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Task-Demand-Dependent Neural Representation of Odor
Information in the Olfactory Bulb and Posterior Piriform
Cortex
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In awake rodents, the neural representation of olfactory information in the olfactory bulb is largely dependent on brain state and
behavioral context. Learning-modified neural plasticity has been observed in mitral/tufted cells, the main output neurons of the olfactory
bulb. Here, we propose that the odor information encoded by mitral/tufted cell responses in awake mice is highly dependent on the
behavioral task demands. We used fiber photometry to record calcium signals from the mitral/tufted cell population in awake, head-fixed
male mice under different task demands. We found that the mitral/tufted cell population showed similar responses to two distinct odors
when the odors were presented in the context of a go/go task, in which the mice received a water reward regardless of the identity of the
odor presented. However, when the same odors were presented in a go/no-go task, in which one odor was rewarded and the other was not,
then the mitral cell population responded very differently to the two odors, characterized by a robust reduction in the response to the
nonrewarded odor. Thus, the representation of odors in the mitral/tufted cell population depends on whether the task requires discrim-
ination of the odors. Strikingly, downstream of the olfactory bulb, pyramidal neurons in the posterior piriform cortex also displayed a
task-demand-dependent neural representation of odors, but the anterior piriform cortex did not, indicating that these two important
higher olfactory centers use different strategies for neural representation.
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The most important task of the olfactory system is to generate a precise representation of odor information under different brain
states. Whether the representation of odors by neurons in olfactory centers such as the olfactory bulb and the piriform cortex
depends on task demands remains elusive. We find that odor representation in the mitral/tufted cells of the olfactory bulb depends
on whether the task requires odor discrimination. A similar neural representation is found in the posterior piriform cortex but not
the anterior piriform cortex, indicating that these higher olfactory centers use different representational strategies. The task-
demand-dependent representational strategy is likely important for facilitating information processing in higher brain centers
responsible for decision making and encoding of salience. j

ignificance Statement

important stimuli. To accomplish this complex task, the brain
must filter sensory information, using selective attention to focus
on salient stimuli (Berridge and Aldridge, 2008; Carlson et al.,
2018). The brain can also respond variably to a specific stimulus
presented on multiple trials, depending on the task demands and

Introduction
Sensory systems have the ability to perceive the dynamic external
environment precisely and to facilitate behavior toward the most
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the behavioral states of the animal (Fontanini and Katz, 2008;
Otazu et al., 2009; Gutnisky et al., 2017; Li et al., 2019). For
instance, mice will focus on an odor by sniffing quickly, then
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make a careful sensory decision and move toward the odor if it is
associated with food. However, mice will neglect the same odor if
it is related neither to a reward nor to a potential danger. Thus,
odor detection and odor discrimination are important task de-
mands for animals. Whether the brain discriminates odors may
depend on the task demands, and the neural representation of the
same odor under different task demands may differ.

As the first processing center and a crucial hub of the olfactory
system, the olfactory bulb (OB) plays an important role in odor
detection and discrimination (Gire et al., 2013b; Uchida et al.,
2014; Wilson et al.,, 2017; Chong and Rinberg, 2018; Li et al,,
2019). In the OB, the mitral/tufted cells (M/Ts), which are main
output neurons, receive direct excitatory input from olfactory
sensory neurons at the glomeruli and send the neural informa-
tion to higher olfactory centers, including the anterior olfactory
nucleus and the piriform cortex (Uchida et al., 2014; Vaaga and
Westbrook, 2016). M/T activity is modified by dynamic interac-
tions with GABAergic and dopaminergic interneurons within the
OB (Burton, 2017; Vaaga et al., 2017), and circuit activity in the
OB is modulated by centrifugal feedback from higher brain areas
(Linster and Cleland, 2016; Padmanabhan et al., 2016). The com-
plexity of M/T neural circuits suggests that these neurons not
only participate in odor representation, but may also carry infor-
mation related to learning, odor values, behavioral context, and
task demands (Gire et al., 2013b; Nunez-Parra et al., 2014). Re-
cent studies focusing on the function of M/Ts at the single-cell
level in awake behaving mice demonstrated that activity in single
M/Ts (1) carries information about both odor identity and odor
value (Lietal., 2015,2017), (2) displays transient/long-term plas-
ticity during learning (Abraham et al., 2014; Gschwend et al.,
2015; Chu et al., 2016), and (3) is highly dependent on the brain
state and context (Yamada et al., 2017; Jordan et al., 2018; Kol-
daeva et al., 2019).

The piriform cortex, which is further divided into the anterior
piriform cortex (APC) and the posterior piriform cortex (PPC),
is a higher olfactory center that receives direct input from the OB.
The piriform cortex encodes information about the identity, in-
tensity, and timing of odors (Bolding and Franks, 2017, 2018;
Jiang et al., 2017). More importantly, the piriform cortex plays a
major role in odor preference learning, odor pattern separation,
olfactory learning, odor fear memory, and the processing of odor
objects (Wilson and Sullivan, 2011; Bao et al., 2016; Schaffer et al.,
2018; Meissner-Bernard et al., 2019).

However, it remains unknown whether odor representation
in the population of OB M/Ts or piriform pyramidal neurons
varies with the task demands. For example, some tasks merely
require detection of odors but other tasks require identification
or discrimination of odors. Here, we investigate this issue by
using fiber photometry to record the population calcium signals
from M/Ts and piriform pyramidal neurons in awake behaving
mice under different task demands. Our results demonstrate that
odor representation in the M/T population is dependent on task
demands; this finding is supported by electrophysiological re-
cordings of spikes and local field potentials (LFPs). Strikingly, a
task-demand-dependent neural representation is also found in
the PPC but not the APC, indicating different functional speci-
ficity in these two important higher olfactory centers.

Materials and Methods

Animals

Male C57BL/6] and Thyl-cre [FVB/N-Tg(Thyl-cre)1V1n/J] mice aged
8—16 weeks old were used in this study. The number of mice used in each
experiment is reported in the Results. All the mice were bred in the
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animal facilities of Xuzhou Medical University and housed in a vivarium
with a 12 h light/dark cycle, with lights on at 8:00 A.M. After surgery,
mice were housed individually for at least 1 week before further experi-
ments to allow for recovery. Experiments were performed during the
light cycle. Food and water were available ad libitum except during the
periods when the mice were performing behavioral tasks, when water was
instead received in the experimental chamber; however, if the mice did
not obtain 2 ml of water during a behavioral session, additional water was
provided in a dish in the cage. All mice used for the behavioral study were
weighed daily and received sufficient water during the behavioral
sessions to maintain >80% of their pre-water-restriction weight. All
experimental procedures were performed in accordance with protocols
submitted to and approved by the Xuzhou Medical University Institu-
tional Animal Care and Use Committee.

Surgery for implantation of tetrodes and optical fibers

Mice were briefly anesthetized with pentobarbital (i.p., 0.09 mg/g body-
weight). Depth of anesthesia was verified by toe pinch. The mouse was
mounted in a stereotaxic frame and the fur on the surface of the scalp
from the midline of the orbits to the midpoint between the ears was
removed. A hole was drilled above the right OB, APC, or PPC for the
implant (OB, AP: 4.0 mm; ML: 1.0 mm; APC, AP: 2.1 mm; ML: 2.0 mm;
PPC, AP: —2.0 mm; ML: 4.0 mm).

For spike and LFP recordings, tetrodes were implanted into the OB.
Tetrodes were lowered to an average depth of 1.8-2.0 mm, targeting the
ventral mitral cell layer (Li et al., 2015, 2017). Each tetrode consisted of
four polyimide-coated nichrome wires (single-wire diameter, item
#PF000591. RO-800, 0.0005 inch, 12.7 wm, coating 1/4 hard PAC, Sand-
vik) connected to a 16-channel electrode interface board (EIB-16, Neu-
raLynx). A screw inserted 1 mm posterior from bregma and 1 mm lateral
to the midline served as the reference electrode and was connected to the
ground. Recordings were made during tetrodes implantation to ensure
optimal placement within the ventral mitral cell layer. The signals re-
corded from the tetrodes were sent to a headstage and amplified by a
16-channel amplifier (Plexon DigiAmp; bandpass: 1-5000 Hz, 2000 X
gain), and then sampled at 40 kHz by a Plexon OmniPlex recording
system. Finally, the tetrodes were sealed to the bone with dental acrylic. A
custom-made aluminum headplate was attached to the skull with stain-
less steel screws and dental cement.

