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Differential Impacts of Repeated Sampling on Odor
Representations by Genetically-Defined Mitral and Tufted
Cell Subpopulations in the Mouse Olfactory Bulb

Thomas P. Eiting and Matt Wachowiak
Department of Neurobiology and Anatomy, University of Utah, Salt Lake City, Utah 84103

Sniffing, the active control of breathing beyond passive respiration, is used by mammals to modulate olfactory sampling.
Sniffing allows animals to make odor-guided decisions within ;200ms, but animals routinely engage in bouts of high-fre-
quency sniffing spanning several seconds; the impact of such repeated odorant sampling on odor representations remains
unclear. We investigated this question in the mouse olfactory bulb (OB), where mitral and tufted cells (MTCs) form parallel
output streams of odor information processing. To test the impact of repeated odorant sampling on MTC responses, we used
two-photon imaging in anesthetized male and female mice to record activation of MTCs while precisely varying inhalation
frequency. A combination of genetic targeting and viral expression of GCaMP6 reporters allowed us to access mitral cell
(MC) and superficial tufted cell (sTC) subpopulations separately. We found that repeated odorant sampling differentially
affected responses in MCs and sTCs, with MCs showing more diversity than sTCs over the same time period. Impacts of
repeated sampling among MCs included both increases and decreases in excitation, as well as changes in response polarity.
Response patterns across simultaneously-imaged MCs reformatted over time, with representations of different odorants
becoming more distinct. Individual MCs responded differentially to changes in inhalation frequency, whereas sTC responses
were more uniform over time and across frequency. Our results support the idea that MCs and TCs comprise functionally
distinct pathways for odor information processing, and suggest that the reformatting of MC odor representations by high-fre-
quency sniffing may serve to enhance the discrimination of similar odors.
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Significance Statement

Repeated sampling of odorants during high-frequency respiration (sniffing) is a hallmark of active odorant sampling by mam-
mals; however, the adaptive function of this behavior remains unclear. We found distinct effects of repeated sampling on
odor representations carried by the two main output channels from the mouse olfactory bulb (OB), mitral and tufted cells
(MTCs). Mitral cells (MCs) showed more diverse changes in response patterns over time as compared with tufted cells (TCs),
leading to odorant representations that were more distinct after repeated sampling. These results support the idea that MTCs
contribute different aspects to encoding odor information, and they indicate that MCs (but not TCs) may play a primary role
in the modulation of olfactory processing by sampling behavior.

Introduction
Olfaction, a key sensory modality for mammals, is an important
model system for understanding how active sensation contrib-
utes to sensory processing (Uchida et al., 2006; Wachowiak,
2011; Jordan et al., 2018b). Sniffing, the active control of breath-
ing beyond passive respiration, is used by mammals to modulate
olfactory sampling. Sniffing provides temporal control over ol-
factory sensation and can increase access to odor information by
increasing the flow of odorants through the nasal cavity, and also
by allowing multiple samples of odorant in a shorter time (Zhao
et al., 2006; Verhagen et al., 2007; Courtiol et al., 2011; Rygg et
al., 2017). Repeated high-frequency (3–10Hz) inhalations are a
hallmark of sniffing behavior in most mammals, including
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rodents (Youngentob et al., 1987; Laska, 1990; Thesen et al.,
1993; Wesson et al., 2008a). While mice and rats can discrimi-
nate odors in as little as one sniff (150–200ms; Uchida and
Mainen, 2003; Abraham et al., 2004), they frequently exhibit lon-
ger sniffing bouts lasting several seconds (Welker, 1964; Wesson
et al., 2008a). How repeated sampling influences olfactory proc-
essing by neural circuits in the olfactory bulb (OB) or elsewhere
is not well understood.

Previous work has shown that rapid sniffing induces adapta-
tion of olfactory sensory neuron (OSN) inputs to the OB
(Verhagen et al., 2007); more recently, we and others have found
that inhalation frequency modulates subthreshold membrane
potential and spiking patterns in mitral and tufted cells (MTCs),
the two major subclasses of OB output neurons (Bathellier et al.,
2008; Carey and Wachowiak, 2011; Díaz-Quesada et al., 2018;
Jordan et al., 2018b). Multiple functions of this frequency-de-
pendent modulation have been proposed, including enhancing
olfactory sensitivity, increasing the salience of odorants against a
background, and improving fine-scale odor discrimination.

There is substantial evidence that mitral cells (MCs) and
tufted cells (TCs) have distinct odorant response properties and
likely contribute differentially to encoding odor information
(Nagayama et al., 2004; Griff et al., 2008; Fukunaga et al., 2012;
Jordan et al., 2018a; Short and Wachowiak, 2019). Putative
MTCs also respond to odorants differently during brief bouts of
high-frequency sniffing (Jordan et al., 2018b). However, how, or
whether, these populations differentially represent odorants dur-
ing repeated sampling of odorants remains unclear. Ultimately,
because odor coding involves combinatorial activity patterns
across many cells, understanding how sniffing impacts odor rep-
resentations requires recording from multiple cells simultane-
ously, ideally using genetic and anatomic criteria to define
subpopulations independent of their functional properties.

Here, we addressed these knowledge gaps by imaging from
genetically- and anatomically-defined subsets of MCs and TCs
during repeated odorant sampling at different inhalation fre-
quencies. We use an artificial inhalation paradigm in anesthe-
tized mice to allow for precise reproduction of odorant sampling
regimes and comparison of responses across cell type subpopu-
lations, with minimal impact of centrifugal inputs or other
behavioral state-dependent factors. We found substantial popu-
lation-level differences between MCs and a subset of TCs
defined by their superficial location and their expression of the
peptide transmitter cholecystokinin (CCK). The CCK1 superfi-
cial TC (sTC) population showed stronger coupling to individual
inhalations, few suppressive responses, and little change in its
population response pattern during repeated odorant sampling.
In contrast, MCs showed diverse changes in excitation and sup-
pression with repeated odorant sampling, such that the MC pop-
ulation response pattern reformatted substantially from the
beginning to the end of the odorant presentation, and did so in a
frequency-dependent manner. These effects point to an impor-
tant role for inhalation frequency-dependence in odor perception
and differential contributions by MC and sTC populations in
encoding odor information over repeated samples.

Materials and Methods
Animals
Adult transgenic mice (ages 6–16weeks) of both sexes (n= 12 males and
13 females) were used in all experiments. Imaging in mice was con-
ducted in Cck-IRES-cre [The Jackson Laboratory (Jax) stock #012706;
Taniguchi et al., 2011] mice for imaging in sTCs or in either Pcdh21-cre
(Mutant Mouse Resource and Research Center stock #030952-UCD;

Gong et al., 2003) mice or Tbet-cre (Jax stock #024507; Haddad et al.,
2013) mice for imaging in MCs. Mice were either crossed with Ai95
(RCL-GCaMP6f)-D (Jax stock #024105; Madisen et al., 2015) reporter
mice or injected with adeno-associated viral vectors (AAV) to drive
expression. All procedures were conducted according to NIH guidelines
and were approved by the Institutional Animal Care and Use
Committee of the University of Utah.

