 

0.5% and 2% ∆F/F, respectively. 716 

 717 

Extended Data Fig. 1-5: The bulb output adapts more than the input in response to repeated odor 718 

stimulation in an OMP-GCaMP3 x Tbx21-Cre transgenic mouse that was injected with a cre-719 

dependent AAV expressing jRCaMP1a. The data display arrangement and legend are otherwise 720 

identical to Fig. 2. The odor used was methyl valerate at 2% of saturated vapor. The input and output 721 

scalebars in panel b indicate 1.8% and 3% ∆F/F, respectively. 722 

 723 

Extended Data Fig. 1-6: The bulb output adapts more than the input in response to repeated odor 724 

stimulation in an OMP-GCaMP3 x Tbx21-Cre transgenic mouse that was injected with a cre-725 

dependent AAV expressing jRGECO1a. The data display arrangement and legend are otherwise 726 

identical to Fig. 2. The odor used was methyl valerate at 2% of saturated vapor. The traces in panel b 727 

are from aligned averages. The input and output scalebars in panel b indicate 2% and 2% ∆F/F, 728 

respectively. 729 

 730 

Extended Data Fig. 1-7: Blue light evokes a large increase in jRGECO1a fluorescence emission in 731 

the absence of odor presentation. The green LED (573 nm) illuminated the preparation every other 732 

camera frame. No response is present while alternate frames are blank. The introduction of blue (470 733 

nm) light on the alternate camera frames causes a very large, slow increase in jRGECO1a 734 

fluorescence emission that even more slowly returned to baseline after the blue LED was removed.   735 

 736 

Extended Data Fig. 3-1: Heterogeneity of glomerular output responses measured using 2-photon 737 

and wide-field epifluorescence imaging. The glomerular mitral/tufted cell output exhibited diverse 738 

response types not seen in the olfactory sensory neuron input. (a-h) 2-photon imaging: Traces are 739 
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from single trial measurements. The traces in a-b, c-d and e-f are different glomeruli from the same 740 

imaging trial, but in three different preparations. (h) Percentage response types across all 2-photon 741 

output measurements. (i-k) Wide-field epifluorescence imaging: Glomerulus j exhibits a slow rise, and 742 

early suppression to the later odor pulses (similar to b and d). Glomerulus k exhibits a suppressed 743 

response to the odor (similar to f and g). The traces in i-k data are from the preparation shown in 744 

Figure 1. However, qualitatively similar observations were made in multiple preparations. 745 

 746 

Extended Data Fig. 3-2: The mitral/tufted output exhibited suppressed signals in response to odor 747 

stimulation in regions away from activated glomeruli. Two different preparations are shown from a 748 

Thy1-GCaMP6f 5.11 (left) transgenic mouse and a Tbx21-GCaMP6f (right) transgenic mouse. (a) 749 

Activity maps in response to the initial odor presentation. The stimuli were methyl valerate at 0.12% of 750 

saturated vapor (left) and isoamyl acetate at 2% of saturated vapor (right). (b) The center response of 751 

three glomeruli from each activity map (location indicated in a) along with the signal from the diffuse 752 

suppressed area. The glomerular center declined with repeated odor presentation, while the 753 

suppressed regions did not notably change. The scalebars in panel b indicate 10% (left) and 5% 754 

(right) ∆F/F, respectively. A, anterior; L, lateral.  755 
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Prep Input Sensor Output Sensor State Odor (% Sat Vapor) Input Output Odor-Glom Rank Sum Z-Val P-Val

1 Cal-590 GCaMP6f Awake ia (2%) 0.86 ± 0.07 0.48 ± 0.1 4 25 1.87 0.06

2 Cal-590 GCaMP6f Awake mv (2%) 0.94 ± 0.06 0.72 ± 0.12 6 51 1.84 0.06

3 Cal-590 GCaMP6f Awake et (2%) 0.9 0.6 1 2 0 1

4 OMP-GCaMP3 jRGECO1a Awake et (2%) 0.91 ± 0.07 0.78 ± 0.14 17 314 0.55 0.58

5 OMP-GCaMP3 jRGECO1a Awake et (2%) 1.05 ± 0.03 0.91 ± 0.12 11 139 0.787 0.43

6 OMP-GCaMP3 jRCaMP Awake mv (2%), et (2%), 2hep (2%) 0.97 ± 0.06 0.84 ± 0.07 23 607 1.45 0.14

7 Cal-590 GCaMP6f Awake mv (0.4%) 0.81 ±  0.02 0.66 ± 0.05 4 26 2.16 0.03

8 Cal-590 GCaMP6f Awake mv (2%) 0.97 ± 0.04 0.89 ± 0.1 12 168 1.01 0.31

9 Cal-590 GCaMP6f Awake mv (2%) 1.05 ± 0.06 0.69 ± 0.1 11 163 2.36 0.01

10 Cal-590 GCaMP6f Awake mv (2%) 0.95 ± 0.05 0.68 ± 0.07 16 349 3.18 0.001

11 OMP-GCaMP3 jRCaMP Awake et (2%), mv (0.4%) 0.73 ± 0.04 0.75 ± 0.05 19 362 -0.23 0.81

12 Cal-590 GCaMP6f Awake mv (2%, 0.4%) 0.67 ± 0.11 0.48 ± 0.1 17 322.5 0.84 0.39

13 OMP-GCaMP3 jRGECO1a Awake et (2%) 1.00 ± 0.04 0.92 ± 0.1 7 64 1.4 0.15

14 Cal-590 GCaMP6f Anesthesia mv (2%, 0.4%, 0.12%), ia (0.4%) 0.87 ± 0.03 0.79 ± 0.04 34 1371 2.4 0.01

15 Cal-590 GCaMP6f Anesthesia mv (2%, 0.4%, 0.12%), 2hep (2%), ia (2%, 0.4%) 0.65 ± 0.06 0.47 ± 0.06 39 1760 2.1 0.02

16 Cal-590 GCaMP6f Anesthesia mv (2%, 0.4%, 0.12%) 0.82 ± 0.05 0.65 ± 0.06 21 513 1.5 0.12

Summary

Input Output Rank Sum Z-Val P-Val

0.88 ± 0.03 0.71 ± 0.04 345 3.03 0.0024