Virus injection and fiber implant

In Thyl-cre mice, the mitral cell layer of the OB was injected with AAV-
DIO-GCaMPé6s (BrainVTA). In C57BL/6] mice, layer 2/3 of the APC/
PPC was injected with AAV-CaMKIIla-GCaMP6s (BrainVTA). All
injections were made with a glass pipette and the injecting volume and
velocity were controlled by a microsyringe pump (Stoelting Quintessen-
tial Injector). Virus solutions (300 nl) were injected slowly (50 nl/min)
into the mitral cell layer of the OB (AP: 4.0 mmy; lateral: 1.0 mm; DV:
0.8—-1.1 mm) or layer 2/3 of the APC/PPC (APC, AP: 2.1 mmy; lateral: 2.0
mm; DV:4.0 mm; PPC, AP: —2.0 mm; lateral: 4.0 mm; DV: 4.6 mm). The
glass pipette was left in place for an additional 10 min before being slowly
withdrawn. After the virus injection, an optical fiber [outer diameter
(0.d.) 200 wm; numerical aperture (NA) 0.37; NEWDOON] was im-
planted in the mitral cell layer of the OB or layer 2/3 of the APC/PPC at
the same coordinates. The optical fiber was fixed in place with dental
acrylic and an aluminum head plate was attached to the skull for head-
fixed recordings. Mice were housed individually for at least 10 d after
surgery for recovery and to allow time for the expression of GCaMP6s.

Spike and LFP recordings

Recordings were started after the mice had recovered from surgery for at
least 10 d. Awake mice were head-fixed with two horizontal bars (fixed
to the headplate by 2 screws) and were able to maneuver on an air-
supported free-floating Styrofoam ball (Thinkerbiotech). For spike re-
cordings, the signals from the tetrodes were sent to a headstage and
amplified by a 16-channel amplifier (Plexon DigiAmp; bandpass filtered
at 300—-5000 Hz, 2000X gain), and sampled at 40 kHz by a Plexon Om-
niPlex recording system. For LFP recordings, the signals were amplified
(2000 X gain; Plexon DigiAmp), filtered at 0.1-300 Hz, and sampled at
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1 kHz. Odor stimulation event markers were recorded alongside the
spikes/LFP via the Plexon OmniPlex recording system.

Fiber photometry

Fluorescence emissions were recorded with a fiber photometry system
(Thinkerbiotech) using methods similar to those described in previous
studies (Guo et al., 2015; Li et al., 2016; Zhou et al., 2017; Zhang et al.,
2019). Briefly, a laser beam from a 488 nm laser (OBIS 488LS, Coherent)
was reflected by a dichroic mirror (MD498, Thorlabs), focused through
an objective lens (10X, NA: 0.3; Olympus), and then coupled to an
optical commutator (Doric Lenses). An optical fiber (200 mm o.d., NA:
0.37, 1.5 m long) coupled the light between the commutator and the
implanted optical fiber. The laser power was adjusted to be 40—60 uW at
the tip of the optical fiber. GCaMP6s fluorescence emissions were band-
pass filtered (MF525-39, Thorlabs) and detected by a photomultiplier
tube (R3896, Hamamatsu). An amplifier (C7319, Hamamatsu) was used
to convert the photomultiplier tube current output to voltage, which was
further filtered through a low-pass filter (35 Hz cutoff; Brownlee, 440).
The analog voltage signals were digitized at 500 Hz and recorded by fiber
photometry software (Thinkerbiotech).

Odor application

Odors were presented by an odor delivery system (Thinkerbiotech).
Four odor pairs were used: isoamyl acetate versus 2-heptanone, phenyl
acetate versus benzaldehyde, dimethylbutyric acid versus n-heptane acid
and n-pentanol versus 2-pentanone (Sinopharm Chemical Reagent). All
odorants were dissolved in mineral oil at 1% v/v dilution. In the odor-
delivery mode, a stream of charcoal-filtered air flowed over the oil in the
odor-delivery system, and was then diluted to 1/20 by an olfactometer.
Odor presentation was synchronously controlled by the data acquisition
system via a solenoid valve driven by a digital-to-analog converter. Air or
odorized air was delivered to the nose at a constant rate of 1 I/min to
eliminate the effect of airflow. For each odor, 1015 trials were presented
with an intertrial interval of 30 s. The duration of each odor presentation
was 2 s.

Overview of training and behavioral tasks

After animals recovered from surgery, mice underwent a series of behav-
ioral tasks, similar to those described in our previous study (Sun et al.,
2019). Water was removed from the mouse’s cage and behavioral train-
ing began once a mouse reached 80—85% of its pre-water-deprivation
bodyweight. The mice were head-fixed with two horizontal bars (fixed
with headplate by 2 screws) and were able to maneuver on an air-
supported free-floating Styrofoam ball. At the beginning of training,
water-deprived mice were required to lick a water delivery tube, and
obtained water reinforcement if they licked at any time during the odor
stimulation. Before training on the go/no-go task, mice were trained to
perform a go/go task. In this go/go session, mice would receive a water
reward if they licked within the odor stimulation period (2 s) when either
of the two odors in the pair was present. Then the mice were trained to
perform the go/no-go task in which they were required to discriminate
between the two odors to receive the water reward (see Fig. 5B; Li et al.,
2015,2017). The mice learned to lick a tube when a reinforced odor (S+)
was present and to not lick the tube when the unreinforced odor (S—)
was present. Thus, if an S+ was presented and the mice responded with
licking (Hit), a water reward was delivered through the lickport; if they
did not lick in response to the S+ (Miss) the water reward was not
delivered. If an S— was presented, water was never delivered, regardless
of the mouse’s actions [if they licked, false alarm (FA); if they did not lick,
correct rejection (CR); see Fig. 5B]. Hit and CR are classed as correct
responses, whereas Miss and FA are classed as incorrect responses. The
animal’s performance was evaluated in blocks of 20 trials, with 10 trials
per odor and S+ and S— presented randomly within each block. The
percentage correct value for each block represents the percentage of trials
in which the odors were correctly discriminated and associated with the
appropriate behavioral action. Each session included 610 blocks of 20
trials. Once the mice had learned to discriminate between S+ and S—,
they were ready for the reversed go/no-go task in which S+ and S— were
switched. Electrophysiological signals or calcium signals were simultane-
ously recorded during all tasks.

Wang et al. e Odor Representation Depends on Task Demands

Histology

For verification of viral expression, frozen brain sections were prepared.
Mice were anesthetized with pentobarbital (i.p., 80 mg/kg bodyweight)
and transcardially perfused with 20 ml of 0.9% saline, followed by 20 ml
of 4% paraformaldehyde (PFA) in PBS (0.1 m, pH 7.4). After perfusion,
brains were harvested and postfixed for 24 h in PFA at 4°C and then were
cryoprotected with 30% sucrose in PBS until the tissue sank. Brain tissue
was then embedded in OCT compound and sectioned to 30 wm thick on
an upright Leica cryostat. Tissue sections were mounted on slides and
imaged by confocal scanning microscopy (Zeiss, LSM710).

Experimental design and statistical analysis

Behavioral performance. For the go/no-go task, performance was calcu-
lated for each training day (1 session). Performance across all trials (see
Figs. 5C, 7A), was calculated as follows: (number of Hit trials + number
of CR trials)/total number of trials, including all Hit, Miss, CR, and FA
trials.

Off-line spike sorting and statistics of the unit data. Spikes were sorted
from the raw data with Offline Sorter V4 software (Plexon). The separa-
tion of different units was performed by principal component analysis
(see Fig. 3). A unit was classified as a single unit if <0.75% of the inter-
spike intervals were <1 ms (Jeanne et al., 2013; Li et al., 2017). This
results in unimodal firing rate distributions. The data 2 s before and 4 s
after the onset of each odor stimulation event were extracted, and a
peristimulus time histogram (PSTH) was generated by averaging the
spike firing rate within 100 ms bins (see Fig. 3E, F). The spontaneous
firing rate was calculated by averaging across the spikes fired during the
2 s before odor stimulation (baseline); the odor-evoked firing rate was
calculated by averaging across the spikes fired during the 2 s after the
onset of odor stimulation. To test whether an odor evoked a significant
response, we used a paired t test to compare the baseline firing rate with
the odor-evoked firing rate across all the trials for each cell-odor pair (10
trials for each odor and thus 10 samples for each group). If the P value
was > 0.05, the particular cell- odor pair was defined as nonresponsive. If
the P value was < 0.05, the cell-odor pair was defined as responsive and
was further categorized as excitatory (if the odor-evoked firing rate was
greater than the baseline firing rate; see Fig. 3E) or inhibitory (if the
odor-evoked firing rate was lower than the baseline firing rate; see Fig.
3F).

