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Temporal dynamics of inhalation-linked activity across defined subpopulations of mouse 41 
olfactory bulb neurons imaged in vivo  42 
 43 
ABSTRACT 44 
In mammalian olfaction, inhalation drives the temporal patterning of neural activity that underlies 45 
early olfactory processing. It remains poorly understood how the neural circuits that process 46 
incoming olfactory information are engaged in the context of inhalation-linked dynamics. Here, 47 
we used artificial inhalation and two-photon calcium imaging to compare the dynamics of activity 48 
evoked by odorant inhalation across major cell types of the mouse olfactory bulb (OB). We 49 
expressed GCaMP6f or jRGECO1a in mitral and tufted cell subpopulations, olfactory sensory 50 
neurons, and two major juxtaglomerular interneuron classes, and imaged responses to a single 51 
inhalation of odorant. Activity in all cell types was strongly linked to inhalation, and all cell types 52 
showed some variance in the latency, rise-times, and durations of their inhalation-linked 53 
response. Juxtaglomerular interneuron dynamics closely matched that of sensory inputs, while 54 
mitral and tufted cells showed the highest diversity in responses, with a range of latencies and 55 
durations that could not be accounted for by heterogeneity in sensory input dynamics. Diversity 56 
was apparent even among 'sister' tufted cells innervating the same glomerulus. Surprisingly, 57 
inhalation-linked responses of mitral and tufted cells were highly overlapping and could not be 58 
distinguished on the basis of their inhalation-linked dynamics, with the exception of a 59 
subpopulation of superficial tufted cells expressing cholecystokinin. Our results are consistent 60 
with a model in which diversity in inhalation-linked patterning of OB output arises first at the level 61 
of sensory input and is enhanced by feedforward inhibition from juxtaglomerular interneurons 62 
which differentially impact different subpopulations of OB output neurons.  63 
 64 
SIGNIFICANCE STATEMENT 65 
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Inhalation drives the temporal patterning of neural activity that underlies olfactory processing 66 
and rapid odor perception, yet the dynamics of the neural circuit elements mediating this 67 
processing are poorly understood. By comparing inhalation-linked dynamics of major olfactory 68 
bulb subpopulations, we find that diversity in the timing of neural activation arises at the level of 69 
sensory input, which is then mirrored by inhibitory interneurons in the glomerular layer. 70 
Temporal diversity is higher among olfactory bulb output neurons, with different subpopulations 71 
showing distinct but nonetheless highly overlapping ranges of inhalation-linked dynamics. These 72 
results implicate feedforward inhibition by glomerular-layer interneurons in diversifying temporal 73 
responses among output neurons, which may be important for generating and shaping timing-74 
based odor representations during natural odor sampling. 75 
 76 
INTRODUCTION 77 
Temporal patterning of neural activity is a fundamental aspect of information coding and 78 
processing by neural circuits. In the mammalian olfactory system, the primary driver of 79 
temporally patterned activity is inhalation of air through the nasal cavity.  Inhalation delivers 80 
transient pulses of odorant to the olfactory epithelium, and so determines the initial temporal 81 
structure of olfactory sensory input to the brain and drives the temporal patterning of activity at 82 
subsequent processing stages (Macrides and Chorover, 1972, Onoda and Mori, 1980, Sobel 83 
and Tank, 1993, Kepecs et al., 2006, Schaefer et al., 2006, Schaefer and Margrie, 2007, 84 
Wachowiak, 2011). Behavioral and psychophysical studies have shown that odor percepts are 85 
formed within the time of a single inhalation (150-250 ms for rodents, ~400 ms for humans) 86 
(Laing, 1986, Johnson et al., 2003, Kepecs et al., 2007), and neurophysiological studies have 87 
demonstrated that the temporal pattern of neural activity elicited by a single inhalation of odorant 88 
can robustly encode odorant identity and intensity (Uchida and Mainen, 2003, Kepecs et al., 89 
2007, Wesson et al., 2008, Wesson et al., 2009, Cury and Uchida, 2010, Shusterman et al., 90 
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2011, Rebello et al., 2014). Thus, understanding how inhalation-linked temporal patterns of 91 
activity are generated and shaped by neural circuits in the early olfactory pathway is 92 
fundamental to understanding olfactory information processing.   93 

Neural circuits in the olfactory bulb (OB) mediate the first steps in processing olfactory 94 
inputs: here, olfactory sensory neurons (OSNs) drive excitation of mitral and tufted cells (MTCs), 95 
the principal output neurons of the OB, as well as activate multiple inhibitory circuits within and 96 
between OB glomeruli (Wachowiak and Shipley, 2006). This juxtaglomerular inhibition is 97 
hypothesized to play a critical role in shaping MTC responses to odorants (Gire and Schoppa, 98 
2009, Shao et al., 2009, Shao et al., 2012, Fukunaga et al., 2014, Banerjee et al., 2015, Liu et 99 
al., 2016b) yet the temporal dynamics of activity among different juxtaglomerular interneurons 100 
with respect to inhalation have not been well-characterized. Two types of juxtaglomerular 101 
interneuron classes – periglomerular (PG) and short axon (SA) cells – are hypothesized to 102 
mediate feedforward and lateral inhibition, respectively, with differential impacts on the temporal 103 
dynamics of MTC responses (Aungst et al., 2003, Shao et al., 2009, Shirley et al., 2010, 104 
Fukunaga et al., 2012, Shao et al., 2012, Liu et al., 2013, Whitesell et al., 2013, Banerjee et al., 105 
2015, Najac et al., 2015, Liu et al., 2016b, Geramita and Urban, 2017). Additionally, feedback 106 
inhibition mediated by reciprocal connections between MTCs to PG or SA cells may also shape 107 
MTC temporal patterning (Najac et al., 2015). 108 