Viral vector expression
GCaMP6f/s expression was achieved using recombinant viral vectors,
AAV1, AAV5, or AAV9 serotypes of hSyn.Flex.GCaMP6f.WPRE.SV40
or hSyn.Flex.GCaMP6s.WPRE.SV40 (UPenn Vector Core). Virus titers
were as follows: 1.7� 1012 to 1.4� 1013 (GCaMP6f) or 7.0� 1012 to
7.3� 1013 (GCaMP6s). Virus was injected using pulled glass pipettes
into the anterior piriform cortex (aPC) at the following coordinates (rel-
ative to bregma): 2.4 mm anterior, 1.6 mm lateral, and 3.5 mm ventral.
Injections were performed as described previously (Rothermel et al.,
2013; Wachowiak et al., 2013), achieving an infection rate of ;80% as
employed by our lab (Rothermel et al., 2013). Animals were injected
with carprofen (5mg/kg; analgesic) and enrofloxacin (10mg/kg; antibi-
otic) immediately before surgery as well as the following day. After sur-
gery, animals were singly-housed and were allowed to recover on a
heating pad before transfer back to the animal colony. Imaging experi-
ments occurred 14–45d after injection.

Olfactometry
Odorants were delivered via an air-dilution olfactometer, in which the
odorants were first diluted in mineral oil, followed by an air-phase dilu-
tion, for a final estimated concentration presented to the animal of
;10–20ppm (Wachowiak et al., 2013; Economo et al., 2016). Odorants
of different chemical groups (esters, aldehydes, ketones, organic acids)
were presented in random order with respect to inhalation frequency,
and repeated for eight trials (six trials in two sTC glomerular experi-
ments), with a minimum 36 s intertrial interval (ITI). Inhalation (1, 3,
and 5Hz) was controlled using an artificial inhalation paradigm
(Wachowiak and Cohen, 2001; Díaz-Quesada et al., 2018; Eiting and
Wachowiak, 2018). Stimuli and artificial inhalation were controlled with
Labview software (National Instruments).

In vivo two-photon imaging
Animals were initially anesthetized with pentobarbital (50mg/kg); and
long-term anesthesia was maintained with isoflurane (0.5�1.0% in oxy-
gen) for the duration of the experiment. Body temperature was main-
tained at 37°C. Following a craniotomy (;1.5� 1 mm) over one OB, we
imaged glomeruli or cell bodies at appropriate depth: 20–30mm below
olfactory nerve layer (ONL) for glomeruli, ;120–150mm below the
ONL for sTCs and ;240–270mm below ONL for MCs. Calcium signals
(GCaMP6f/6s) were collected using a two-photon laser and microscope
system (Neurolabware), running a Ti-Sapphire laser (Coherent, Cha-
meleon Ultra-II) operating at 920–940 nm. Imaging was performed
through a 16�, 0.8NA objective (Olympus), and emitted light was col-
lected through a GaAsP photomultiplier tube (Hamamatsu, H10770B-
40). Frame rate was 15.5Hz.

Data analysis
Image processing and analysis of optical signals followed procedures
similar to those described previously (Wachowiak et al., 2013; Economo
et al., 2016). Analyses of calcium data were performed on fluorescence
signals collected at 15.5Hz. Regions of interest (ROIs) were either glo-
meruli or cell bodies, selected as contiguous polygons of responsive pix-
els. ROIs were initially defined based on visually inspecting average
odor-evoked response maps and choosing a single polygon above a cer-
tain visual threshold of response relative to background. In cases where
cell bodies and dendrites appeared to overlap, we selected and analyzed
only those portions of the cell body that were non-overlapping. Some
ROIs were selected using a manual procedure to select strong responses
and when the automated thresholding procedure failed to select single
cell bodies or glomeruli. DF/F values were calculated as the change in
fluorescence during 8 s odorant stimulation compared with the 4 s
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immediately before odorant stimulation, divided by the mean baseline
fluorescence value. ROIs were included if the peak value of their odor-
evoked DF/F signal exceeded 6 SDs of the signal during the 4 s imme-
diately before the odorant stimulation. If a cell or glomerulus was
responsive at one frequency but not another, it was kept and analyzed
across all three inhalation conditions. In this way, a non-response can
be reasonably interpreted as contributing to the signal. Analyses were
conducted only when blank air generated few or no responses (max
5% responding cells/glomeruli), and individual ROIs were removed
from analyses if they responded to blank air stimulation. Correlation-
to-early calculations were conducted as follows. Data were broken into
matrices of ROI-by-time fluorescence values for each odorant-by-fre-
quency (1, 3, or 5Hz) combination. ROI signals were averaged over
each 1 s time period (;15 time bins of data), for the full 8 s odorant

presentation. The ROI population response at a given 1 s time point
was correlated with the response in the 1 s immediately prior, with the
correlation at the starting time bin set to “1.” These correlations were
then grouped together either by experiment or by cell type, as indicated
in Results.

The analysis in which we broke the MC-cell body dataset into groups
of cells with different response strengths was done as follows for each in-
halation frequency and odor combination. First, for each odorant
response, the MC population was split into three groups as follows:
strongly excitatory (the top 50% of all excitatory responses), weakly exci-
tatory (the bottom 50% of all excitatory responses), and suppressed cell
groups. This resulted in groups of 4–22 cells in each odor-by-frequency
case for a given field of view (FOV; average 7–11 cells across all FOVs),
save for two experiments, in which 5 Hz suppressive responses were not
observed. Finally, the cells that made up each group were subtracted
from the overall populations, and correlations-over-time were recalcu-
lated as above.

Principal components analysis (PCA) was conducted for experi-
ments in which three or more odorants generated consistent responses,
resulting in five MC-cell body (n=13–58 ROIs) experiments and three
sTC-cell body (n=18–23 ROIs) experiments. For each experiment, PCA
was conducted as follows. First, responses to any given odor-by-inhala-
tion frequency condition were averaged across the eight repeated presen-
tations of that stimulus, and binned per frame (i.e., ;15.5Hz; each bin
;65ms). Data were then concatenated for all odors into one dataset for
each inhalation-frequency condition. PCA was conducted on each of
these three datasets (1, 3, and 5Hz), computed on ROI-by-time (two-
photon sampling rate) matrices, similar to what has been done in previ-
ous studies (Bathellier et al., 2008). The PCAs were primarily used for
visualization.

Finally, Euclidean distances (calculated as the square root of the sum
of squared distances) were calculated across cell responses between each
successive time bin, and these were summed across all odors for each in-
halation condition. Euclidean distances were standardized by number of
odorants within a given experiment, because this measure provided an
unbiased method to compare the spread of points in visualization (PC)
space across experiments or conditions. These values were used as a way
to examine how the temporal evolution of MC and sTC odorant
responses were represented in the cell body populations.