Analysis of LFP signals. A MATLAB script was used to analyze the LFP
signals. As in previous studies (Li et al., 2015; Zhou et al., 2017), LFP
signals were divided into different frequency bands: theta (2-12 Hz), beta
(15-35 Hz), and gamma (low gamma, 36—65 Hz; high gamma, 66-95
Hz). In this study, we focused on the beta and high gamma bands for
further analysis since odors usually evoke strong and reliable responses
within these two frequency bands (see Fig. 4C—F). To assess the odor-
evoked beta band and high gamma band LFP responses, we selected a
window starting 2 s before the onset of the odor presentation and ending
4 s after the onset of the odor stimulation presentation (see Fig. 4C—F).
To obtain high resolution in both the time and frequency domains, this
time course was divided into segments of 1 s duration with 90% overlap.
Time-frequency transformation was performed on the 1 s windows. The
spectral power from all frequencies included within the bandwidth was
averaged. For each trial, the baseline was normalized to 1, and all the trials
for each odor stimulation were averaged based on the normalized data
(Fig. 4E, F).

Analysis of photometry data. Data were exported as MATLAB.mat files
for further analysis. The data were segmented based on the onset of odor
stimulation within individual trials. We derived the values of fluores-
cence change (AF/F) by calculating (F — F,)/F,, where F,, is the baseline
fluorescence signal averaged over a 5-s-long control time window, which
preceded the onset of odor stimulation. AF/F values are presented as heat
maps or trial-averaged plots (Fig. 1C,D).

ROC analysis. Receiver operating characteristic (ROC) analysis was
used to assess the classification of the responses evoked by odor pairs.
ROCs were estimated using the roc function from the MATLAB ex-
change. The area under the ROC (auROC) is a nonparametric measure of
the discriminability of two distributions. We used auROC to assess the
classification of the two odors within an odor pair. The area under the
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from a representative animal— odor pair during passive exposure in a Thy1-EGFP mouse.

ROC curve was defined as from 0.5 to 1.0. A value of 0.5 indicates com-
pletely overlapping distributions, whereas a value of 1 indicates perfect
discriminability.

Calculation of differences in AF/F/firing rate/power. We used difference
in AF/F/firing rate/power to assess the extent of the divergence in the
responses to the two odors within an odor pair. The responses evoked by
the two odors were defined as Res1 and Res2, respectively. The difference
in AF/F/firing rate/power was calculated as follows: ABS (Resl — Res2)/
[ABS (Resl) + ABS (Res2)], where ABS represents the absolute value;
Res1 and Res2 represent the responses evoked by odorl and odor2, re-
spectively. Based on the calculation defined above, a difference of 1 usu-
ally indicates that one odor evoked an excitatory response, and the other
odor evoked an inhibitory response. An extreme situation that also re-
sults in a difference of 1 is when one odor evokes a response and the other
odor evokes zero response. However, this situation did not occur in our
dataset. The data, including AF/F, spike firing rate and spectral power of
the LFP, were averaged over trials before calculating the difference in

AF/F/firing rate/power. All data in present study are presented as the
mean * SEM.

Results

Convergence of odor-evoked responses of the M/T population
in a go/go task

To record the population activity of M/Ts, calcium signals were
monitored with the genetically encoded Ca®" indicator GCaMP6s
in awake head-fixed mice using fiber photometry. A previous
study reported that, in the OB, the Thyl promoter is specifically
expressed in M/Ts (Arenkiel et al., 2007). We therefore used a
Thyl-Cre line injected with an adeno-associated virus (AAV-
DIO-GCaMPés; Fig. 1A). Consistent with our previous study
(Zhangetal., 2019), 3 weeks after viral injection there was exten-
sive expression of GCaMP6s in the mitral cell layer of the OB (Fig.
1B). Thus, using this method, we can selectively record odor-
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(df = 41,t = —0.427).

evoked responses from the M/T population located beneath the
optical fiber.

Studies using in vivo electrophysiological recordings or two-
photon calcium imaging in anesthetized or awake mice have
shown that some M/T's display increased activity in response to
odor stimulation whereas other M/Ts display decreased activity
at the single cell level (Rinberg et al., 2006; Kato et al., 2012;
Kikuta et al., 2013; Wachowiak et al., 2013; Economo et al., 2016;
Lietal., 2017; Yamada et al., 2017; Jordan et al., 2018). However,
no previous study has reported the odor-evoked population re-
sponse from M/Ts using fiber photometry. We first characterized
the population response of M/Ts to odors in awake head-fixed
mice without a task demand (passive exposure). Although excit-
atory responses were observed for most of the odors delivered
(Fig. 1C), inhibitory responses were also observed. Among the
nine mice tested, seven mice responded to all eight odors (4 odor
pairs) exclusively with excitation, one mouse responded exclu-
sively with inhibition, and one mouse responded with excitation
or inhibition depending on the odor presented. Therefore, odors
could evoke either excitatory or inhibitory population responses
in M/Ts, consistent with previous findings using other tech-
niques (Rinberg et al., 2006; Bolding and Franks, 2017; Li et al.,
2017; Yamada et al., 2017; Jordan et al., 2018). Mice that ex-

pressed only enhanced green fluorescent protein (EGFP) did not
show any changes in fluorescence after odor stimulation (Fig.
1E,F), indicating that the signals observed in mice expressing
GCaMP6s were not motion artifacts.

Next, we used fiber photometry to record the odor-evoked
responses of the M/T population when mice were engaged in
a go/go task. In this task, mice were trained to lick the water-
delivery tube after odor presentation, and both odors in an odor
pair were associated with water reinforcement. Figure 1D shows
representative traces from one mouse induced by the same three
odor pairs presented in Figure 1C. A total of 10 animal-odor
pairs (from 5 mice) were recorded and all of the responses were
excitatory; no inhibitory responses were observed. That is, only
simple odor-evoked excitatory responses were observed during
the go/go task.

Interestingly, unlike the responses during the passive expo-
sure, where different odors within a pair evoked somewhat dif-
ferent responses, the responses evoked by different odors within a
pair during the go/go task appeared similar. An example is shown
in Figure 2, A and B. To compare the classification of the re-
sponses evoked by odor pairs with passive exposure and in the
go/go task, we performed the ROC analysis (Fawcett, 2006). For
the example shown in Figure 2, A and B, the auROC, representing
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the difference in responses to the odor pair, was smaller in the
go/go condition than in the passive exposure condition (Fig. 2C).
ROC analysis of all animal—odor pairs showed that the difference
between the auROC values for passive exposure (pink) and the
go/go task (cyan) was statistically significant (p < 0.0001, Mann—
Whitney test, # = 36 animal-odor pairs from 9 mice in the passive
exposure, n = 10 animal-odor pairs from 5 mice in the go/go task;
Fig. 2D, E). To quantify the extent of the response difference
evoked by odors within a pair, we compared the difference in
AF/F, calculated as the difference in averaged AF/F during the 2 s
odor stimulation. We found that the difference in AF/F was
smaller during the go/go task than with passive exposure (p =
0.009, Mann—Whitney test, n = 36 animal-odor pairs from 9
mice in the passive exposure condition, # = 10 animal-odor pairs
from 5 mice in the go/go task; Fig. 2F). Therefore, these data
indicate that the odor-evoked M/T population responses elicited
by two different odors tend to converge during the go/go task.