Here, we sought to better characterize the temporal dynamics of inhalation-driven activity 109 
among major circuit elements in the OB in order to refine models of OB circuit function during 110 
naturalistic odorant sampling in vivo. We used cell-type specific imaging with GCaMP-based 111 
reporters to record from different subpopulations of MTCs as well as presumptive PG cells, SA 112 
cells, and OSN inputs. We used an artificial inhalation paradigm to examine responses to a 113 
single inhalation of odorant with high fidelity and to precisely compare inhalation-linked 114 
response patterns across experiments and between cell types. We found distinct differences in 115 
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the inhalation-linked temporal patterns of activity among different cell types, with PG and SA cell 116 
populations showing faster responses to inhalation than either mitral or tufted cells, and a range 117 
of excitatory MTC response dynamics that could not be accounted for by diversity in the 118 
dynamics of OSN inputs. At the same time, we observed a great deal of overlap in the 119 
inhalation-linked temporal patterns of activity among superficial tufted and mitral cells. Overall, 120 
these results support circuit models in which juxtaglomerular interneurons mediate rapid 121 
feedforward inhibition that contributes to diverse inhalation-linked temporal patterning in both 122 
mitral and tufted cells.   123 
 124 
MATERIALS AND METHODS 125 
 126 
Animals. Genetically-engineered mice expressing Cre recombinase (Cre) targeted to specific 127 
neuronal populations were used for experiments. Mice were either crossed to the Ai95 128 
GCaMP6f reporter line (The Jackson Laboratory (JAX), stock #024105) or injected with a viral 129 
vector.  The mouse strains using included GAD2-IRES-Cre mice (JAX Stock #010802), TH-Cre 130 
(JAX stock #008601), DAT-IRES-Cre mice (JAX stock #006660), OMP-Cre (JAX stock 131 
#006668), PCdh21-Cre (Gensat stock# 030952-UCD) (Nagai et al., 2005), Tbet-Cre (JAX stock 132 
#024507), Thy1-GCaMP6f transgenic mice (JAX stock #024339, line GP5.11) mice, and CCK-133 
IRES-CRE (JAX stock #012706). Mice were on average 4.6 months of age by completion of 134 
data collection. Both female (46) and male (54) mice were used. Mice were housed up to 5 per 135 
cage in a 12/12h light/dark cycle. Food and water were provided ad libitum. Each procedure was 136 
performed following the National Institutes of Health Guide for the Care and Use of Laboratory 137 
Animals and approved by the University of Utah institutional animal care and use committee.  138 
 139 
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Viral vector expression. Cre-dependent expression of GCaMP6f (AAV2/9, AAV2/1, or AAV2/5 140 
stereotypes of hSyn.Flex.GCaMP6f) or jRGECO1a (AAV2/9 or AAV2/5 141 
hSyn.Flex.NES.jRGECO1a.WPRE.SV40) was achieved with the injection of viral vectors. All 142 
viruses were obtained from the University of Pennsylvania Viral Vector Core. Injections were 143 
made into the dorsal OB under isoflurane anesthesia (0.5-2% in O2). Where applicable, mice 144 
used for virus injection were homozygous for the allele driving Cre expression. Using a 145 
stereotaxic head holder and drill, a small craniotomy (0.5-1mm) was made on the dorsal surface 146 
of the OB. A glass pipette was lowered to a depth 50-150 μm to target periglomerular or short 147 
axon interneurons or 200-400 μm to target mitral and tufted cell populations. Mice were single 148 
housed following the surgery and imaged 14 - 28 d after injection.  149 
 150 
In vivo imaging. Two-photon imaging was performed in acutely anesthetized mice. Initially, 151 
pentobarbital (50 mg/kg) was used during the implantation of a double tracheotomy (Wachowiak 152 
and Cohen, 2001, Bozza et al., 2004, Spors et al., 2006), after which isoflurane (0.5 - 2% in O2) 153 
was delivered directly to the tracheotomy tube, bypassing the nose. By controlling negative 154 
pressure through the sniff tube, each inhalation lasted exactly 150 ms and had a flow rate of 150 155 
ml/min (300 ml/min for two nostrils). The onset of each inhalation was set to occur every 4 s 156 
(0.25 Hz), which enabled individual inhalation evoked calcium transients to be averaged. Next, a 157 
custom head bar was implanted, a craniotomy was made, and a coverslip was implanted using 158 
2.5% low-melting-point agarose over the dorsal OB for imaging (Wachowiak et al., 2013). 159 
Throughout surgeries and while imaging, the body temperature was maintained at 37°C with a 160 
heating pad and the heart rate at ~400 beats per minute.  161 

Imaging data were collected using either a Moveable Optical Microscope (Sutter 162 
Instruments) coupled to a Mai Tai HP pulsed Ti:Sapphire laser (Newport Corp.) and controlled 163 
by Scanimage 5.1 (Pologruto et al., 2003), or a Neurolabware microscope coupled to a 164 
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Cameleon UltraII laser (Coherent) and controlled by Scanbox software. Both setups used 165 
resonance-based scanning and GaAsP photomultipliers (Hamamatsu H10770B) for light 166 
collection, and images were collected at a frame rate of 15.5 Hz. A 16X 0.8 N.A. (Nikon) 167 
objective was used in all experiments. For dual-color imaging, a Fidelity 1070 nm femtosecond 168 
laser was used simultaneous with 920 nm illumination and emission filters were used to 169 
separate green (520/65 nm) and red (641/75 nm) emission (Sun et al., 2017). The average 170 
power delivered to the sample during imaging was 20 - 60 mW. 171 
 172 
Analysis of imaging data. Maps of inhalation-triggered fluorescence changes (i.e., ITA 173 
response ΔF maps) were generated by choosing 15 frames before and after odorant inhalation. 174 
Imaging trials consisted of three periods of odorant presentation, each lasting 20 sec (i.e., 5 175 
inhalations at 0.25 Hz), with a 32 sec interval between presentations. Responses to inhalation of 176 
clean air were taken from the last 10 inhalations from the inter-stimulus period in order to ensure 177 
that all odorant had cleared from the nose following the stimulus presentation.  Note, small 178 
transients that immediately followed odor stimulation (Figure 1C, 7th inhalation) likely reflect 179 
incomplete clearance of odorants from in front of, or inside, the nasal cavity. Responses to 180 
inhalation of clean air needed to be consistent across inter-stimulus periods of subsequent trials 181 
of odorant or a blank (medium-chain triglycerides) no-odor control presentations for the cell to 182 
be counted as responding to inhalation alone. For display, ITA response maps were smoothed 183 
with a Gaussian filter with sigma 1.25 pixels. Regions of interest (ROIs) were selected manually 184 
from ITA response maps or from resting fluorescence images. Fluorescence time series were 185 
extracted by averaging all pixels in a ROI using custom MATLAB scripts. All time series data 186 
were sampled to 150 Hz using the Matlab piecewise cubic interpolation functions interp1 and 187 
pchip. In all cases, ΔF/F was calculated as (ΔF/F=(F-Fo)/Fo), with Fo being the mean 188 
fluorescence prior to the inhalation, averaged for each inhalation. However, for population level 189 
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analyses, signals were averaged across three trials of 20s odorant presentations (Figure 1). 190 
Excitatory events were defined as ITA responses that were greater than 4 standard deviations 191 
(SD) above the ITA baseline signal, which was defined as 1 second prior to inhalation, whereas 192 
inhibitory events were defined as ITA responses reaching more than 3 SD below baseline.  193 
 194 
Analysis of temporal dynamics. Onset latency was calculated as the first time point in which 195 
the following 4 frames of an ITA trace were above the threshold for a significant excitatory 196 
response (4 SD above baseline, which was taken from a 1 s pre-stimulus window). Peak 197 
response amplitudes and time to peak values were calculated from ITAs that were filtered using 198 
a Gaussian-weighted moving average filter with a window length of 270 ms. From this filtered 199 
trace, response duration was calculated as the time from 50% of peak response on the rising 200 
slope of the signal to 50% of peak on the decaying slope of the signal. Time to peak was 201 
calculated from the maximum value of the filtered trace. For pseudo-color plots of ITA 202 
responses (e.g., Figure 2C), the mean of the 1-sec pre-stimulus window was subtracted from 203 
the response time series and smoothed using a Gaussian filter with a window length of 100ms; 204 
the resulting trace was normalized to its own maximum and negative maximum amplitudes for 205 
pseudo-color display.  206 
 207 
Experimental Design and Statistical Tests. Statistical details of experiments are listed in the 208 
Results section. All datasets (onset latency, time to peak, and half width response durations 209 
across all sTC, MC, OSN, PG, and SA cell populations) rejected the null hypothesis for one-210 
sample Kolmogorov-Smirnov test for normality, therefore non parametric statistical tests were 211 
performed as stated throughout the methods. A Wilcoxon signed rank test tested was used for 212 
paired comparisons across two groups (mitral and tufted cell populations Figure 3), Mann-213 
Whitney U-test was used for unpaired comparisons across two groups (mitral and tufted cell 214 
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population Figure 2), and the Kruskal-Wallis test was used for comparisons across all 215 
subpopulation (Figure 6). Post hoc multiple comparisons were performed using Tukey’s honest 216 
significant difference criterion (Figure 6). For comparisons of glomerular neuropil dynamics to 217 
PG and sTC somatic responses (e.g., Figure 7), an unpaired ttest was used to statistically 218 
compare standard deviation across sTC and PG glomerulus-cell pairs. All statistical tests were 219 
performed in Matlab. Statistical significance was set at p<0.05 for all tests. 220 
 221 
 222 
Olfactometry. A custom olfactometer controlled by Labview software was used to present 223 
odorants, as previously described (Bozza et al., 2004, Verhagen et al., 2007). Odorant 224 
concentration was controlled by diluting from saturated vapor in filtered, ultra-pure air. Odorants 225 
were present for 20 sec at 1-5% saturated vapor. Each odorant presentation was separated by 226 
a 32s inter-stimulus interval. Odorants were obtained at 95-99% purity (Sigma-Aldrich) and 227 
stored under nitrogen. Some odorants were diluted in mineral oil to achieve final concentrations 228 
at the animal’s nose of 1-20 ppm at 1% saturated vapor. Odorants tested included ethyl 229 
butyrate, methyl valerate, butyl acetate, 2-hexanone, ethyl tiglate, 2-methyl pentanal, 2-230 
hydroxyacetophenone, and hexyl acetate. Odorants were delivered 0.5 – 1.0 cm in front of the 231 
mouse’s nose. Filtered, ultra-pure air was delivered to the mouse's nose in between odorant 232 
presentations. A fan positioned behind the animal scavenged excess odorant in the room.  233 
 234 
Histology. An overdose of sodium pentobarbital was used to deeply anesthetize mice prior to 235 
perfusion with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in PBS. 236 
Overnight, heads were post fixed in 4% paraformaldehyde in PBS. Next, the brain was extracted 237 
and embedded in 5% agarose. Coronal sections (100-200 μm thick) were made with a 238 
Vibratome and mounted onto a glass coverslip before imaging with a Fluoview FV1000 Olympus 239 