Experimental design and statistical analyses
Unless otherwise noted, analyses were done using mean responses
within a given experimental preparation as our unit of replication.
Statistical tests were conducted using custom scripts written in
MATLAB 2019b (MathWorks) or R v.3.3.2 (R Foundation for Statistical
Computing). Details of each analysis are presented in the relevant sec-
tion of the results. Raw data and analysis code are available on request.

Results
Our major goals were to understand how inhalation frequency
affects activity patterns of MTC populations, and to explore dif-
ferences in their responses in the context of inhalation frequency.
To achieve these aims we collected fluorescent calcium signals
from MCs and sTCs under two-photon microscopy using an ar-
tificial-inhalation paradigm to control inhalation frequency in
isoflurane-anesthetized mice (Fig. 1A,B; Díaz-Quesada et al.,
2018; Eiting and Wachowiak, 2018). To target MCs, protocad-
herin21-Cre mice were injected with cre-dependent virus into
the aPC to generate expression predominately in piriform-pro-
jecting MCs (Rothermel et al., 2013). sTCs were targeted by
crossing CCK-IRES-Cre mice with Rosa-GCaMP6f mice (line
Ai95D), as previously reported (Economo et al., 2016; Short and
Wachowiak, 2019). For each cell type, we lowered the imaging
plane to the appropriate depth. We gathered MC and sTC
responses from populations of cells imaged while presenting
clean air and then odorant at different inhalation frequencies
(see Materials and Methods). We presented eight successive
odorant presentations of 8 s duration (interspersed with a 36 s
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Figure 1. Imaging MTC population odor responses with artificial inhalation. A, Schematic
of experimental paradigm. Odorants are delivered using an artificial inhalation paradigm,
with inhalation frequencies of 1, 3, or 5 Hz. A sample inhalation trace (1 Hz) is pictured at
the bottom. B, Representative images of resting fluorescence in three types of experiments,
showing typical fields of view for sTC cell bodies, MC cell bodies, TC glomeruli, and MC-inner-
vated glomeruli. C, Resting fluorescence image from one FOV, showing over 50 MC cell
bodies. D, Odorant-evoked calcium signals, represented as DF/F, of the same FOV shown in
C. E, left, Example traces (from ROIs indicated in C, D), showing evoked fluorescence for eight
consecutive trials in which odorant is presented during 5 Hz inhalation for 8 s per trial.
Right, Average responses of the three ROIs. For most analyses, average responses were used
in calculations. All scale bars = 100mm.
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ITI) at each inhalation frequency. Example resting fluorescence,
activity map, and traces from a MC-cell body imaging experi-
ment show examples of average traces produced from individual
trials (Fig. 1C–E). In general, variability from trial to trial was
small and, as is apparent in Figure 1E, tended to be correlated
across cells, suggesting a difference in stimulation effectiveness
or other global change in excitability rather than variations in
cell-specific responses.

We first compared responses of MCs and sTCs to repeated
sampling of odorant at 1, 3, and 5Hz. Examples of imaging
experiments targeted to each cell type are shown in Figure 2A,B,
illustrating qualitative differences in how MCs and sTCs respond
to repeated sampling, and how these responses change as a func-
tion of frequency. MCs showed more diverse temporal responses
over time that included slower increases in activity peaking over
the course of odorant presentation, while sTC responses tended
to be simpler, generally following the onset and offset of odorant
presentation (Fig. 2A,B). sTCs also more commonly followed
individual inhalations at 1Hz than did MCs. These trends were
evident across the entire population of imaged MCs and sTCs,
compiled from seven and five mice, respectively (Fig. 2C,D).
Finally, suppressive responses were common in MCs but were
rarely observed in sTCs. MC responses included a substantial
percentage of suppressive cells: 207/655 (32%) cell-odor pairs at
1Hz, 163/655 (25%) cell-odor pairs at 3Hz, and 168/655 (26%)
cell-odor pairs at 5Hz were suppressive. By contrast there were
very few suppressive sTC responses: 23/445 (5%) cell-odor pairs
at 1Hz, 31/445 (7%) cell-odors pairs at 3Hz, and 24/445 (5%)
cell-odor pairs at 5Hz were suppressive. Signals from MC cell
bodies using both GCaMP6f (four mice) and GCaMP6s (three
mice) showed similar temporal response patterns and prevalence
of suppression (not shown), suggesting that the observed differ-
ences between MC and sTC populations were likely not due to
differences in the temporal dynamics of the calcium indicator
used. Overall, this suite of differences recapitulates those
reported earlier at 2 Hz inhalation frequency (Economo et al.,
2016).

MCs responded heterogeneously to different inhalation fre-
quencies (Fig. 2A). For example, cell 3 in Figure 2A shows no
response at 1 Hz inhalation but strong excitation at 5Hz, while
cell four switches response polarity from excitation at 1 and 3Hz
to suppression at 5Hz. Neighboring cells also show different
responses to repeated sampling of the same odorant. For exam-
ple, cell 3 in Figure 2A (mentioned above) can be contrasted
with its neighbor, cell 5, which responds fairly consistently across
all three inhalation frequencies. Across the MC population, cells
switched response polarity from suppressed to excited roughly
three to four times as frequently as excited to suppressed: 49/438
(11%) excited to suppressed from 1 to 3Hz, 64/438 (15%) excited
to suppressed from 1 to 5Hz, 84/217 (39%) suppressed to excited
from 1 to 3Hz, and 111/217 (51%) suppressed to excited from
1 to 5Hz (Fig. 2C). MCs also became more excitable with
increasing inhalation frequencies: more cells responded to
greater numbers of odorants at 3 and 5Hz compared with 1Hz
(Fig. 2D). By contrast, sTCs typically responded similarly to all
three inhalation frequencies (Fig. 2B,E), although more sTCs
responded to greater numbers of odorants at higher frequencies.
In many cells a decrease in excitation suggesting adaptation was
apparent with repeated sampling at higher frequencies (Fig. 2B,
cells 4 and 5). Changes in response polarity in sTCs were much
rarer compared with MCs: 22/402 (5%) switched from excited to
suppressed responses when comparing 1–3Hz, and 17/402 (4%)
switched from excited to suppressed in the 1 to 5 Hz case.

Furthermore, while only 5–7% of sTCs showed suppressive
responses to 1 Hz inhalation, nearly half of these cells switched
polarity from suppression to excitation when inhalation fre-
quency increased to 3Hz (39%; 9/23 cells) or 5Hz (61%; 14/23
cells). These differences between MCs and sTCs were likely not
due to differences in frequency-dependent excitability, as sTCs
showed a similar pattern to MCs of cells become more excitable
with increasing inhalation frequency (Fig. 2F). Overall, these
analyses indicate that MCs and sTCs show distinct impacts of in-
halation frequency on responses to repeated odorant inhalation,
but that across both cell types, as inhalation frequency increased,
cells tended to switch from suppression to excitation much more
frequently than from excitation to suppression.