Because we performed the passive exposure experiment first,
and the go/go task second, this poses the possibility that the ob-
served changes in response to odors within a pair simply reflects
habituation. To exclude this possibility, we performed an addi-
tional experiment in which we first presented the odors to mice
under passive exposure condition (Fig. 2G, Passivel ), then in the
go/go task (Fig. 2G, Go/go), and finally under passive exposure
condition again (Fig. 2G, Passive2). Same odorants were used in
the three states (passive-go/go-passive). We obtained data from
the same mice in all three states. The results clearly show that
odor classification in the go/go state was significantly worse than
in either of the two passive states (Passivel vs go/go: p = 0.01;
go/go vs Passive2: p = 0.002; unpaired ¢ tests, n = 64 animal—
odor pairs from 8 mice; Fig. 2H ), indicating that the observed
difference between responses to odor pairs in the passive state
and the go/go task reflects a different representational strategy
and not simply habituation.

The convergent response in the go/go task might be because
the animals know that the specific odor pairs in the odor pair are
associated with the lick-reward. However, it might also be be-
cause the animals have been trained to generalize that the pres-
ence of any odorant signifies a lick-reward. To clarify this, we
performed an experiment in which a third, untrained odor (Fig.
21, odor3) was presented during the go/go task. We found that the
response difference between the first odor pair (Fig. 2, odor1 and
odor2) in the go/go task was significantly smaller than the differ-
ence between either odorl or odor2 and odor3 (evaluated by
auROC; odorl/odor2 vs odorl/odor3: p = 0.031; odorl/odor2 vs
odor2/odor3: p = 0.017; paired ¢ tests, n = 42 animal—odor pairs
from 7 mice; Fig. 2],K). These results indicate that the poor
classification performance for odor pairs during the go/go task is
because animals know that the odors in a specific odor pair are
associated with a lick-reward, not because they have generalized
their learning to lick in response to any odorant.

Spikes recorded from M/Ts display convergent odor-evoked
responses in the go/go task

Changes in GCaMP6s fluorescence measured by fiber photome-
try reflect the neural activity of the M/T population beneath the
fiber. To assay the responses of single M/T's, we performed extra-
cellular recordings (Fig. 3A). Tetrodes were placed into the mitral
cell layer and single M/T units were isolated as described previ-
ously (Li et al., 2014, 2015, 2017). Figure 3B shows examples of
two single M/Ts sorted from tetrode recordings. We observed
both excitatory and inhibitory responses to odor presentation
with passive exposure and in the go/go task (Fig. 3C,D). Figure 3E
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displays the raster plots and corresponding PSTHs depicting the
different responses evoked in a single unit by passive exposure to
two different odors (phenyl acetate vs benzaldehyde). Figure 3F
shows that the same odor pair evoked similar responses during
the go/go task. The ROC curves assessing the difference in firing
rate for these two examples are shown in Figure 3G. AuROC
values were smaller during the go/go task than with passive ex-
posure (p < 0.0001, Mann—Whitney test, n = 73 cell-odor pairs
from 5 mice in the passive exposure condition, n = 133 cell-odor
pairs from 10 mice in the go/go task; Fig. 3H,I). Moreover, we
found a significant difference in firing rate between the passive
exposure condition and the go/go task (p < 0.0001, Mann—
Whitney test, n = 73 cell-odor pairs from 5 mice in the passive
exposure condition, n = 133 cell-odor pairs from 10 mice in
the go/go task; Fig. 3]). Therefore, consistent with the results
obtained via fiber photometry, single units recorded from the
mitral cell layer also display convergent responses during the
go/go task.

Odor-evoked beta but not high gamma oscillations display
convergent responses in the go/go task

Whereas neural activity from single cells provides information
important for sensory representation and encoding, neuronal
oscillations arise from local circuit processing and provide a syn-
tactical framework for communication between brain areas
(Buzséki et al., 2012; Pesaran et al., 2018). LFP oscillations in the
OB, especially beta (15-35 Hz) and high gamma oscillations
(65-95 Hz), reflect circuit processing for odor detection and dis-
crimination in awake rodents performing specific odor-related
tasks (Martin and Ravel, 2014; Kay, 2015; Frederick et al., 2016).
We asked whether the convergent responses of M/Ts to odors
during the go/go task are reflected in odorant responses mea-
sured as changes in the power of LFP oscillations. Figure 4, A and
B, shows example LFP traces (raw, filtered beta, and high gamma
oscillations) recorded from one mouse during passive exposure
(Fig. 4A) and in the go/go task (Fig. 4B). During odor presenta-
tion, the power of beta oscillations increased but the power of
high gamma oscillations decreased (Fig. 4C-F). Interestingly,
during passive exposure, the beta LFP responses to the two odors
differed but the high gamma responses were similar (Fig. 4E).
However, both beta and high gamma responses to the two odors
were similar during the go/go task (Fig. 4F). Next, we used the
auROC to quantify the differences in LFP power to the two odor-
ants during passive exposure and in the go/go task (Fig. 4G,H).
For odor-evoked beta oscillations, the auROC was significantly
smaller in the go/go task than during passive exposure condition,
but for high gamma oscillations there was no difference between
the two conditions (beta: p = 0.002, high gamma: p = 0.540,
Mann—Whitney test, n = 20 animal—odor pairs from 5 mice in
the passive exposure condition, n = 21 animal-odor pairs
from 10 mice in the go/go task; Fig. 41). When we examined
the difference in power evoked by the two odors within a pair,
we found that this difference was similar in the passive expo-
sure and go/go conditions for both the beta and the high
gamma band (beta: p = 0.481, high gamma: p = 0.389, Mann—
Whitney test, # = 20 animal-odor pairs from 5 mice during
the passive exposure condition, # = 21 animal-odor pairs
from 10 mice in the go/go task; Fig. 4]). Together, our data
indicate that convergent LFP power responses to odor pairs
are found during the go/go task for beta oscillations, but not
high gamma oscillations.
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Convergent odor-evoked firing in M/Ts in the go/go task. A, Example of raw traces of LFP and spikes from one odor stimulation trial. B, Example of spike sorting using PCA scan clustering

of the extracellular voltage recorded by tetrodes, resulting in separation of two units (unit a, blue; unit b, red). C, D, Heat maps of firing rates averaged across all trials and further averaged across
odorants for each neuron, ranked by mean odor-evoked firing rate, for odor1 in both the passive exposure (C;n = 73) and go/go task (D; n = 133) datasets. Odor1 and odor2 represent the two odors
from the odor pairs. E, F, Example of firing induced by one odor pair (phenyl acetate vs benzaldehyde) during passive exposure (E) and in the go/go task (F). Top, raster plot. Bottom, PSTHs for the
firing rate. The odor stimulation (2 s) is indicated by dashed red lines. G, The ROC graph for the M/T firing rates shown in A and B. H, Histogram and cumulative probability of the auROCs for all the
cell-odor pairs under the passive exposure and the go/go task conditions. /, J, Comparison of auROCs (/)/difference in firing rate (J) between the passive exposure condition (n = 73 cell— odor pairs
from 5 mice) and the go/go task (n = 133 cell- odor pairs from 10 mice). /, Mann—Whitney test, ***p < 0.0001 (z = —3.775); (/) Mann—Whitney test, ***p < 0.0001 (z = —4.439).

Improved differentiation of the M/T population responses to
rewarded and unrewarded odors during an odor
discrimination task

Why does the M/T population show convergent responses to
odor pairs during the go/go task? We hypothesized that diver-
gence of the M/T population response to odors within a pair
depends on the task demands. During the go/go task, the two
presented odors are rewarded equally. Therefore, they represent
the same outcome and no discrimination of the odors is neces-
sary. If this hypothesis stands, odors associated with different
reward outcomes should evoke different responses. To test this
hypothesis, we performed a go/no-go task experiment (see Ma-
terials and Methods). We analyzed the responses of the M/T pop-
ulation using fiber photometry of GCaMP6s fluorescence while
head-restrained mice learned to respond differently to odors in a
go/no-go odor discrimination task (Fig. 5A). For the go/no-go
task, thirsty mice were trained to lick the water tube for water
during S+ delivery. When exposed to S—, mice refrained from