 

 10 

confocal microscope at 10X, 20X, and 40X magnification. 240 
 241 

RESULTS  242 
To compare the dynamics of inhalation-driven activity across different OB neuron 243 

populations, we used an artificial inhalation paradigm that allowed for precise comparison of 244 
temporal response dynamics across experiments, as described previously (Wachowiak et al., 245 
2013, Diaz-Quesada et al., 2018) (Figure 1 A). We generated single inhalations at 0.25 Hz to 246 
enable inhalation-triggered averaging of responses with, in most cases, minimal adaptation from 247 
one inhalation to the next. However, the duration and peak flow rate of each inhalation was 248 
chosen to be within the range that occurs in awake, freely-breathing mice. We expressed 249 
calcium sensors (typically GCaMP6f) in distinct genetically-defined cell types using either viral 250 
vectors or genetic expression strategies, and imaged activity from the somata of the targeted 251 
cell types or from glomerular neuropil using two-photon laser scanning microscopy (Figure 1B). 252 
A typical imaging epoch consisted of three periods of odorant presentation, each lasting 20 253 
seconds (i.e., 5 inhalations at 0.25 Hz), with a 32 sec interval between presentations (Figure 254 
1C), yielding a total of 15 inhalations in the presence of odorant. We analyzed response 255 
dynamics from inhalation-triggered average traces (ITAs) and determined response magnitudes, 256 
latencies, and durations, as done previously (Carey et al., 2009)(Figure 1D). 257 

 258 
Inhalation-linked dynamics of mitral/tufted cell subpopulations. 259 
 We first examined inhalation-linked response dynamics in mitral and tufted cells (MTCs). 260 
Electrophysiological recordings have shown diverse inhalation-linked temporal patterns among 261 
MTCs and distinct differences between these subpopulations as defined by soma depth 262 
(Fukunaga et al., 2012, Igarashi et al., 2012). To test if these differences were reflected in 263 
inhalation-linked calcium signals, we selectively expressed GCaMP6f in MTCs via several 264 



 

 11 

mechanisms: viral injection (AAV.Flex.GCaMP6f) into the OB of mice expressing Cre-265 
recombinase in protocadherin-21 positive (PCdh21-Cre) neurons (Wachowiak et al., 2013); 266 
crossing a Cre-dependent GCaMP6f reporter line with mice expressing Cre in Tbx21-positive 267 
(Tbet-Cre) neurons (Haddad et al., 2013) or in cholecystokinin-positive (CCK+) neurons 268 
(Seroogy et al., 1985); and use of a transgenic mouse line (Thy1-GCaMP6f) selective for 269 
expression in MTCs (Dana et al., 2014). Patterns of GCaMP6f expression using PCdh21-Cre, 270 
Tbet-Cre, or Thy1-GCaMP6f mice were qualitatively similar, as described previously 271 
(Wachowiak et al., 2013) with expression in large numbers of MTCs (Figure 2A). To compare 272 
mitral and tufted cells, we distinguished each population by somatic depth (Figure 2B). We 273 
restricted our analysis to somata that were clearly in the mitral cell layer (MCs) and superficial 274 
tufted cells (sTCs) just below the glomerular layer, excluding deeper or middle tufted cells in the 275 
external plexiform layer.  276 
 For both MCs and sTCs, the predominant inhalation-linked response pattern was a 277 
transient fluorescence increase, presumably corresponding to a brief spike burst after inhalation. 278 
There was substantial diversity in the dynamics of this transient, with different cells showing 279 
differences in onset latency, time to peak response, and response duration; such diversity was 280 
apparent for different cells of the same type (i.e., sTCs or MCs) imaged within the same 281 
preparation during the same odorant presentation (Figure 2B). When comparing only excitatory 282 
responses, MCs and sTCs showed statistically significant differences in latency, time to peak, 283 
and response duration (p = 0.0032, 0.0119 and 3.3e-9 respectively, Mann-Whitney U test, 284 
MC=86 cell-odor pairs from 5 mice, sTC=218 cell-odor pairs from 16 mice), their response 285 
dynamics were highly overlapping (Figure 2C, D). MCs and sTCs differed most substantially in 286 
their response durations, with MCs showing significantly longer-duration responses (median, 287 
1309 ms, interquartile range: 892 – 1994 ms) compared to sTCs (median, 788 ms, interquartile 288 
range: 611 – 1296 ms, Figure 2E). Another difference observed between sTCs and MCs was 289 



 