Heterogeneity in MC (and to a lesser extent sTC) responses
implies that neural representations of odor identity, measured in
terms of spike rate across each population, will change as a func-
tion of repeated odor sampling (Patterson et al., 2013; Díaz-
Quesada et al., 2018). Example experimental preparations in
Figure 3A,B show how populations of cells [MCs (Fig. 3A) and
sTCs (Fig. 3B)] change over an 8 s odorant presentation at 1 and
5 Hz inhalation. In the MC example, numerous cell bodies
changed their response polarity or their response amplitude
across the 8 s odorant period, and this shift occurred more often
at higher inhalation frequency (Fig. 3A). By contrast, in the sTC
example, very few cells switched their response polarity, or even
changed their activity level appreciably, regardless of inhalation
frequency (Fig. 3B).

To quantify changes among populations of MCs and sTCs,
we correlated the population response to an odorant at a given
time point to the population response at the first time point (cor-
responding to the first inhalation at 1Hz; for precise times, see
Materials and Methods) over the length of odorant presentation.
This analysis was performed separately for each ensemble of
MCs or sTCs imaged in the same FOV (n=13–58 MCs and 10–
43 sTCs per FOV, one FOV per animal). Correlation series for
different odorants tested in the same FOV were averaged before
compiling across animals, to avoid bias from different numbers
of odorants tested in different animals. These analyses revealed
substantial differences in the evolution of odor representations
between MCs and sTCs. Among MCs (Fig. 3C), high-frequency
inhalation appeared to result in more substantial decorrelation
compared with low-frequency inhalation: after 8 s, the correla-
tion to the initial response pattern was relatively high at 1Hz
(r=0.726 0.29, mean 6 SD), with lower correlation values at
higher inhalation frequencies (3Hz, r=0.636 0.37; 5Hz,
r= 0.616 0.37). These differences across frequency were not
statistically significant, however (n= 7 mice, Mann–Whitney U
test, 1 vs 3Hz, p= 0.30; 1 vs 5Hz, p= 0.71), due to the relative
high variance in the degree of decorrelation for different fields of
view (see below). Nonetheless this result for MCs contrasts with
that for sTCs (Fig. 3D), which maintained highly similar
response patterns over the 8-s odor duration, with correlations
to the initial response of r = 0.906 0.07 in the 1 Hz case,
0.896 0.02 at 3Hz, and 0.816 0.12 at 5Hz (n=5 mice).
Regardless of inhalation frequency, MCs decorrelated signifi-
cantly more over the 8 s compared with sTCs (correlation coeffi-
cients in final time bin for all frequencies, two sample t test,
p= 9.2� 10�5). MC cell bodies decorrelated to similar levels
when either GCaMP6s or GCaMP6f was used (Fig. 3C), indicat-
ing that the differences observed between MC and sTC popula-
tions were not a result of different GCaMP reporters; in
subsequent analyses, we combined data from both variants.
Overall, this analysis shows that MC responses show more
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Figure 2. Odorant-evoked activity varies with inhalation frequency. A, Example trial-averaged responses from five MC cell bodies, showing diverse responses to ethyl butyrate (0.1%) at three
different inhalation frequencies. B, Trial-averaged responses from five sTC cell bodies, showing a relative lack of diversity in temporal responses among cells within a given preparation. In all
cells, fluorescence signals clearly follow 1 Hz inhalations (top rows for each cell), but this effect disappears at higher frequencies. Scale bars for the maps in A, B= 100mm. C, Time-by-activity
plots for all MC cell-odor pairs, rank-ordered by time-to-peak activity at 1 Hz. MC responses are diverse and prolonged, and activity patterns change substantially among cells at higher inhala-
tion frequency. D, Cell-response histograms for six MC experiments, showing histograms of how many odorants each cell responded to, across all three inhalation frequencies. For most experi-
ments, more cells responded to higher numbers of odorants at elevated inhalation frequencies (3 and 5 Hz). At 1 Hz (black bars), usually many more cells responded to fewer numbers of
odorants. E, Time-by-activity plot for sTC cell bodies. Note that, compared with C, peak sTC activity tends to occur earlier than peak MC activity, and sTC responses generally turned off quickly
after odor presentation compared with MC responses. In both C, E, odorant offset is at 8 s. F, Cell-response histograms for three sTC experiments, similar to D, again showing that more cells
responded to greater number of odorants at higher inhalation frequencies.
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decorrelation in response patterns
with repeated sampling than do
sTCs, and suggests that higher inha-
lation frequencies may drive greater
decorrelation in the MC population.

Linear decorrelation in popula-
tion response patterns could arise
from systematic changes in MC (or
sTC) responsiveness. Such changes
could include, for example, increases
in excitation that saturate at the high
end of a cell’s dynamic range or rise
above threshold at the low end, or
decreases in excitation that have the
opposite effects. Alternatively, decor-
relation could result from distinct
effects of repeated sampling in differ-
ent cells. To distinguish between
these possibilities, we measured the
change in MC or sTC excitation over
the course of the odorant presenta-
tion, expressed as the change in DF/F
from the first to the last second of
the presentation (Fig. 4A). There was
substantial heterogeneity in the effect
of repeated sampling on excitation,
reflected as a large variance across
cells in the change in DF/F (Fig. 4A).
Across all cells analyzed and all inha-
lation frequencies, there was a signif-
icant net increase in DF/F from the
first to the last second, although the
magnitude of the difference was
small relative to the variance across
different cells (Wilcoxon sign-ranked
test: MC, 1Hz, mean change in DF/F
6 SD=0.0756 0.22, p= 1.2� 10�11;
3Hz, 0.136 0.31, p= 1.1� 10�15;
5Hz, 0.126 0.36, p= 3.1� 10�10;
sTC, 1Hz, 0.126 0.31, p = 7.5 �
10�11; 3Hz, 0.216 0.30, p = 3.5 �
10�26; 5Hz, 0.0566 0.29, p = 3.1
� 10�2; Fig. 4A). The magnitude of
these differences did not vary signifi-
cantly across inhalation frequencies
among MCs, although it did among
sTCs (Kruskal–Wallis test: MC, x 2 =
5.12,1176, p=0.08; sTC, x

2 = 49.82,813,
p = 1.5� 10�11), with the sTC
responses at 3Hz increasing signifi-
cantly more than at 1 or 5 Hz inhala-
tion frequencies (Bonferroni-adjusted pairwise comparisons,
p, 0.00001 for both 1 vs 3Hz and 3 vs 5Hz). These results are
consistent with the idea that cells respond to repeated sampling
with a net increase in excitability over the duration of the odor-
ant presentation.