licking because of the absence of water reward during this period.
To temporally separate the response to the odor from the reward
period, the 2 s odor delivery was followed by a 2 s waiting period
during which water was not delivered (Fig. 5B). Task perfor-
mance was assessed by calculating the percentage of correct re-
sponses to the S+ and S— odors in blocks of 20 trials in which 10
S+ and 10 S— odors were delivered randomly. The performance
of mice improved from near chance levels (50% correct) in Block
1 to well above the learning threshold (80% correct) in Block 4
(Fig. 5C). Figure 5D shows the odor-evoked responses of the M/T
population for a representative mouse learning to discriminate
the odors in a pair (S+: phenyl acetate; S—: benzaldehyde). The
traces were sorted into trials where the mouse was learning to
differentiate the odorants (left, blocks with an average of 60%
correct responses, learning state) and trials where mice were pro-
ficient in discriminating the odorants (right, blocks with an av-
erage of 85% correct responses, proficient state). The two odors
evoked similar responses before the mouse learned to discrimi-
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Odor-evoked betaand high gamma responses under passive exposure and go/qo task conditions. 4, B, Raw traces (top) and filtered beta (middle) and high gamma (bottom) oscillations

inthe LFP signalsin a representative mouse in respond to presentation of a pair of odors (phenyl acetate vs benzaldehyde) during passive exposure (A) and in the go/go task (B). €, D, Changes in the
power spectrum elicited by the two odors under passive exposure (€) and go/go task (D) conditions for beta (top) and high gamma (bottom) oscillations. E, F, Averaged (across 10 trials) normalized
traces for the beta (left) and high gamma (right) responses during passive exposure (E) and in the go/go task (F). Red and blue indicate the responses evoked by phenyl acetate and benzaldehyde,
respectively. G, The ROC graphs for the beta (left) and high gamma (right) responses shown in Eand F. H, Histograms and cumulative probability of the auROCs for beta (left) and high gamma (right)
responses under passive exposure and go/go task conditions. /, J, Comparison of auROCs (/)/difference in power (/) for beta (left)/high gamma (right) responses under passive exposure (n = 20
animal—odor pairs from 5 mice) and in the go/go task (n = 21 animal— odor pairs from 10 mice). /, Mann—Whitney test, **p < 0.01 (z= —3.118) and n.s. (z = —0.613); (/) Mann—Whitney test,

ns. (= —0.704) and n.s. (z = —0.861).

nate them; however, the responses to the S— were smaller once
the mouse had learned to discriminate the odors. Figure 5D shows
the individual traces and Figure 5E shows the average changes in
fluorescence. Analysis of the odorant-induced changes in GCaMP6s
fluorescence showed that the auROC values were larger after the
mouse had learned to discriminate the odors (Fig. 5F).

The development of a divergent response to the odorants as
the animal learned was observed consistently for other animal—-
odor pairs. The average response traces for the learning and pro-
ficient states for all animal-odor pairs are shown in Figure 5G.
Both the auROC values and the difference in AF/F across all the
mouse—odor pairs were significantly larger in the proficient state

than in the learning state in the go/no-go task (auROC: p = 0.005,
difference in AF/F: p = 0.005, Wilcoxon’s sign rank test; n = 10
animal-odor pairs from 5 mice; Fig. 5H-]). These data demon-
strate that a divergent response to odorants in the M/T population de-
pends on the task demands, specifically, whether the mouse needs
to discriminate the odors to obtain a reward. These observations
are consistent with previous studies reporting that, at the single-
cell level, M/Ts display improved pattern separation after active
sensory learning (Doucette and Restrepo, 2008; Doucette et al.,
2011; Gschwend et al., 2015).

In the very early stages of the go/no-go task (i.e., in the first
block), the animals likely do not realize they are performing a new
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Figure 5.

Odor responses in the M/T population show improved differentiation after the mice learn to discriminate the odors in a pair in the go/no-go task. A, Diagram of the experimental

paradigm. B, Schematic of the go/no-go task sequence. Odor was applied for 2 s, followed by 2 s waiting time, followed by delivery of the water reward. C, The odor discrimination performance
during the go/no-go task across all the sessions recorded (n = 8 animal— odor pairs from 4 mice). The mean percentage correct responses across sessions are plotted for each block (20 trials). The
chance level and learning threshold are indicated by dashed lines. D—F, Heat maps (D), trial-averaged traces (E), and the ROC graph (F) for odor responses induced by S+ and S— in the learning
state and in the proficient state during the go/no-go task, from a representative mouse. G, Averaged traces of odor responses across all animal-odor pairs (7 = 10 animal— odor pairs from 5 mice).
H, Histograms and cumulative probability of auROCs in the learning state and in the proficient state during the go/no-go task across all animal— odor pairs. /, J, Comparison of auROCs (/)/difference
in AF/F (J) between the learning state and the proficient state during the go/no-go task across all animal— odor pairs. I, Wilcoxon's sign rank test, **p < 0.01 (z = —2.807); (/) Wilcoxon’s sign
rank test, **p < 0.01 (z = —2.803). K, The ROC graph of odor responses induced during Hit and CR trials, and FA and CR trials from a representative mouse. L, Averaged traces of odor responses
of Hit, FA, and (R trials across all animal- odor pairs. M, The auROCs for Hit versus CR trials and FA versus CR trials.

task since their performance is around chance levels (Fig. 5C).
Then, their performance begins to increase, indicating that the
mice have realized that they are performing a new task and are in
the process of learning. Thus, to confirm the different odor rep-
resentations during the learning and proficient states in the go/
no-go task, we reanalyzed the data excluding the first block.
Consistent with the results shown in Figure 5, I and ], both the
auROC and the difference in AF/F were significantly different in
the learning and proficient states (auROC: 0.61 * 0.03 and
0.82 = 0.02 for the learning and proficient states, respectively;
df = 19, t = 2.82, p = 0.005, paired ¢ test. Difference in AF/F:
0.16 = 0.03 and 0.88 = 0.05 for the learning and proficient states,
respectively; df = 19, t = 2.81, p = 0.005, paired ¢ test).

In the go/no-go task, the behavioral responses on most of the
trials were Hit, CR, or FA, with very few Miss trials (4/1041,

0.38%). Using a method similar to that described in a previous
study (Ramirez-Gordillo et al., 2018), we calculated the auROC
for Hit/CR trials and for FA/CR trials: an example is shown in
Figure 5K. The averaged odor-evoked response traces are shown
in Figure 5L. We found that the auROC was significantly different
from 0.5 (the diagonal) for both Hit/CR and FA/CR (Hit/CR: df =
9, t = 18.036, p < 0.0001; FA/CR: df = 9, t = 16.276, p < 0.0001,
one-sample ¢ test, » = 10 animal-odor pairs from 5 mice; Fig. 5M).
Thus, the odor-evoked calcium response performs relatively well at
classifying correct from incorrect responses, indicating that the re-
sponse reflects odor value as opposed to odor identity. This finding is
consistent with the results from a previous study in which the LFP
power was evaluated (Ramirez-Gordillo et al., 2018).

During the go/no-go task, the learning state usually occurred
during the early trials in a session while the proficient state oc-
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auROC

Changes in odor-evoked responses during the go/go task. A-C, Heat maps (4), trial-averaged traces (B) and ROC graph (C) of responses evoked by the two odors in the early trials and

in the late trials during the go/go task, from a representative mouse. D, Averaged odor response traces across all animal—odor pairs (n = 10 animal—odor pairs from 5 mice). E, Histograms and
cumulative probability of auROCs in early trials and late trials during the go/go task across all animal— odor pairs. F, G, Comparison of auR0Cs (F )/difference in AF/F (G) between early trials and late
trials in the go/go task across all animal— odor pairs. F, Wilcoxon's sign rank test, n.s. (z = —0.905); (G) Wilcoxon’s sign rank test, n.s. (z = —0.663).

curred later in the session (Fig. 5C). This raises the question of
whether the difference in divergent odorant responses between
these behavioral states is due to general behavioral state differ-
ences such as thirst. To address this question, we analyzed the
data focusing on odor responses during early trials (the first 30
trials) and late trials (the last 30 trials) obtained from the go/go
task where animals also receive water and become satiated (Fig.
6A). The odor-evoked responses were similar between the two
odors during both the early trials and the late trials in a represen-
tative mouse (Fig. 6B—E). Further analysis indicated that neither
the auROC values nor the difference in AF/F across all the ani-
mal—odor pairs were significantly different between early trials
and late trials during the go/go task (auROC: p = 0.366, differ-
ence in AF/F: p = 0.508, Wilcoxon’s sign rank test; n = 10
animal-odor pairs from 5 mice; Fig. 6 F, G). Therefore, the task-
demand-dependent neural representation in the M/T population
is established by learning-related plasticity as opposed to behav-
ioral states, such as thirst, that differ between the beginning and
end of the session.