 12 

their responsiveness to inhalation of clean air: 9.5% of sTCs (22/231 cells tested with clean air) 290 
and zero MCs (0/89 cells tested) showed a significant response to inhalation of clean air. 291 
 In several cases we were able to more directly compare sTC and MC response 292 
dynamics, either by imaging sTCs and MCs in the same field of view using an oblique imaging 293 
plane (n = 3 fields of view from 2 mice) (Figure 3A) or by imaging sTC and MC responses to the 294 
same odorant in successive trials by shifting the focal plane from the superficial external 295 
plexiform layer to the mitral cell layer (n = 3 paired imaging planes from 2 mice). Even with this 296 
within-preparation comparison, sTC and MC response dynamics were still highly overlapping 297 
(Figure 3B). There was no significant difference in the median ITA onset latency when 298 
comparing MC and sTC populations within the same preparation or field of view (Figure 3C, left 299 
panel, Wilcoxon signed rank test, p=0.16, n = 6 paired comparisons, 58 total MCs, 38 total 300 
sTCs). Likewise, there was no significant difference in median sTC and MC ITA time to peak 301 
(Figure 3C, middle panel, Wilcoxon signed rank test p=0.22). However, the median half width 302 
durations of sTC responses were significantly shorter compared to MC responses (Figure 3C, 303 
right panel, Wilcoxon signed rank test p=0.03). This analysis supports the conclusion that, as a 304 
population, sTCs show slightly shorter-duration responses than MCs, but that individual sTCs 305 
and MCs overlap substantially in their inhalation-linked response dynamics. 306 
 Finally, we measured inhalation-linked responses in sTCs defined by their expression of 307 
the peptide transmitter cholecystokinin (CCK), which likely constitute a subset of Tbx21+, 308 
Thy1+, or PCdh21+ sTCs (Seroogy et al., 1985, Liu and Shipley, 1994, Tobin et al., 2010) and 309 
have previously shown to exhibit shorter-onset and simpler odorant-evoked responses than 310 
MCs (Economo et al., 2016). Consistent with these earlier reports, sTCs imaged from 311 
GCaMP6f:CCK-Cre mice (n= 52 cell-odor pairs in 3 mice) indeed showed onset latencies that 312 
were, as a population, significantly shorter than those of MCs (p = 3.7e-5) or the general sTC 313 
population (p = 0.0333) defined by Tbx21, PCdh21, or Thy1 expression (median onset latency: 314 
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247 ms, interquartile range: 206-311 ms; Mann-Whitney test, Figure 2C-E). Over a quarter of 315 
the slowest sTCs onset latencies were slower than 90% of that of the CCK+ sTC population 316 
(Figure 2E). Likewise, CCK+ sTCs showed an earlier time-to-peak than the general sTC 317 
population (p = 0.0022, Mann-Whitney test). CCK+ sTCs showed the largest difference in their 318 
response durations, which were uniformly short (median, 635 ms, range: 520 – 735 ms) and 319 
significantly shorter than the general sTC population (p = 9.1e-5, Mann-Whitney test). Thus, 320 
CCK+ sTCs appear to constitute a distinct subpopulation of sTCs with more rapid inhalation-321 
triggered response patterns. 322 
 We also examined inhalation-linked suppression in MTCs. Previous reports indicate that 323 
about a third of MTCs show odorant-evoked suppression of ongoing activity (Kollo et al., 2014, 324 
Economo et al., 2016, Diaz-Quesada et al., 2018). We assessed whether phasic suppression 325 
elicited by each inhalation was apparent in GCaMP6f signals, using a conservative criterion of a 326 
fluorescence decrease in the ITA of at least 3 SD below the pre-inhalation baseline. Using these 327 
criteria, odorant-evoked, inhalation-linked suppression was sparsely distributed and relatively 328 
rare (Figure 4A), with only 8 of 93 (9%) of all MC-odor pair responses and 5 of 240 (2%) of all 329 
sTC-odor pair responses showing suppressive ITAs. Note for these comparisons cell-odor pairs 330 
include all responses that were either significantly excited or suppressed. This prevalence is 331 
substantially smaller than the prevalence of suppressive responses seen in awake, freely-332 
breathing mice or during higher-frequency (2 Hz) artificial inhalation (Economo et al., 2016), or 333 
as measured with whole-cell recordings (Kollo et al., 2014, Diaz-Quesada et al., 2018). A 334 
possible explanation for this difference is that the ability to detect inhalation-linked suppression 335 
using the GCaMP6f reporter was clearly dependent on baseline activity levels in individual cells, 336 
which could fluctuate over the course of a trial (Figure 4A). Notably, both MCs and sTCs could 337 
also show phasic suppression linked to inhalation of clean air alone (example sTC Figure 4B). 338 
When looking across all recorded cells, suppression more prevalent among sTCs than MCs (21 339 
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of 231 sTCs versus 2 of 89 MCs). Even in these cases, however, inhalation-linked suppression 340 
was sparsely distributed among the multiple cells in a field of view (Figure 4B).  341 

Overall, these data suggest that the chief difference in the inhalation-triggered dynamics 342 
of MCs versus sTCs is that MCs show a greater range of excitatory response latencies and 343 
durations than do sTCs. At the same time, they also suggest that sTC and MC responses do not 344 
unambiguously map to any single parameter of the inhalation-linked response, including 345 
response latency, response duration, or even response polarity. This finding does not contradict 346 
recent work which found that inhalation of clean air evokes distinct temporal dynamics across 347 
MC and TC populations (Fukunaga et al., 2012, Fukunaga et al., 2014), as our results shown 348 
here are specific to inhalation driven dynamics in the presence of odorant. However, responses 349 
to clean air were rare in this study and thus we could not reliably compare latencies to 350 
corroborate these earlier findings. We next used this same approach to gain insight into where 351 
in the OB circuit the diversity in response patterns might arise by imaging inhalation-triggered 352 
responses from olfactory sensory neurons (OSNs) and juxtaglomerular interneurons.  353 
 354 
Contribution of olfactory sensory input dynamics to MTC response diversity. 355 
 One determinant of diverse MT cell inhalation-linked response dynamics could be 356 
diversity in the temporal patterns of sensory input to the OB (Spors et al., 2006). To assess this 357 
we measured the temporal dynamics of OSN input to OB glomeruli using GCaMP6f expressed 358 
in OSNs (Figure 5A) and imaging responses from OSN axon terminals, as described previously 359 
(Wachowiak et al., 2013). Consistent with earlier studies (Spors et al., 2006, Carey et al., 2009, 360 
Wachowiak et al., 2013), OSN responses were predominately simple transient fluorescence 361 
increases following each inhalation (Figure 5B-D). Surprisingly, inhalation of clean air elicited 362 
significant excitatory responses in only 1 of 72 glomeruli imaged (1/72), a lower fraction than 363 
expected given prior reports of inhalation-linked excitation among OSNs (Grosmaitre et al., 364 
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2007, Carey et al., 2009). We also observed inhalation-linked suppressive responses in a small 365 
fraction (3/72) of glomeruli imaged.  366 