We next asked whether increasing inhalation frequency sys-
tematically impacted MC or sTC excitability within a given cell,
either initially (i.e., in the first second) or after prolonged sam-
pling (i.e., after 8 s). To test this, we compared response magni-
tude (DF/F) for the same cell-odor pairs at 1 Hz inhalation with
that at 3 and 5Hz, for both the initial (i.e., “early”) and 8 s (i.e.,
“late”) time points (Fig. 4B). We found that increasing inhalation

frequency significantly increased excitation for both early and
late time points in both MCs and sTCs (Wilcoxon sign-ranked
test: early MC: 3Hz, mean change in DF/F 6 SD: =
0.0246 0.067, p=1.2� 10�11; 5Hz= 0.0236 0.078, p=3.0 �
10�8; late MC: 3Hz, 0.0816 0.31, p= 1.1� 10�9; 5Hz =
0.0726 0.4103, p=7.9� 10�3; early sTC: 3Hz= 0.176 0.15,
p= 2. 6� 10�40; 5Hz= 0.196 0.25, p= 2.6� 10�27; late sTC:
3Hz= 0.266 0.32, p=3.4� 10�27; 5Hz= 0.136 0.43, p = 5.6 �
10�9; Fig. 4B). The net increase in excitation in both the initial
and late time bins was smaller in MCs than in sTCs (two-sample
t tests, early 3 Hz MCs vs early 3 Hz sTCs, late 3 Hz MCs vs late
3 Hz sTCs, and so on; p, 0.05 in all cases). Together, these

1 2 3 4 5 6 7 8
0

0.2
0.4
0.6
0.8

1

1 2 3 4 5 6 7 80
0.2
0.4
0.6
0.8

1

1 2 3 4 5 6 7 8
0

0.2
0.4
0.6
0.8

1

1 2 3 4 5 6 7 8
0

0.2
0.4
0.6
0.8

1

sTC Cell BodiesC DMC Cell Bodies
GCaMP6sGCaMP6f

C
or

r. 
co

ef
f. 

(r)

C
or

r. 
co

ef
f. 

(r)

-5%

5%
A MC Cell Bodies

2 s 4 s 6 s 8 s

1 Hz

5 Hz

-10%

10%

1 Hz

5 Hz

B sTC Cell Bodies
2 s 4 s 6 s 8 s

1 Hz
3 Hz
5 Hz

1 Hz
3 Hz
5 Hz

-10%

10%
-5%

5%

1 Hz
3 Hz
5 Hz

1 Hz
3 Hz
5 HzC

or
r. 

co
ef

f. 
(r)

C
or

r. 
co

ef
f. 

(r)

All MCs All sTCs

TIme relative to start 
of odor (s)

TIme relative to start 
of odor (s)

TIme relative to start 
of odor (s)

TIme relative to start 
of odor (s)

Figure 3. MC population responses evolve with repeated odorant sampling more than sTC populations. A, Example MC-cell body
experiment, showing responsive cells during 1 and 5 Hz inhalation at different time points. Time progresses horizontally in 2-s
increments that represent the response maps during odorant presentation, averaged over 1 s. A number of MC cell bodies change
their response strength or response polarity during 5 Hz inhalation, with fewer changing during 1 Hz inhalation. Black arrows high-
light cells whose response changes substantially or switches polarity during odor presentation. B, Example sTC cell body experiment,
displayed as in A, showing a relative lack of changes in responses among individual cells, regardless of inhalation frequency. C,
Average MC population response to an odorant at a given time point correlated to the population response at the first time point
over the length of odorant presentation. Correlations decreased faster at higher frequencies, although this difference was not statis-
tically significant. Left, All MC-cell body data. Middle, Data from GCaMP6f experiments. Right, Data from GCaMP6s experiments. D,
Plot of same analysis for sTC responses. Temporal decorrelation does not vary substantially across inhalation frequencies among
sTCs. Decorrelation values differed between MCs and sTCs (see text for details). In both C, D, shaded areas represent SEM.
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results indicate that, while increasing inhalation frequency mod-
estly enhances net excitation, repeated odorant sampling reor-
ganizes MC and sTC responses differently. In particular, sTCs
show an increase in excitation that affects all sTCs similarly,
whereas MCs respond to increasing inhalation frequencies with
a more modest increase in excitability, but more pronounced dif-
ferentiation among individual cells.

Reformatting of the population responses among MCs could
be a result of changes across all cells, or it could occur across
only a subset of cells depending on their initial response to the
odorant. To differentiate between these possibilities we broke the
datasets into groups of strongly responding, weakly responding,
and suppressive cells based on their response within the first sec-
ond of odor presentation (see Materials and Methods); each
group had roughly equivalent numbers of cells overall [average
strongly-excited cells: 10 (1Hz), 10 (3Hz), 11 (5Hz); weakly
excited cells: 9 (1Hz), 10 (3Hz), 10 (5Hz); suppressive cells: 9
(1Hz), 8 (3Hz), 7 (5Hz); 20 odor-by-frequency presentations in
seven mice]. To test whether any of these subpopulations prefer-
entially drive reformatting, we removed each subset of cells and
recalculated the correlation-to-early plots as done previously
(compare with Fig. 3C). Removing strongly excited MCs from
the population appeared to eliminate frequency-dependent

differences in the degree of decorrelation (compare Figs. 4C, 3C).
However, sampling-dependent decorrelation persisted after re-
moval of each MC subgroup (strongly-excited, weakly-excited
and suppressed MCs; Fig. 4C,D), with no significant differences
in the degree of decorrelation relative to each other or relative to
the full population, at any frequency (Kruskal–Wallis test: 1Hz,
x 2 = 0.723,24, p=0.87; 3Hz, x 2 = 0.183,24, p= 0.98; 3Hz, x 2 =
0.983,24, p= 0.81). Overall, these analyses show that decorrelation
is not driven by changes in the responsiveness of particular sub-
sets of MCs defined by their initial response; instead, all cells
contribute to the population reformatting observed in our
datasets.