Divergence of the responses to odors within a pair develops
again after the rewarded and unrewarded odors are reversed
Another prediction of the task-demand-dependent representa-
tion strategy is that the odor responses should be associated with
odor value but not odor identity. To test this prediction, we re-
corded calcium signals from mice engaged in the odor discrimi-
nation task when the rewarded and unrewarded odors were
switched. All the mice learned to discriminate the switched odors
successfully (Fig. 7A), Figure 7B shows the M/T population re-
sponses from a representative mouse responding to the new S+
(previously S—) and new S— (previously S+). Similar to the
results from the forward go/no-go task, the responses evoked by
the two odors within a pair were similar in the learning state, and
differentiated in the proficient state (Fig. 7C—F). Across all the
animal-odor pairs, both the auROC values and the difference in
AF/F were significantly larger in the proficient state than in the

learning state in the reversed go/no-go task (auROC: p = 0.005,
difference in AF/F: p = 0.005, Wilcoxon’s sign rank test; n = 10
animal-odor pairs from 5 mice; Fig. 7G,H). Importantly, the
divergent responses to the two odors in the proficient state re-
sulted from a reduced response to the S— (previously the S+). In
summary, our data suggest that, during both forward and re-
versed go/no-go tasks, the M/T cell population displays divergent
responses to odors with different reward associations after learn-
ing. This is consistent with studies showing that the synchronized
firing of mitral cells carries information about odor value but not
odor identity (Doucette et al., 2011; Nunez-Parra et al., 2014).

Task-demand-dependent neural representation is routed into
PPC but not APC

Because both the APC and the PPC are higher olfactory centers
that receive dense direct inputs from M/Ts (Igarashi et al., 2012),
we next asked whether the pyramidal neurons in the APC and the
PPC display the same divergence in response to odorants under
different task demands. To address this question, we first mea-
sured the population calcium signal from APC pyramidal neu-
rons by injecting AAV-CaMKIIa-GCaMP6s virus into the APC
of C57BL/6] mice and recording fluorescence changes using fiber
photometry (Fig. 8A). Consistent with our previous study
(Zhou et al., 2017), pyramidal cells in the APC expressed
GCaMPé6s (Fig. 8B).

During the passive exposure condition, although most of the
responses to the two odorants were similar (Fig. C-F), we found
asmall number of differential responses to the two odorants (Fig.
8G; 2 of 14 animal-odor pairs had auROC values larger than
0.70). This is partially consistent with previous studies indicating
that the firing rate of single APC neurons can carry information
on odor identity (Miura et al., 2012; Gire et al., 2013a; Bolding
and Franks, 2017; Jiang et al., 2017). During the go/go task, the
responses to the two odorants were similar. Overall, neither the
auROCs nor the difference in AF/F were significantly different
between the two conditions (auROC: p = 0.667, difference in
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Figure7. Improved differentiationis also observed in the reversed go/no-go task. 4, The odor discrimination performance during the reversed go/no-go task across all the sessions recorded (n =
8 animal— odor pairs from 4 mice). B-D, Heat maps (B), trial-averaged traces (C), and the ROC graph (D) of odor responses induced by S+ and S— in the learning state and in the proficient state
during the reversed go/no-go task from a representative mouse. E, Averaged traces of odor responses across all animal— odor pairs (7 = 10 animal-odor pairs from 5 mice). F, Histograms and
cumulative probability of auROCs in the learning state and the proficient state during the reversed go/no-go task across all animal—odor pairs. G, H, Comparison of auR0Cs (G)/difference in AF/F
(H) between the learning state and the proficient state during the reversed go/no-go task across all animal— odor pairs. G, Wilcoxon’s sign rank test, **p << 0.01 (z = —2.805); (H) Wilcoxon’s sign
rank test, **p < 0.01 (z = —2.803).

A Optical fiber B

Headplate

AAV-CaMK Il a-GCaMP6s-WPRE-pA 200_pm
C Passive |
110 v Passive ] 1 Gol/go ] E Passive
o Gol/ac
Blo Isoamyl acetate Isoamyl acetate So/go
(S 2-Heptanone 2-Heptanone 1
= . iy
S : o g
- c
—1 - 5 [
10 & 205
2 o =
5le i g
g 5 s | 0
2[5 g |
<[ 0+~
1 1 T 1 24 T T 10 05 1.0
- 0 5 10 5 0 5 10 =
Time (s) Time (s) False positive rate
F [ Passive ] | Gol/go | G H n.s. I
5 1.0 109 T " 10
» . -
6 6 £4 f 08 % E 08
a g Passive s 0.8 o <
_4 A 83/ G 068 o R £06
8 & Q [ s 8 3
=2 K2 218 042 S5
5 5 % f £ Sos e
07 S14 18 023 £
S || 5 00.2
2 * I‘ [§)
E T T 1 -4 T T 1 oL ! ! Lo 04 i |
5 0 5 10 -5 0 5 10 g5 06 07 0.8 09 10 PacSivE ‘GO | PBESHE Golop
Time (s) Time (s) auROC

Figure 8.  Changes in the odor responses of APC pyramidal neurons under passive exposure and go/go task conditions. 4, Schema of the experimental paradigm. To record the odor-evoked
calcium response of APC pyramidal neurons, AAV-expressing CaMKIl-GCaMP6s was injected into the APC of (57 BL/6J mice. B, Expression of GCaMP6s in APC pyramidal neurons. (—E, Heat maps
(€), trial-averaged traces (D), and ROC graph (E) of responses evoked by the two odors under passive exposure and go/go task conditions. F, Averaged traces of odor responses across all animal— odor
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Absence of differentiation in the APC pyramidal neurons during the go/no-go task. A—C, Heat maps (4), trial-averaged traces (B), and the ROC graph (€) for responses induced by S+

and S— in the learning state and in the proficient state during the go/no-go task, from a representative mouse. D, Averaged traces of odor responses across all animal-odor pairs (n = 11
animal—odor pairs from 8 mice). E, Histograms and cumulative probability of auROCs in the learning state and in the proficient state during the go/no-go task across all animal— odor pairs. F, G,
Comparison of auROCs (F)/difference in AF/F (G) between the learning state and the proficient state in the go/no-go task across all animal— odor pairs. F, Paired t test, n.s. (df = 10, t = 1.763);

(G) Wilcoxon's sign rank test, n.s. (z = —1.156).

AF/F: p = 0.742, Mann—Whitney test, n = 14 animal—odor pairs
from 9 mice in the passive exposure condition, n = 12 animal-
odor pairs from 8 mice in the go/go task; Fig. 8 H,I). During the
go/no-go task, we did not observe development of differential
responses to the two odorants as the mice learned to differentiate
the odorants (Fig. 9A—E). Neither the auROCs nor the differences
in AF/F were significantly different between the learning state
and the proficient state (auROC: p = 0.108, paired  test, differ-
ence in AF/F: p = 0.248, Wilcoxon’s sign rank test; n = 11 ani-
mal-odor pairs from 8 mice; Fig. 9F,G). Therefore, these data
suggest that, unlike M/Ts, APC pyramidal neurons do not show
task-demand-dependent changes in the neural representation of
odor information.