With respect to odorant-evoked activity, OSN ITAs varied in their latency of onset, rise-367 
time and response duration, and different odorants could elicit different inhalation-triggered 368 
dynamics within the same glomerulus (Figure 5C, D). As a population, OSN response onset 369 
latencies were distributed earlier than those of MCs, with 50% of glomerular OSN latencies 370 
preceding the shortest 82.6% of MC responses (Figure 5E, F, median, 242 ms, range, 197 - 321 371 
ms, n= 88 glomerulus-odor pairs, 5 mice). Qualitatively similar differences in temporal dynamics 372 
between OSN and MTC responses appeared for time to peak and response duration, (Figure 373 
5F). The largest difference between OSN and MTC ITA dynamics was in the duration of the 374 
OSN versus MC responses, with half of all MCs showing ITA durations longer than 72.7% of all 375 
OSN responses. Notably, the distributions of onset latencies, rise-times, and durations for OSN 376 
inputs overlapped closely with those of CCK+ sTCs (Figure 5F). These results are consistent 377 
with a model in which inhalation-linked excitatory responses among sTCs – and in particular, 378 
CCK+ sTCs - largely reflect excitatory drive from OSNs, while MC excitation is further shaped by 379 
additional synaptic or intrinsic mechanisms (Kikuta et al., 2013, Adam et al., 2014).   380 
 381 
Temporal dynamics of inhalation-linked activity in juxtaglomerular interneurons. 382 

We next characterized inhalation-linked responses in juxtaglomerular interneurons, 383 
focusing on periglomerular (PG) and short axon (SA) cells – these two classes of interneurons 384 
are hypothesized to shape MTC responses via feedforward and lateral inhibition (Kosaka and 385 
Kosaka, 2008, Liu et al., 2013, Fukunaga et al., 2014, Banerjee et al., 2015, Liu et al., 2016a). 386 
GCaMP6f was preferentially targeted to PG or SA cells by either virus injection 387 
(AAV.Flex.GCaMP6f) or Rosa-GCaMP6f reporter cross using GAD2-Cre mice (for PG cells) or 388 
TH-Cre or DAT-Cre mice (for SA cells), as described previously (Wachowiak et al., 2013, 389 
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Banerjee et al., 2015) (Figure 6A, D). Calcium signals were imaged from somata located around 390 
the glomerulus periphery (Figure 6B, E). 391 

Both GAD2+ PG and TH/DAT+ SA cell ITA odor responses consisted overwhelmingly of 392 
simple, monophasic response transients; multiphasic responses were not seen (Figure 5C, F). 393 
In contrast to MCs and sTCs, odorants did not elicit suppressive responses in 1/145 PG cell-394 
odor pairs or 0/132 SA cell-odor pairs. When examining individual cells, clean air did elicit 395 
excitatory responses in a small fraction of both cell types (7/136 PG cells; 2/120 SA cells). With 396 
respect to odorant-evoked response dynamics, PG and SA cell populations both had short-397 
latency ITAs, with the main difference being a ‘tail’ of longer-latency SA cell responses (Figure 398 
5I, J). Indeed, the median PG cell ITA latency preceded that of 94% of all MCs, whereas the 399 
median SA cell ITA latency preceded 88% of all MCs. At the population level, OSN inputs, PG, 400 
SA cells, and CCK+ sTC all had ITA onset latencies that were statistically similar to each other 401 
(Kruskal-Wallis test, Chi-sq=100.45, df=715, P>Chi-sq=4.2e-20, Tukey-Kramer post hoc test, 402 
p>0.05) and significantly faster than that of MCs and other sTCs (Figure 5I, J, left panels, 403 
Tukey-Kramer post hoc test, p<0.05). Similar trends were observed when comparing time to 404 
peak response across these populations (Figure 5I, J, middle panels, Kruskal-Wallis test, Chi-405 
sq=162.05, df=715, P>Chi-sq=3.6e-33).  406 

SA cell responses differed from those of PG cells mainly in their response durations 407 
(Figure 5I, J, right panels, PG half width median, 646 ms, interquartile range: 504 – 1018 ms, 408 
SA median, 935 ms, interquartile range: 566 – 1514 ms), with SA cell durations shifted towards 409 
longer values than those of PG cells (Figure 5I, J, right panels).  Indeed, there was no significant 410 
difference in response duration of OSNs, PG cells, and CCK+ sTCs (Kruskal-Wallis test, Chi-411 
sq=104.62, df=698, P>Chi-sq=5.6e-21, Tukey-Kramer post hoc p>0.05), while SA cell response 412 
durations were significantly longer than all three of these populations (Tukey-Kramer post hoc 413 
p<0.05). Interestingly, SA and sTC response durations were statistically indistinguishable 414 
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(Tukey-Kramer post hoc p>0.05). The similar inhalation-linked dynamics among these groups, 415 
which encompasses axon terminals, small-sized PG somata and larger-sized sTC somata 416 
suggests that variation in calcium dynamics, as a function of cellular compartment or soma size 417 
is not a major determinant of the response dynamics seen after odorant inhalation. Overall, 418 
these results suggest that inhalation-linked PG and SA responses largely follow those of OSN 419 
inputs, while a subset of SA cells exhibit longer-lasting responses. Their short onset latencies 420 
are consistent with both cell types mediating rapid feedforward inhibition of MCs and sTCs 421 
during inhalation. 422 