Glomeruli are the functional unit of odor representations at
the level of OB inputs, and each MC or TC has a single apical
dendrite that branches heavily in one glomerulus and is the sole
source of excitatory synaptic input for that cell (Mombaerts et
al., 1996; Schoppa and Westbrook, 2001; Wachowiak et al., 2004;
Wachowiak and Shipley, 2006; Economo et al., 2016). We have
shown previously that temporally diverse response patterns,
including suppressive and excitatory responses, are prevalent in
glomerular MC signals (Economo et al., 2016). However, it is
possible that different MCs arising from the same glomerulus
(i.e., “sister”MCs; Dhawale et al., 2010) may show distinct effects
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Figure 4. MC and TC responses show high variance in response to changing inhalation frequency. A, Change in signal amplitudes (DF/F) from the last second to the first second for all three
inhalation frequencies across both cell types. In both MCs and sTCs, responses late in the odor presentation (final 1 s) are slightly greater than responses early in the odor presentation (first 1
s), but mean changes are small relative to variance across cells. Boxplots represent means and 25th to 75th percentiles, and whiskers extend for 3 SDs. Outliers are plotted as individual points
outside of the whiskers. B, Change in strength of response magnitudes at 3 and 5 Hz compared with 1 Hz, for both MCs (left) and sTCs (right). For both cell types, the plot on the left reflects
change within the first second of odorant presentation, and the plot on the left shows change within the last second of odorant presentation. Points in each plot are relative to maximum value
at 1 Hz. For both MCs and sTCs, higher frequency inhalations lead to increased excitation (means in each plot are greater than zero). For MCs, early amplitudes change less than late amplitudes.
The same holds for sTCs, although early amplitude changes are relatively much higher compared with MCs. Activity within the same cells are joined by lines. Beside the individual points, mean
6 SEM is plotted for each case. C, Correlation-over-time (Fig. 3C) for MCs, when a subpopulation of cells (as indicated by the titles of the figure panels) has been removed. Removing any sub-
population of cells still produces a high level of decorrelation, suggesting that no single group of cells dominates that population reformatting; *p, 0.01 (see text for specific values). D,
Correlation-to-early values of the final time bins taken from C, compared across all groups and inhalation-frequency conditions. No significant differences were found within any inhalation
frequency.
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Figure 5. Glomerular signals from apical dendrites of MCs and sTCs show similar diversity in responses and decorrelation patterns compared with MC and sTC cell cell bodies. A, FOV of one
experimental preparation, showing how the same set of MC glomeruli respond to three different inhalation frequencies of the same odorant. Right, Example trial-averaged responses from five
glomeruli. Glomeruli have variable responses at differing inhalation frequencies. Glomerulus 2, for example, shows a quick burst of activity at all three frequencies, but at 3 and 5 Hz, this initial
burst is followed by a rapid decrease in activity below baseline, which is not seen at 1 Hz. Glomerulus 4 shows slight excitation at 1 Hz, and gradual suppression at 3 and 5 Hz. Scale
bars = 100mm. B, Time-by-activity plots for all MC glomeruli, rank-ordered by time-to-peak activity at 1 Hz. Similar to MC cell bodies, glomerular responses are diverse and prolonged. MC glo-
meruli include a high proportion of suppressive responses. C, Correlation of the average MC glomerular population response to an odorant at a given time point to the population response at
the first time point, over the length of odorant presentation. Top, All MC glomerular data. Bottom left, Data from GCaMP6f experiments. Bottom right, Data from GCaMP6s experiments. MC glo-
merular responses decorrelate more strongly at 3 and 5 Hz compared with 1 Hz. The magnitude of decorrelation is lower than in MC-cell body data (compare to Fig. 3A). D, FOV of one TC ex-
perimental preparation, showing the same set of glomeruli responding to three different inhalation frequencies of the same odorant. Right, Example trial-averaged responses from five
glomeruli. At low frequencies, fluorescence signals often follow inhalations, which is not seen at 5 Hz. Glomeruli also show variable responses at differing inhalation frequencies. Glomerulus 1,
for example, shows inhalation-locked activity throughout 8-s odorant presentation, but at 3 and 5 Hz, it instead shows a relatively quick burst of activity followed by slow adaptation through-
out the remaining 8 s, with a rapid drop-off when the odorant shuts off. Glomerulus 2 shows similar behavior to glomerulus 1 at 1 Hz, but its response to 3 and 5 Hz differs. At 3 Hz, it responds
with high amplitude throughout the full 8-s presentation, but its response at 5 Hz instead shows a gradual adaptation. Scale bars = 100mm. E, Time-by-activity plots for all TC glomeruli,
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of repeated sampling or inhalation frequency, which could ulti-
mately obscure the decorrelation among sister cells. Thus, to
further investigate how inhalation frequency impacts odor repre-
sentations, we imaged MC calcium signals from glomeruli of the
dorsal OB.

We found that, as with cell body imaging, glomerular MC
responses (n=11 mice, 15–41 glomeruli per FOV) were more
diverse at higher inhalation frequencies compared with low (Fig.
5A,B). Suppressive responses were prevalent, occurring in 472/
1164 (40.5%) of all glomerulus-odorant pairs at 1-Hz inhalation,
with slightly lower percentages at high inhalation frequencies:
451/1164 (38.7%) at 3Hz, and 391/1164 (33.6%) at 5Hz. These
percentages are similar to our MC-cell body data presented
above, as well as to those reported earlier using a 2-Hz inhalation
frequency (Economo et al., 2016). We also observed frequency-
dependent changes in responsiveness as well as response polarity:
from 1 to 3Hz, 109/692 (15.7%) glomerulus-odor pairs switched
from excited to suppressed, and from 1 to 5Hz, 111/692 (16.0%)
switched from excited to suppressed. Responses that switched
from suppressed to excited were more common by a factor of
;2: from 1 to 3Hz, 114/472 (24.2%) switched from suppressed
to excited, and from 1 to 5Hz, 176/472 (37.3%) switched from
suppressed to excited. These percentages are roughly similar to
the percentages of MC cell bodies that switched polarity with
increasing inhalation frequency.

Other aspects of the MC glomerular signals differed notably
from the MC-cell body signals. For example, glomerular signals
showed less decorrelation at the end of the 8 s odorant presenta-
tion compared with cell bodies (t test, p= 0.0037; Fig. 5C), and
they also showed a statistically significant effect of inhalation fre-
quency on the amount of decorrelation, with responses at 1Hz
(r = 0.90) greater than those at 3Hz (r=0.75, Mann–Whitney U
test: p=0.022, n= 11 mice) and 5Hz (r= 0.78; Mann–Whitney U
test: p= 0.036, n= 11 mice). Also, glomerular signals imaged with
GCaMP6s appeared to show a greater difference in decorrelation
between low and high inhalation frequencies compared with the
GCaMP6f data (Fig. 5C). With both reporters, higher inhalation
frequencies resulted in greater decorrelation, although only the
result for GCaMP6s was significant (Kruskal–Wallis test: 6s,
x 2 = 6.862,12, p=0.032; 6f, x

2 = 2.682,15, p= 0.26). Overall, these
data point to a similar amount of decorrelation in MC dendrites
as in their cell bodies.