Finally, we tested whether pyramidal neurons in the PPC have
task-demand-dependent neural representations. As in the APC,
we recorded the calcium signals from PPC pyramidal neurons
with fiber photometry by injecting AAV-CaMKIIa-GCaMP6s vi-
rus into the PPC of C57BL/6] mice (Fig. 10A). Figure 10B shows
neurons in the PPC expressing GCaMP6s. As in the APC, al-
though most of the responses to the two odorants were similar
(Fig. 10C-F), some differential responses to the two odorants
were also found during passive exposure (Fig. 10G; 5 of 30 ani-
mal-odor pairs had auROC values >0.70). However, neither the
auROCs nor the differences in AF/F were significantly different
between passive exposure condition and the go/go task (auROC:
p = 0.899, unpaired ¢ test, difference in AF/F: p = 0.774, Mann—
Whitney test; n = 30 animal-odor pairs from 10 mice in the
passive exposure condition, # = 20 animal-odor pairs from 7
mice in the go/go task; Fig. 10 H,I). During the go/no-go task, we
found development of response divergence: responses to the two
odors were similar in the learning state but diverged in the pro-
ficient state (Fig. 11A—E). Interestingly, whereas differentiation
appeared soon after the start of odor delivery in the OB (Fig. 5G),
differentiation appeared relatively late in the PPC, after odor re-
moval (Fig. 11B, D). Further statistical analysis showed that, al-

though there were no significant differences between the learning
and proficient states during odor exposure (the period from 0 to
2 s after odor stimulation, auROC: p = 0.121, paired ¢ test, dif-
ference in AF/F: p = 0.08; n = 15 animal—odor pairs from 7 mice;
Fig. 11F,G), both the auROCs and the difference in AF/F were
significantly larger in the proficient state compared with the
learning state during the period 4—6 s after odor stimulation
(auROC: p = 0.010, paired  test, difference in AF/F: p = 0.020,
Wilcoxon’s sign rank test; n = 15 animal—odor pairs from 7 mice;
Fig. 11H-K). Furthermore, when odorant valence in the go/
no-go task was reversed, divergent responses to the odorants de-
veloped in the same 4-6 s period (Fig. 12A-E). After mice
learned to discriminate the odor pair, the auROCs increased and
the difference in AF/F increased significantly (auROC: p = 0.169,
paired ¢ test, difference in AF/F: p = 0.028, paired ¢ test; n = 9
animal-odor pairs from 4 mice; Fig. 12F,G). Thus, the PPC py-
ramidal neuron population also contains task-dependent neural
representations and carries information on odor value. These
data indicate that the neural representation in the PPC changes
depending on the task demands.

Discussion

The neural activity of M/Ts shows robust plasticity during learn-
ing, and odor representation in M/Ts is highly dynamic under
different brain states and behavioral contexts (Doucette and Re-
strepo, 2008; Fontanini and Katz, 2008; Doucette et al., 2011; Liet
al., 2011, 2017; Kato et al., 2012; Chu et al., 2016; Jordan et al.,
2018). Here, we used fiber photometry to demonstrate that odor
representation in the M/T population is highly dependent on task
demands. During passive exposure, in the absence of task de-
mands, calcium signals from the M/T population show divergent
responses to the two odors within a pair. These divergent re-
sponses vanish during the go/go task, in which mice are rewarded
for licking regardless of the identity of the odorant. However,
robust divergent responses develop again as the animal learns to
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Figure 10.

Changes in odor-evoked responses in PPC pyramidal neurons in the passive exposure and go/go task conditions. A, Schema of the experimental paradigm. To record odor-evoked

calcium responses of PPC pyramidal neurons, AAV-expressing CaMKIl c-GCaMP6s was injected into the PPC of (57BL/6J mice. B, Expression of GCaMP6s in PPC pyramidal neurons. (—E, Heat maps
(€), trial-averaged traces (D), and ROC graph (E) of the responses evoked by the two odors under the passive exposure and go/go task conditions. F, Averaged traces of odor responses across all
animal—odor pairs in the passive exposure (n = 30 animal— odor pairs from 10 mice) and go/qo task (n = 20 animal—odor pairs from 7 mice) conditions. G, Histograms and cumulative probability
of auROCs under the passive exposure and go/go task conditions across all animal— odor pairs. H, I, Comparison of auROCs (H)/difference in AF/F (I) between the passive exposure and go/go task
conditions across all animal— odor pairs. H, Unpaired ¢ test, n.s. (df = 48,t = —0.127); (I) Mann—Whitney test, n.s. (z = —0.287).

discriminate odors in a go/no-go task, in which licks to the
rewarded odorant are rewarded with water. Thus, task de-
mands, specifically, a requirement to discriminate between
odors significantly modulates the odor representation in the
M/T population. Importantly, the task-demand-dependent
neural representation observed in the OB is also found with a
time delay in the PPC but is not found in the APC, indicating
that these two higher olfactory centers use different odor rep-
resentation strategies.

Methodological considerations

Fiber photometry records GCaMP6s fluorescence that reflects
neural activity in a subset of neurons located within the light cone
below the end of the fiber (Gunaydin et al., 2014; Guo et al., 2015;
Meng et al., 2018). This method has been used extensively in a
number of recent studies (Li et al., 2016; Fang et al., 2018; Wei et
al., 2018), a subset of which used it for olfactory research (Zhou et
al., 2017; Zhang et al., 2019). Compared with in vivo electrophys-
iological recordings, fiber photometry allows recordings of cal-
cium signals from genetically defined cell types. This is extremely
important when we record the neural activity of pyramidal neu-
rons in APC/PPC since spikes from the interneurons in these
brain areas are also easily detected by single-unit electrophysio-
logical recordings (Hu etal., 2017). In the OB, although the spikes
acquired by electrodes are mainly from the M/Ts but not in-
terneurons (Kay and Laurent, 1999; Li et al., 2015, 2017), and the
calcium signals recorded by fiber photometry are unable to dif-

ferentiate mitral cells from tufted cells, these calcium signals from
M/T population provide a new method to monitor neural activity
from the OB. Our present study characterized the changes in odor-
evoked calcium fluorescence in the M/T population of the OB and
in the pyramidal cell populations of the APC and PPC. Robust
and reliable responses were observed in all the mice recorded, and
the fluorescence signals changed with the different odors, indi-
cating that this recording technique works well for characterizing
odor-evoked neural activity in these cell populations. Further-
more, the task-demand-dependent neural representation identi-
fied by fiber photometry in the M/Ts population was further
supported by single-unit activity and LFP beta oscillations, sug-
gesting that this method produces results comparable to those
obtained through electrophysiological recordings. However, si-
multaneous recordings will be necessary to directly compare how
the calcium fluorescence signals relate to the activity of single
units, multiple units, and different frequency bands of the LEP;
this is an open question for future studies.

Comparison with previous studies at the single-cell level

Passive exposure, the go/go task, and the go/no-go task represent
three typical task demands. In the passive exposure condition,
reward is not associated with either of the two odors, and the mice
do not need to either detect or discriminate them actively to
obtain a reward (no task demand). In the go/go task, the mice
only need to detect the occurrence of an odor to obtain a reward;
the mice do not need to discriminate the odors (detection task
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Figure 11.  Differentiation of odor responses in PPC pyramidal neurons during the go/no-go

task. A—C, Heat maps (A), trial-averaged traces (B), and the ROC graph (C; 02 s) for the responses

evoked by S+ and S— in the learning state and in the proficient state during the go/no-go task, from a representative mouse. D, Averaged odor-response traces across all animal—odor pairs (n =
15animal—odor pairs from 7 mice). E, Histograms and cumulative probability of auROCs (0 —25) in the learning state and in the proficient state during the go/no-go task across all animal— odor pairs.
F, G, Comparison of auROCs (F; 02 s)/difference in AF/F (G; 0 -2 s) between the learning state and the proficient state during the go/no-go task across all animal— odor pairs. F, Paired  test, n.s.
(df = 14,t = —1.649); (G) paired t test, n.s. (df = 14,t = —1.888). H, The ROC graph (4 — 6 5) for the odor responses shown in B. I, Histograms and cumulative probability of auROCs (4 - 65) in

the learning state and in the proficient state during the go/no-go task across all animal—

odor pairs. J, K, Comparison of auR0Cs (J, 4 - 6 s)/difference in AF/F (K; 4 -6 s) between the

learning state and the proficient state during the go/no-go task across all animal-odor pairs. J, Paired t test, **p = 0.01 (df = 14, ¢t = —3.001); (K) Wilcoxon’s sign rank test, *p << 0.05

(z=—-2291).

demand). In the go/no-go task, the mice have to discriminate the
odors to obtain a reward (discrimination task demand). Previous
studies have compared the odor response properties of single M/T's
between passive exposure and active discrimination (Doucette and
Restrepo, 2008; Fuentes et al., 2008), as well as between go/go and
go/no-go tasks (Lietal.,2015,2017). However, these studies were
not designed to systematically investigate and compare the odor
representation strategies underlying these three different tasks.
More importantly, our study was designed to address this issue at
the M/T cell population level, and parallel experiments were per-
formed in the pyramidal neurons of the APC and PPC. The re-
sults from the different experiments consistently point to the
conclusion that odor responses of the M/T population in the OB
and the pyramidal neuron population in the PPC are dependent
on task demands. Odor representation in the OB is a rather com-
plex process, involving both the firing rate and temporal infor-
mation (Li et al., 2019). In the present study, we mainly focused
on the mean response during the 2 s odor application, as in a
number of previous studies (Doucette and Restrepo, 2008; Li et
al., 2015; Yamadaetal., 2017). However, other factors, such as the
temporal information during and after the odor application,
might be also important for the odor representation (Cury and
Uchida, 2010). Whether the temporal representation of odor in-

formation is dependent on task demands requires further inves-
tigation in future studies.