 423 
The diversity of inhalation-linked response dynamics within a single glomerulus. 424 
 PG cells, sTCs, and MCs all receive excitatory input from dendrites confined to a single 425 
glomerulus, and there is evidence that different MCs associated with the same glomerulus (i.e., 426 
sister MCs) can show distinct temporal response patterns (Dhawale et al., 2010, Arneodo et al., 427 
2018), while sister PG cells have been reported to show temporally uniform response latencies 428 
(Homma et al., 2019). We thus next asked to what degree does variance in inhalation-linked 429 
response patterns reflect heterogeneity among sister PG cells or sTCs, as opposed to simply 430 
reflecting glomerulus- and odorant-specific diversity in OSN input dynamics (Spors et al., 2006).  431 
 Initially we directly compared PG and sTC response dynamics during the same odor 432 
stimulus and within the same glomerulus using two-color imaging  We used Thy1-GCaMP6f : 433 
GAD2-Cre crosses, expressing the red shifted calcium indicator jRGECO1a (Dana et al., 2016) 434 
in PG cells using a Cre-dependent viral vector (Figure 7A). Separate excitation lasers and 435 
selective emission filters (see Methods) were used to simultaneously and selectively image from 436 
Thy1+ sTCs and GAD2+ PG cells in the same field of view or from the neuropil of the same 437 
glomerulus (Figure 7B). Signals imaged from the glomerular neuropil were generally similar for 438 
the Thy1+ signal, which reflected summed activity in mitral as well as tufted cell primary 439 
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dendrites, and the GAD2+ signal, which reflected summed activity across PG cell processes 440 
(Figure 7C, 23 glomeruli, 3 mice). The slower decay in the GAD2+ signal is consistent with the 441 
slower decay of jRGECO1a after a calcium transient as compared to GCaMP6f (Dana et al., 442 
2016). However, imaging from individual PG and sTC somata associated with the same 443 
glomerulus revealed diversity in inhalation-triggered dynamics, with different cells showing 444 
distinct time to peak and response durations (Figure 7D). While the numbers of sister PG and 445 
sTC cells imaged from the same glomerulus were not sufficient for strong statistical analysis, 446 
these observations directly demonstrate that distinct inhalation-triggered temporal dynamics can 447 
emerge among different neurons innervating the same glomerulus.  448 
 To more systematically compare this diversity of PG cells and sTCs, we returned to 449 
single-wavelength imaging using GCaMP6f, focusing on collecting data from sister PG (Figure 450 
6BC) or sTC somata (Figure 7EF) in separate preparations. We assessed heterogeneity among 451 
sister cells of each cell type by computing the standard deviation (σ) of the ITA onset latencies 452 
and times to peak across all cells associated with a single ‘parent’ glomerulus (Figure 7G, H). 453 
Onset latencies and times to peak were more variable across sister sTCs than for PG cells: the 454 
σ for sTC and PG cell of sister sTC onset latencies was 45 ± 9 ms (mean ± s.e.m, n= 14 455 
glomeruli from 6 mice) compared with 19 ± 0.01 ms (n=16  glomeruli from 4 mice) for PG cells 456 
(p=0.008, unpaired t-test, Figure 7G), consistent with a recent report (Homma et al., 2019); the 457 
standard deviation of times to peak (same glomeruli and cells as above) was 123 ± 20 ms for 458 
sTCs, compared with 73 ± 36 ms for PG cells (p=0.025, unpaired t-test, Figure 7H). As 459 
expected, the variance among sister PG or sTCs was less than the variance across the entire 460 
population of imaged neurons (σ for sTC and PG cell onset latencies, 217 msec and 61 msec, 461 
respectively; σ for sTC and PG cell times to peak, 430 and 140 msec), but was still substantial.  462 
These results suggests that the greater variability in inhalation-triggered response dynamics 463 
observed across the population of sTCs as compared to PG cells is not merely an artifact of 464 
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sampling across different glomeruli, but instead that this diversity can emerge within the 465 
glomerular circuit.  466 
 467 
DISCUSSION 468 
 A single inhalation of odorant is sufficient for odor identification, and incoming olfactory 469 
information arrives at the olfactory bulb in the form of transient bursts of OSN activity linked to 470 
each inhalation. The neural circuits that process olfactory inputs are well known, but how these 471 
circuits respond to the dynamic inputs driven by odorant inhalation in vivo remains unclear. Here 472 
we sought to better understand this key processing step by imaging from major cell types in the 473 
olfactory network and sampling odorants in the anesthetized mouse using a standard, 474 
reproducible inhalation. This approach allowed us to compare the dynamics of inhalation-linked 475 
activity as it progressed through the OB glomerular network, beginning with OSN inputs and 476 
glomerular layer interneurons thought to perform key sensory processing early in the respiratory 477 
cycle, and ending with mitral and tufted cells, which carry information out of the olfactory bulb.   478 
 Several general principles emerged. First, inhalation elicits relatively simple bursts of 479 
OSN input to a glomerulus, which occur over a limited range of latencies that is glomerulus- and 480 
odor-specific. Second, juxtaglomerular inhibitory interneurons – e.g., presumptive PG and SA 481 
cells – also show uniformly short onset latencies and simple excitatory response transients 482 
following inhalation. Third, diversity in inhalation-linked response patterns emerges at the level 483 
of glomerular output neurons, manifesting in a larger range of times to peak response and burst 484 
durations and in a higher prevalence of suppressive components of the inhalation-linked 485 
response. Finally, we find that mitral and tufted cell response patterns are highly overlapping, 486 
such that these projection neuron subtypes cannot be cleanly distinguished solely on the basis 487 
of their inhalation-linked responses. Overall, these results are consistent with a model in which 488 
diversity in inhalation-linked patterning of OB output arises first at the level of OSN inputs to the 489 
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OB and is then enhanced by feedforward inhibitory circuits in the glomerular layer (Dhawale et 490 
al., 2010, Kikuta et al., 2013). 491 
 The glomerulus- and odorant-specific variation in inhalation-linked response latencies of 492 
OSN inputs is consistent with that described earlier by us and others (Spors et al., 2006, Carey 493 
et al., 2009), with latencies varying across a range of 197 - 321 ms (25th – 75th percentiles). 494 
Notably, PG and SA cells showed a near-identical distribution of response patterns, with 495 
responses overwhelmingly consisting of simple and brief inhalation-driven bursts of excitation. 496 
However, a fraction of SA cells displayed response durations that were prolonged relative to 497 
those of PG cells. In contrast, diversity in inhalation-locked mitral and tufted cell activity could 498 
not be fully accounted for by diversity in OSN inputs. Both mitral and tufted cell populations 499 
displayed more delayed inhalation-linked onset latencies and larger range of time to peak and 500 
burst durations than seen among OSNs, and inhalation-linked response patterns could include 501 
multiphasic excitatory components – features which were rare or absent among OSNs.  502 
 Our data also allowed us to compare inhalation-linked response patterns of mitral versus 503 
tufted cells. Surprisingly, at the population level, we found little difference in inhalation-linked 504 
dynamics between these two populations. We did observe that the prevalence of clean air 505 
evoked ITA responses was greater among sTCs. Furthermore, sTCs defined by their expression 506 
of the neuropeptide transmitter CCK showed a significantly shorter range of response latencies 507 
and durations than mitral cells or the wider population of sTCs. However, the distribution of sTC 508 
and mitral cell response patterns overlapped a great deal: mitral and sTCs (as defined by soma 509 
location regardless of genetic marker) were not different in mean onset latencies, and the mode 510 
of their latency distribution was identical for the two cell types. Some earlier studies have 511 
reported clear differences in the latencies of mitral versus tufted cell responses to inhalation of 512 
air, although these timing differences disappear during odorant stimulation (Fukunaga et al., 513 
2012, Fukunaga et al., 2014); thus our results are not inconsistent with these recent reports.  514 