We also analyzed glomerular signals among CCK1 TCs, to
compare with response patterns recorded from sTC cell bodies.
A caveat to this comparison is that the CCK1 TC population
also includes middle and deep TCs and, potentially, external TCs
(Seroogy et al., 1985; Baltanás et al., 2011; Economo et al., 2016);
thus, glomerular CCK1 GCaMP6f signals cells may reflect
summed responses across a more functionally diverse population
than the sTC subtype. Glomerular TC responses showed some
diversity in responses, but not as much as in MCs, as example
traces show (Fig. 5D). Across the entire population of glomeru-
lus-odor pairs (n= 15–50 per FOV, compiled from three mice),
inhalation-linked activity was seen in 1 and 3 Hz conditions, and

most glomeruli showed sustained activity for the duration of the
odorant presentation (Fig. 5E). Suppression was rare, occurring
in 27/288 (9.4%) of all glomerulus-odorant pairs at 1 Hz inhala-
tion, with slightly greater percentages at high inhalation frequen-
cies: 32/288 (11.1%) at 3Hz and 37/288 (12.8%) at 5Hz. As with
the sTC cell body imaging, CCK1 glomerular signals showed lit-
tle decorrelation from their initial response patterns with
repeated sampling (Fig. 5F), with correlation coefficients after 8 s
of odorant sampling of r = 0.92 for 1 Hz inhalations, 0.85 at 3Hz,
and 0.78Hz at 5Hz (n= 288 cell-odor pairs from three mice);
these values were not significantly different from those observed
among sTC cell bodies (comparing same inhalation frequencies,
paired t test, p. 0.05 in all cases). These results suggest that den-
dritic signals from TCs behave in a similar fashion to sTC cell
bodies.

Finally, we examined how the evolution of MC and sTC pop-
ulation responses might contribute to odor identity coding dur-
ing repeated sampling. First, to better visualize how population
responses change with repeated sampling, we performed PCA on
the cell body population data (see Materials and Methods).
Across all preparations, between 89.1% and 99.7% of the variance
in temporal response was captured in the first three PCs. The
high proportion of variance explained by only the first three PCs
likely reflects simple but prevalent aspects of the odor-response
time courses, such as slow increases in excitation or inhibition.
Figure 6A demonstrates this effect from an example MC dataset
by displaying the change over time of odor responses in principal
component space across the three inhalation frequencies. Odor
representations grow further apart in the same 8 s block at higher
inhalation frequencies compared with low (Fig. 6A). In contrast,
the same plot in an example sTC imaging experiment (Fig. 6B)
shows a quick evolution of the signal in PC space (top), followed
by periodic “swings” in trajectories corresponding to responses
to individual inhalations. This result is qualitatively similar to
that seen in “synthetic” populations compiled from multiple
MTC recordings (Bathellier et al., 2008).

To quantify these effects, we calculated the Euclidean distance
between all cell responses in a FOV and averaged these across
preparations (see Materials and Methods). At 1-Hz inhalation,
MC and sTC populations showed parallel trajectories in terms of
the dynamics and magnitude of the change in Euclidean distance
between different odor representations (Fig. 6C). However, at 3
and 5 Hz inhalation, MC populations diverge from sTC popula-
tions midway through the 8 s odor presentation, after which the
distance between MC odor representations remains high, while
that for sTC representations declined somewhat by the end of
the 8 s odorant presentation, becoming more similar to the val-
ues at the beginning of the odorant presentation (Fig. 6D,E).
Final Euclidean distance values between MC and sTC datasets
were not statistically different at 1Hz (MC mean 6 SD:
1.616 0.72, sTC: 1.406 1.54, paired t test, p= 0.80), while the
differences at 3 and 5Hz were marginally significant (3Hz, MC
mean 6 SD: 2.816 1.05, sTC: 1.416 0.90, paired t test, p= 0.10;
5Hz, MC: mean 6 SD: 2.556 1.06, sTC: 0.836 0.79, paired t
test, p= 0.052), owing to the high variability and relatively low
sample sizes (n=5 MC experiments and 3 sTC experiments).
These differences in Euclidean distance between MCs and sTCs
suggest that while sTC population responses to different odor-
ants initially diverge, they fairly quickly plateau and, in many
cases, begin to converge to be more similar within the period of
odorant presentation. On the other hand, MC representations
continue to diverge over the full 8 s odorant presentation and
appear to diverge to a greater degree at the higher inhalation

/

rank-ordered by time-to-peak activity at 1 Hz. Signals follow individual inhalations at 1 and
3 Hz. In general, responses last for the duration of odorant presentation, although especially
at 5 Hz, some cells can be seen to excite rapidly and adapt within the first 500 ms of odorant
presentation. F, Correlation of the average TC glomerular population response to an odorant
at a given time point to the population response at the first time point, over the length of
odorant presentation. The pattern and strength of decorrelation is very similar to that for sTC
cell bodies (Fig. 3D).
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frequencies (Fig. 6C–E). Altogether, the
results from the Euclidean distance
analyses support a role for high-fre-
quency inhalation in generating more
distinct odor representations over the
course of repeated sampling among
MCs, with a smaller impact on odor
representations among sTCs.

Discussion
Previous studies have demonstrated
that a single inhalation of odorant is
sufficient to robustly encode odorant
identity, and that rodents can use infor-
mation sampled in a single sniff to
direct odor-guided behaviors (Rinberg
et al., 2006; Kepecs et al., 2007; Wesson
et al., 2008a,b). However, animals rou-
tinely sample odorants with bouts of
high-frequency sniffing that can last
multiple seconds (Vanderwolf, 1992;
Thesen et al., 1993; Verhagen et al.,
2007; Wesson et al., 2008a). Despite its
being a fundamental aspect of active
odor sampling, little is known about
how such repeated sampling facilitates
odor-guided behaviors or impacts odor
representations. Earlier studies in diverse
species have found that odor represen-
tations evolve with sustained odorant
stimulation over a period of seconds
(Friedrich and Laurent, 2001; Verhagen
et al., 2007). Here, by imaging from
many cells simultaneously and by target-
ing defined projection neuron subtypes,
we have gained new insights into this pro-
cess in the mammalian olfactory system.
We found that repeated odorant sampling
impacts odor representations by MCs and
CCK1 sTCs differently, with MCs show-
ing a reformatting of the initial odor rep-
resentation that increased in magnitude with increasing inhalation
frequency, while the sTC odor representation remained relatively
consistent across repeated samples and across frequencies. These
results further support the idea that MCs and TCs constitute dis-
tinct functional pathways for early odor information processing,
and suggest that these differences extend to the realm of repeated
odorant sampling that is a hallmark of odor investigation in the
behaving animal.

Imaging from relatively large numbers of cells simultaneously
allowed us to gain insights into the nature of the reformatting of
the MC population response. We observed that initial response
magnitude had little influence in how MCs responded over time
(Fig. 4C), instead, our results suggest that changes in response
patterns across all cells contribute to the MC decorrelations. Our
results are largely consistent with predictions from a previous
study that relied on whole-cell recordings from presumptive MT
cells (Díaz-Quesada et al., 2018), which found that individual
MT cells showed diverse and frequency-dependent changes in
excitation with repeated sampling at 1, 3, and 5Hz. Likewise,
they are consistent with recordings of presumptive MT cells in
awake mice, which found substantial changes in MT cell spiking

patterns over the first few inhalations of odorant (Carey and
Wachowiak, 2011; Patterson et al., 2013). The fact that we
observed cell type-specific and frequency-dependent reformat-
ting of MT cell odor representations that was sustained over a
longer time period of up to 8 s in anesthetized mice suggests that
the changes seen in awake mice likely result from ’bottom-up’
effects related to changes in the dynamics of incoming sensory
input, as opposed to modulation by centrifugal inputs related to
behavioral state.