Possible mechanisms underlying the task-demand-dependent
neural representation

The task-demand-dependent neural representation of sensory
information is considered a higher cognitive function of the brain
since it is a complex process related to learning, experience, and
attention. Therefore, this property of neural coding is usually
observed in the neurons of associative cortex but not in neural
centers below primary cortex (Murakami et al., 2005; Otazu et al.,
2009; Wilson and Sullivan, 2011; Carlson et al., 2018). It is there-
fore somewhat surprising that, after only the first transmission of
information from the olfactory periphery, the odor representa-
tion of M/Ts in the OB is highly dependent on the task demands.
However, given the complicated neural circuits within the OB
and between the OB and other brain centers (Linster and Cleland,
2016; Burton, 2017), our finding is not entirely unexpected. M/Ts
receive dense cortical feedback as well as direct and indirect mod-
ulatory innervation (through inhibition by local granule cells and
other interneurons within the OB; Linster and Cleland, 2016;
Burton, 2017). Feedback input from the piriform cortex plays an
important role in the representation of odor identification in
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Improved differentiation in the PPC pyramidal neurons in the reversed go/no-go task. A—C, Heat maps (4), trial-averaged traces (B), and ROC graph (C) of responses evoked by S+

and S— under learning and proficient states during the reversed go/no-go task from a representative mouse. D, Averaged odor-response traces across all animal— odor pairs (n = 9 animal- odor
pairs from 4 mice). E, Histograms and cumulative probability of auROCs in the learning state and in the proficient state during the reversed go/no-go task across all animal- odor pairs. F, G,
Comparison of auROCs (F)/difference in AF/F (G) between the learning state and the proficient state during the reversed go/no-go task across all animal— odor pairs. F, Paired ¢ test, n.s. (df = 8,

t = 1.513); (G) paired t test, *p << 0.05 (df = 8,t = —2.686).

mitral cells, as well as in shaping learning-induced neural plastic-
ity and reorganization in mitral cells (Yamada et al., 2017). This
feedback may contribute to the neural representation strategy
observed in the present study, because learning and neural plas-
ticity are two critical features of this strategy.

Neuromodulatory inputs to the OB may be another impor-
tant underlying mechanism (Linster and Cleland, 2016). During
the go/no-go task, both LFP oscillations and synchronized M/Ts
firing carry information about odor value, similar to the results
from our present study that the M/T population responds to the
rewarded odor robustly regardless of odor identity (Doucette et
al., 2011; Li et al., 2015; Ramirez-Gordillo et al., 2018). Since
noradrenergic input has previously been identified as a key factor
in this M/T representation of odor value (Doucette et al., 2011), it
seems likely that it may contribute to the task-dependent neural
representation reported in this study. Additionally, a recent study
found that serotonergic neurons also carry information about
stimulus valence, including rewarded odors (Liu et al., 2014).
Given the excitatory effect of the serotonergic input to M/Ts
(Brunert et al., 2016; Kapoor et al., 2016), it is likely that the
divergent responses we observed in M/Ts, and especially the
strong responses to rewarded odors, are shaped by serotonergic
input. However, direct evidence for this hypothesis is currently
lacking. Future studies could test this by combining electrophys-
iological recordings with fiber photometry calcium imaging of
the serotonergic axons projecting to the OB in behaving animals.
Our results represent a first step toward understanding the syn-
aptic and circuit mechanisms underlying the task-demand-
dependent neural representation, but additional work will be
necessary to understand the precise circuitry involved in this rep-
resentational strategy.

Comparison between the OB and APC/PPC
In the OB, the glomeruli receive direct inputs from olfactory
sensory neurons and carry information about odor identity, as

revealed by several different imaging techniques including fMRI
and optical imaging (Mori and Sakano, 2011). However, after
signal transmission from the olfactory sensory neurons to the
M/Ts in the OB, odor identity information is retained but ap-
pears to be mainly represented by the temporal pattern of activity
rather than the mean firing rate, and the capacity to represent
odor value emerges (Liet al., 2019). Therefore, in awake behaving
rodents, odor value may be represented by the total odor-evoked
neural activity in M/Ts but odor identity is mainly represented by
the coherence between LFP gamma oscillations and spikes (Li et
al., 2015), or by the temporal information contained within a
sniffing cycle (Cury and Uchida, 2010). The task-demand-
dependent neural representation in the OB M/Ts identified in
our present study provides new information about how the OB
functions under different brain states. Interestingly, the odor rep-
resentation strategy found in the M/T population was not ob-
served in the pyramidal neurons of the APC, a higher olfactory
center that receives the direct projections from M/Ts (Igarashi et
al., 2012). This indicates that the OB and the APC use different
odor representation strategies. This is consistent with previous
studies showing that odor identity is encoded in different ways by
the OB and APC: whereas M/Ts use temporal coding for odor
identity, APC neurons use rate coding (Miura et al., 2012; Uchida
et al., 2014). Furthermore, our result is also partly supported by
previous studies showing that although neurons in the APC carry
a small degree of odor associative information in behaving rats,
neurons in the PPC carry a high degree of associative information
and are more likely to alter their responses to odor-outcome
associations in a task (Calu et al., 2007; Roesch et al., 2007).
Therefore, the APC may be an important center for the represen-
tation of odor identity (rather than odor value) at the cell popu-
lation level, even though previous electrophysiological studies
have found that, at the single cell level, neurons in the APC can
carry information on both odor identity and odor value (Gire et
al., 2013a). The discrepancy between the previous electrophysio-
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logical results and the present fiber photometry results is likely
due to the different signal properties of the two methods: whereas
electrophysiological techniques record electrical signals with high
temporal resolution at the single cell level, fiber photometry re-
cords calcium signals with relatively slow temporal resolution at
the cell population level.

The lack of a task-demand-dependent neural representation
of odor information in the APC was somewhat unexpected, given
the input to this area from the OB. However, pyramidal neurons
in the APC have three major sources of input: the afferent sensory
input relayed from the OB, recurrent collaterals from local prin-
cipal neurons, and top-down innervation from other brain re-
gions (Wilson and Sullivan, 2011; Bolding and Franks, 2018). It
has been reported that odor-evoked responses in the APC are
dominated by recruitment of intracortical input, rather than OB
input (Poo and Isaacson, 2011). Therefore, the recurrent input
and top-down innervation may contribute to the absence of a
task-demand-dependent representation of odor information in
the APC. Although the task demand information carried by the
M/Tsis not found in the APC, it was found in the PPC, which also
receives direct input from the M/Ts, especially the mitral cells,
and has odor-value-related but not odor-identity-related responses
(Calu et al., 2007; Roesch et al., 2007; Wilson and Sullivan, 2011;
Igarashi et al., 2012). Interestingly, although the task-demand-
dependent divergent response appears during the odor applica-
tion period in the OB, the divergent response is much later in the
PPC, appearing after odor removal. This indicates that the diver-
gent responses in the OB and PPC may play different roles in the
representation of odor information. Because sensory representa-
tion can occur both during and after a stimulus, as has been
reported in the olfactory system (Patterson et al., 2013), it is not
unlikely that the delayed change in odor responses in the PPC
plays an important role in odor representation. The fast divergent
responses in the OB could opt for the neural information pro-
cessing in the higher decision centers by routing differently pro-
cessed signals to them (Otazu et al., 2009), enabling rapid and
precise selection of the appropriate action. On the other hand, the
slower divergent responses in the PPC are likely involved in as-
sessment of odor value and may provide important information
for further neural processing in the higher brain centers that
encode stimulus salience (Uddin, 2015).

In summary, the present findings broaden our understanding
of plasticity in M/Ts in awake, behaving mice by showing that
odor representation in the M/T population is highly dependent
on task demands. This representational strategy, which is also
found in the pyramidal neurons of the PPC but not the APC, is
likely important for facilitating information processing in higher
brain centers associated with decision making and encoding of
salience.
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