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Finally, while relatively rare compared to earlier reports (Kollo et al., 2014, Economo et al., 515 
2016, Diaz-Quesada et al., 2018), inhalation-linked suppression was seen in odorant responses 516 
of both mitral cells and sTCs. Overall, our data are consistent with the long-held notion that 517 
mitral and tufted cells constitute functionally distinct subpopulations of output neurons, but 518 
indicate that these cell types cannot be distinguished solely on the basis of their inhalation-519 
linked responses. Instead, our data suggest that the representation of olfactory information by 520 
these subpopulations, at least with respect to the temporal dynamics of odor-evoked activity 521 
following inhalation, is highly overlapping.  522 
 Respiratory patterning of ongoing activity in the absence of odorant stimulation is well-523 
documented and has been hypothesized, among other functions, to serve as a reference for a 524 
timing-based code for odor identity (Kepecs et al., 2006, Spors et al., 2006, Cury and Uchida, 525 
2010, Shusterman et al., 2011, Wachowiak, 2011). Here, we observed inhalation-linked 526 
patterning of activity during inhalation of clean air in all OB cell types, although the prevalence of 527 
such responses (<10% across all populations) was smaller than reported in earlier studies 528 
(Fukunaga et al., 2014, Diaz-Quesada et al., 2018). Indeed, in this study, excitation in response 529 
to inhalation was unique to sTCs and not observed among MCs. This lower prevalence may be 530 
a result of our use of cleaned air rather than ambient room air as our background condition, or 531 
may reflect limitations in the sensitivity and temporal resolution of the GCaMP imaging 532 
approach. 533 
 Surprisingly, a small fraction of clean air-driven responses were suppressive, with such 534 
suppression observed in sTCs, MCs and even some OSN inputs. To our knowledge, this is the 535 
first report of inhalation alone driving suppression of activity in these cell types. One explanation 536 
for these results could lie in the low frequency (0.25 Hz) of artificial inhalation used in our 537 
experiments: if some OSN populations are sensitive to odor components arising from within the 538 
animal's own nasal cavity – for example from metabolic processes - these components could 539 
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drive basal activity of OSNs and in sTCs of their target glomeruli, which would be transiently 540 
removed by each inhalation of clean air. This effect could be even more pronounced in the 541 
intact, awake mouse where OSNs are exposed to exhaled air containing metabolic odorants 542 
(Munger et al., 2010, Mori et al., 2014). 543 
 What can we infer from these comparisons about the primary synaptic interactions 544 
shaping inhalation-linked patterning of olfactory bulb output? First, the data suggest that PG and 545 
SA cell excitation largely follows OSN input dynamics, consistent with evidence from slice 546 
studies that these cells are highly sensitive to OSN stimulation mediated either by mono- or 547 
disynaptic excitation (Gire and Schoppa, 2009, Shao et al., 2009, Kiyokage et al., 2010, Najac 548 
et al., 2015). We saw little to no evidence of delayed PG/SA cell responses that would 549 
correspond to feedback excitation from the late-phase responses observed in some MTCs. In 550 
fact, only 2.3% of PG and 7.4% of SA interneuron onset latencies followed the mean M/sTC 551 
onset latency. This result is somewhat surprising, as mitral cells can mediate feedback 552 
excitation of PG and SA cells via dendrodendritic synapses in the glomerular neuropil (Najac et 553 
al., 2015). Second, our results suggest that rapid feedforward inhibition from PG or SA cells may 554 
underlie the longer-latency responses seen in some mitral and tufted cells – for example, the 555 
slowest quartile of MT responses show onset latencies that roughly match the median peak time 556 
of the PG cell response.  Third, the presence of longer-duration mitral cell excitatory responses 557 
that outlast those of any OSN input suggests an additional source of excitatory drive onto mitral 558 
cells, the identity of which remains unclear. A disinhibitory circuit is unlikely, as we did not 559 
observe suppression of PG or SA cells, therefore these results suggest that the intrinsic 560 
properties of MT cells could give rise to prolonged spike bursts, or that secondary excitation by 561 
ET cells could extend the duration of M/sTC excitatory responses (Carlson et al., 2000). This 562 
prolonged excitatory component was often longer than the 4-second interval between sniffs, 563 
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implying that it may be important in shaping tonic levels of excitability across multiple inhalations 564 
in the awake animal (Diaz-Quesada et al., 2018). 565 
 Overall, these results establish a basic framework for how glomerular circuits are 566 
engaged to shape inhalation-linked patterning of olfactory bulb output. Our findings support the 567 
hypothesis that feedforward inhibitory circuits can add to the initial diversity of temporal patterns 568 
of input relayed by olfactory sensory neurons.  Further experiments are necessary to integrate 569 
other olfactory bulb cell types into this framework – for example, granule cells, deep short axon 570 
cells, external plexiform layer interneurons and centrifugal inputs from the olfactory cortex may 571 
also contribute to shaping respiratory patterning of olfactory bulb output. Understanding the 572 
response dynamics of each of these cell types with respect to a single inhalation of odorant 573 
should allow for a dynamic model of olfactory bulb network function across the fundamental unit 574 
of information sampling in the olfactory system. Such a model may be used to yield insights into 575 
olfactory processing across the full range of sampling frequencies used in the behaving animal. 576 
  577 
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Figure legends 736 
 737 
Figure 1. Imaging inhalation triggered temporal dynamics of OB neuron subtypes.  738 
A. Schematic of preparation for artificial inhalation in the anesthetized mouse. Inhalations were 739 
generated by a vacuum pulse applied to nasopharynx at 0.25 Hz.  740 
B. Example resting fluorescence (left) and inhalation-triggered average (ITA) fluoresce change 741 
map taken from a glomerulus (glom.) and interneuron somata (soma) in the glomerular layer in 742 
a GAD2-Cre:GCaMP6f reporter cross during odorant stimulation. White scale bar = 50 μm. 743 
Presumptive PG cell somata and glomerular boundaries are difficult to distinguish in the resting 744 
fluorescence image, but are clearly apparent in the response map.  745 
C. Traces showing the fluorescence signal imaged from the glomerular neuropil and soma of an 746 
associated GAD2+ neuron, from the example in (B). Traces show a typical imaging epoch, with 747 
three 20s odor stimuli (grey) presented during 0.25 Hz inhalation (vertical lines).  748 
D. Overlaid inhalation triggered calcium signals (top) and corresponding ITAs (middle) taken 749 
from the glomerulus and soma during each inhalation in the presence of odorant. Dashed line 750 
indicates inhalation onset. Bottom: Schematic illustrating definition of onset latency, time to 751 
peak, and response duration. Onset latency was calculated from the ITA trace (solid black line) 752 
when the response initially surpassed at least 4 consecutive frames, 4 standard deviations (SD) 753 
above baseline. Time to peak (time to maximum response) and response duration (time 754 
between the half max and half min points) were calculated from the ITA after applying the 755 
Gaussian weighted box filter (dotted magenta line). 756 
 757 
Figure 2. Inhalation-linked dynamics of mitral and superficial tufted cells are diverse and 758 
highly overlapping.  759 
A. GCaMP6f expression targeted to MC and sTC populations using reporter crosses to target 760 
GCaMP6f expression in Tbx21+, CCK+, and Thy1+ MTC populations and virus injections into 761 
the olfactory bulb to target GCaMP6f expression to PCdh21+ MTCs. Glomerular layer (GL), 762 
external plexiform layer (EPL), and mitral cell layer (MCL) are labeled using dotted white lines. 763 
B. Resting fluorescence (top) and odor-evoked ITA response maps (bottom) of sTCs imaged 764 
from superficial EPL (left images) and MCs imaged from the mitral cell layer (right images). 765 
Middle column shows ITA traces from sTCs (top) and MCs (bottom) indicated in the images. 766 