Our finding that MC responses evolved with repeated sam-
pling over an 8 s odorant presentation substantially more than
sTCs supports the idea that these two subpopulations serve dis-
tinct roles in odor information coding. In the context of active
odor sampling, sTCs may convey a reliable, sniff-by-sniff snap-
shot of an animal’s odor environment, while MCs may have the
capacity to encode multiple aspects of odor information and do
so flexibly, as a function of the animal’s sampling behavior. MC
activity patterns may also reflect distinct stimulus features at dif-
ferent times during a sniff bout, similar to what occurs in MCs of
the zebrafish OB (Friedrich et al., 2004; Friedrich and Laurent,
2004), and relatedly, as occurs with repeated tastant sampling
among neurons of gustatory cortex (Katz et al., 2001).
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Figure 6. Odor representations become more distinct over time at high inhalation frequencies in MCs but not in sTCs. A,
Example MC experiment, showing a rapid increase in distances at the beginning of odorant presentation (especially at 3 and
5 Hz), followed by a slow rise/plateauing of Euclidean distance for the bulk of the odorant presentation. B, Example sTC experi-
ment, showing that one of the dominant longer-term signals is that sTC responses closely follow inhalation, at least at low fre-
quencies. Odorant trajectories do not spread out as much at high frequencies as compared with the MC case, and a major
feature is the oscillatory nature of the PCA, reflecting the inhalation-linked responses of sTCs. In A and B, point size increases
from early to late in the 8 s odorant presentation window. C, Summed Euclidean distances across MC and sTC preparations at
1 Hz inhalation frequency, showing that the distances parallel each other in both cell types. D, Euclidean distance at 3 Hz exhib-
its different trends between MCs and TCs, diverging midway through the 8 s odor presentation. E, At 5 Hz inhalation, distances
diverge between MCs and sTCs after roughly 3 s of odorant presentation. In C–E, shaded areas represent SEM A gray dashed
line has been added in each plot that corresponds to the time point at which decorrelation analyses in previous figures/text
results begins.
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The circuit mechanisms underlying the frequency-dependent
reformatting of MC odor representations remain to be deter-
mined. Inhibition from granule cells onto MC lateral dendrites
has been proposed to decorrelate sister MCs on a faster time
scale (Dhawale et al., 2010), and this process may also work
across repeated sampling. However, the fact that we observed
similar, albeit somewhat smaller, time- and frequency-dependent
changes in patterns of MC activity imaged across OB glomeruli,
each of which contains the apical dendrites of multiple sister
MCs, points to circuit mechanisms in the glomerular layer as
playing an important role in this reformatting. One such mecha-
nismmay be interglomerular inhibitory circuits that are differen-
tially engaged depending on the overall pattern of glomerular
excitation relative to a given MC (Economo et al., 2016; Díaz-
Quesada et al., 2018). TCs are thought to be less subject to this
inhibition (Christie et al., 2001; Christie and Westbrook, 2006;
Fukunaga et al., 2012; Phillips et al., 2012; Jordan et al., 2018b),
consistent with our findings that these cells show more uniform
responses over time and across inhalation frequency. Signals
recorded from TC dendrites in the glomerular neuropil were
generally similar to sTC cell body signals in their response pat-
terns, although they showed a slightly greater divergence in
decorrelation values across frequencies compared with the sTC
cell body dataset. The similarity between these two datasets, de-
spite the fact that sTCs comprise only a fraction of all TCs, is
consistent with the idea that TCs with cell bodies deeper in the
external plexiform layer are also functionally distinct from MCs
(Fukunaga et al., 2012; Jordan et al., 2018b).

An important distinction in our comparison of sTCs and
MCs is that we targeted sTCs defined by their expression of
CCK, which constitutes a subset of the entire TC population
(Seroogy et al., 1985; Liu and Shipley, 1994; Tobin et al., 2010).
We have previously shown that CCK1 sTCs show shorter-la-
tency and simpler excitatory responses to odorants even relative
to the larger TC population (Economo et al., 2016; Short and
Wachowiak, 2019). This difference may explain why, in our pre-
vious study that relied simply on cell body depth to define MT
subtype, we did not observe differences in prevalence of suppres-
sive responses or impact of inhalation frequency on excitability
of TCs and MCs (Díaz-Quesada et al., 2018). However, other
studies have observed marked differences in MC and TC
response dynamics using cell body depth as an identifying crite-
rion (Fukunaga et al., 2012). Future experiments using additional
genetic or anatomic criteria, for example, cortical projection tar-
get or expression of other transmitter receptors, will be impor-
tant in better understanding the nature of diversity in the
response properties of OB output neurons.

In behaving animals, inhalation frequencies occasionally
reach 10Hz or even higher, which is substantially faster than the
highest frequency used here. However, even the 5 Hz inhalation
frequencies used in this study, which approach technical limits of
our artificial inhalation approach, show dramatic impacts on
odor representations when contrasted with lower frequencies
(Carey and Wachowiak, 2011; Díaz-Quesada et al., 2018).
Additionally, while brief bouts of high-frequency inhalations
may reach 10–12Hz, sustained bouts (lasting 2 s or more) rarely
stay so high (Wesson et al., 2008a). At these higher frequencies,
we might expect even greater decorrelation of initial response
patterns, leading to rapid population-level reformatting of odor-
ant responses. We also predict that such bouts could lead to
higher proportions of suppressive responses in MCs, based on
the modest increase in the prevalence of suppression seen when
inhalation frequencies increased from 1 to 5Hz. Such a result

could approach levels of suppression seen in awake mice (e.g.,
46% in Kollo et al., 2014).

The diverse changes in MT cell excitability contrast with
those of odorant responses among OSNs, where high-frequency
inhalation more uniformly attenuates OSN inputs due to adapta-
tion (Verhagen et al., 2007). How this adaptation leads to a more
complex reformatting of MTC response patterns, including both
decreases and increases in excitation, is unclear. Recently, by
imaging glutamate signals onto MTC dendrites, we observed
greater than expected diversity in the dynamics and magnitude
of excitatory input onto MTCs during repeated sampling an
anesthetized and awake mice (Moran et al., 2019). Thus, patterns
of OSN-driven excitation onto MT cells may be more diverse
than previously thought. In future experiments it will be impor-
tant to image simultaneously from OSNs and MTCs to gain fur-
ther insight into the mechanisms underlying this reorganization
of odor representations as a function of sampling behavior.
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