Signals were low-pass filtered at 3 Hz prior to averaging and scaled relative to the pre-inhalation 767 
baseline (i.e., F/F). EPL and MCL images were taken from fields of view that were 768 
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immediately above and below each other in the same Tbet-Cre: Rosa-GCaMP6f mouse during 769 
stimulation with the same odorant (methyl valerate). All white scale bars = 50 μm. 770 
C. Pseudo-color plots of ITA responses for all excitatory responses in sTC (top), MC (middle), 771 
and CCK+ sTCs (bottom); each row shows a different cell-odor pair. Each trace (row) was 772 
normalized to its own max and negative max amplitudes on a scale from -1 to 1. Red vertical 773 
line indicates inhalation onset.  774 
D. Box and whisker plots of sTC, MC, and CCK+ sTC onset latency distributions. Outliers 775 
marked with red dashes.  776 
E. Cumulative distribution plots of onset latency (top), time to peak (middle), and duration 777 
(bottom) for MC, sTCs, and CCK+ sTC ITAs.  778  779 
Figure 3. Diversity of inhalation-linked dynamics of mitral and superficial tufted cells 780 
within the same field of view.  781 
A. Resting fluorescence and odor-evoked ITA response map showing sTCs and MCs imaged in 782 
the same field of view using an oblique imaging plane in a Tbet-Cre: Rosa-GCaMP6f mouse 783 
during stimulation with methyl valerate. Gl, glomerular neuropil.  784 
B. Traces showing ITAs from the sTCs and MCs shown in (A), illustrating temporal diversity of 785 
inhalation-linked responses across different cell types imaged simultaneously.  786 
C. Plots comparing latency, peak time and duration of ITAs from sTCs (blue) and MCs (red) 787 
imaged in the same field of view or successive z-planes, allowing for paired comparisons (see 788 
Text). Black horizontal line spans the interquartile range. White scale bars, 50 μm. 789 
 790 
Figure 4. Inhalation-linked suppression in mitral and superficial tufted cells.  791 
A. Left: Odorant-evoked ITA response map including several MCs (Tbet-Cre: Rosa-GCaMP6f 792 
mouse) that show suppression of ongoing activity after each inhalation of odorant (methyl 793 
valerate, same preparation shown in Figure 2B), with ITA traces from each cell shown below. A 794 
3 Hz low pass filter was applied to all traces prior to averaging. Right: Continuous traces from 795 
each MC showing fluorescence decrease after odorant inhalation, which is only apparent when 796 
ongoing activity (reflected in pre-odor fluorescence) is sufficiently high.  797 
B. Same as in (A) but showing ITA responses of sTCs imaged from the superficial EPL in the 798 
same animal in (A). The field of view is directly above that shown in (A). The odorant is also the 799 
same as that in (A). Trace shows ITA and continuous recording from a suppressed sTC. This 800 
cell was suppressed by inhalation and therefore the response is the same in the presence of 801 
clean air or odorant. All white scale bars = 50 μm. 802 
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 803 
Figure 5. Comparison of inhalation-linked dynamics of OSN inputs and MTCs.  804 
A. GCaMP6f expression in OSN axons innervating OB glomeruli as seen in confocal histology in 805 
an OMP-Cre:Rosa-GCaMP6f mouse.  806 
B. In vivo resting fluorescence (left) and odorant-evoked ITA response map imaged across 807 
glomeruli of the dorsal OB. ITA response traces from the indicated glomeruli are shown at right. 808 
Note the range of excitatory dynamics and the presence of a suppressive response in one 809 
glomerulus.  810 
C. Odor-evoked ITA response maps (left) and traces (right) showing three glomeruli that each 811 
respond to two odorants: methyl valerate (MV) and 2-methyl pentanal (2-MP).  812 
D. ITA traces for each odorant are overlaid for the same glomerulus, illustrating odorant-specific 813 
response dynamics.   814 
E. Pseudocolor plots of ITA responses for all odor-glomerulus pairs, displayed and normalized, 815 
as in Figure 2, to their minimum (-1) and maximum (1) amplitude response. Red vertical line 816 
indicates inhalation onset.  817 
F. Cumulative distribution plots showing OSN ITA onset latencies, times to peak, and durations, 818 
with the values for MCs, sTCs, and CCK+ sTCs (same data as in Figure 2) included for 819 
comparison. All scale bars, 100 μm. 820 
 821 
Figure 6. Juxtaglomerular interneurons show simple and short-latency responses to 822 
odorant inhalation.  823 
A. GCaMP6f expression in the glomerular layer of a GAD2-IRES-Cre mouse, showing 824 
expression in juxtaglomerular neurons with extensive processes in the glomerular layer (GL). 825 
Scale bar, 50 μm.  826 
B. In vivo resting fluorescence (left) and odorant-evoked ITA response map (right) showing 827 
activation of two adjacent glomeruli in a GAD2-Cre: Rosa GCaMP6f mouse. Note that numerous 828 
somata are apparent around the periphery of the right glomerulus in the response map. 829 
Numbers indicate somata whose ITAs are shown in (C). Gl, glomerular neuropil. Scale bar, 50 830 
μm. Odorant was methyl valerate.   831 
C. ITA traces from the somata and glomerular neuropil from (B). Traces were low-pass filtered 832 
at 5Hz prior to averaging. The same traces are shown scaled to the same peak values at right. 833 
Note that all cells show similar onset latencies with only modest differences in time to peak or 834 
duration.  835 
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D-F. Similar to (A-C), but for dopaminergic neurons using a DAT-Cre: Rosa GCaMP6f mouse to 836 
target presumptive SA cells. The ITA traces for these DAT+ cells are also all short-latency, with 837 
one cell showing a longer-lasting response. Odorant was 2-Hexanone. Scale bar in (D), 30 μm. 838 
Scale bar in (E), 50 μm. 839 
G. Pseudocolor plots of ITA responses for all cell-odor pairs for GAD2+/presumptive PG cells 840 
(top) and DAT+/TH+ presumptive SA cells (bottom), displayed and normalized as in Figure 2. 841 
Red vertical line indicates inhalation onset.  842 
H. Box plot comparisons of ITA onset latencies, time to peak, and half width durations. Medians 843 
= center horizontal line. Boxes represent 2nd and 3rd quartiles of each cell populations.  844 
I. Cumulative distribution plots of onset latencies, times to peak, and durations for GAD2+ and 845 
DAT/TH+ cells highlighted by thicker plots. OSN and MTC populations shown for reference.  846 
 847 
Figure 7. Diversity of inhalation-linked temporal dynamics is greater in sTC than PG cells 848 
innervating the same glomerulus.  849 
A. Tissue sections showing GCaMP6f expression (green) in Thy1+ MTCs (green) and 850 
jRGECO1a expression in GAD2+ juxtaglomerular neurons, after Flex.jRGECO1a (red) virus 851 
injection in a Thy1-GCaMP6f:GAD2-Cre mouse (see Text). Scale bar, 100 μm.  852 
B. Odorant-evoked ITA response map showing activation of MTCs recorded in the green 853 
channel (top) and GAD2+ neurons recorded simultaneously in the red channel (bottom). 854 
Numbers indicate presumed sTCs or PG cells whose responses are shown in (D). Odorant was 855 
ethyl butyrate. Scale bar, 50 μm.  856 
C. Overlay of ITA traces for the Thy1+ and GAD2+ signals recorded from the neuropil of the 857 
glomerulus shown in (B). Traces normalized to their maximum response to highlight temporal 858 
differences.  859 
D. ITA traces from the somata indicated in (B), with presumptive sTCs (top) and PG cells 860 
(bottom) overlaid with each other. All cells appear to innervate the same glomerulus. A 5 Hz low 861 
pass filter was applied to all traces prior to averaging. Traces normalized to their maximum 862 
response. 863 
E. Resting fluorescence (left) and odorant-evoked ITA response map (right) taken from a Tbet-864 
Cre mouse expressing GCaMP6f, showing a group of sister sTCs innervating the same 865 
glomerulus. Odorant was methyl valerate. Scale bar, 50 μm.  866 
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F. ITA response traces from the sTCs shown in (E), along with the glomerular signal (GL). 867 
Traces shown at right are normalized to their peak response to illustrate diversity in inhalation-868 
linked rise-times and durations.  869 
G. Dot plots showing the distribution of onset latencies for sister PG cells (left) or sTCs (right) 870 
associated with the same glomerulus, referenced to the latency measured from the neuropil of 871 
the parent glomerulus (vertical line). Each row is a different glomerulus. Black horizontal line 872 
spans the interquartile range and the black asterisk is the median.  873 
H. Same analysis in (G) but for time to peak for the same cells and glomeruli.  874  875 
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