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The firing rate of the mitral/tufted cells in the olfactory bulb is known to undergo significant trial-to-trial variability and is affected by
anesthesia. Here we ask whether odorant-elicited changes in firing rate depend on the rate before application of the stimulus in the awake
and anesthetized mouse. We find that prestimulus firing rate varies widely on a trial-to-trial basis and that the stimulus-induced change
in firing rate decreases with increasing prestimulus firing rate. Interestingly, this prestimulus firing rate dependence was different when
the behavioral task did not involve detecting the valence of the stimulus. Finally, when the animal was learning to associate the odor with
reward, the prestimulus firing rate was smaller for false alarms compared with correct rejections, suggesting that intrinsic activity reflects
the anticipatory status of the animal. Thus, in this sensory modality, changes in behavioral status alter the intrinsic prestimulus activity,
leading to a change in the responsiveness of the second-order neurons. We speculate that this trial-to-trial variability in odorant re-
sponses reflects sampling of the massive parallel input by subsets of mitral cells.
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Introduction
The brain must perceive the ever-changing external context ac-
curately to determine appropriate responses to sensory stimuli.

In the olfactory system, this process is particularly complex be-
cause of the need to process parallel input from �1200 olfactory
receptors (Buck and Axel, 1991; Touhara and Vosshall, 2009).
Further complicating the issue, the olfactory bulb (OB) receives
massive top-down modulation of sensory processing that de-
pends on a variety of factors, such as attention, motivation, and
arousal (Eeckman and Freeman, 1991; Kay and Freeman, 1998;
Fontanini and Katz, 2008; Poulet and Petersen, 2008; Zhang et al.,
2014; Otazu et al., 2015). Thus, the activity of mitral/tufted (M/T)
cells, second-order neurons of the OB, is modulated by consid-
erable feedforward and feedback input.

Interestingly, differences in the neuronal activity of M/T cells
have been observed across varying brain states. In fundamental
studies, Lord Adrian found increased irregular intrinsic activity
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Significance Statement

The olfactory bulb must deal with processing massive parallel input from �1200 distinct olfactory receptors. In contrast, the
visual system receives input from a small number of photoreceptors and achieves recognition of complex stimuli by allocating
processing for distinct spatial locations to different brain areas. Here we find that the change in firing rate elicited by the odorant
in second-order mitral cells depends on the intrinsic activity leading to a change of magnitude in the responsiveness of these
neurons relative to this prestimulus activity. Further, we find that prestimulus firing rate is influenced by behavioral status. This
suggests that there is top-down modulation allowing downstream brain processing areas to perform dynamic readout of olfactory
information.
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Figure 1. Tetrode data acquisition during awake behaving recording. A, Example of raw data (spikes, 300 –5000 Hz) recorded during 9 s for one trial (sample rate 24 kHz). Red vertical line
indicates onset of odorant stimulation. B–D, Example of spike detection and sorting using wavelet analysis with superparamagnetic clustering of extracellular voltage recorded in tetrodes resulting
in separation of 1 SU and 2 MUs (Li et al., 2014, 2015). B, Separation of tetrode spikes shown under C into three different units. The two coefficients were wavelets for spike shape in two of the
electrodes in the tetrode. D, Temperature chosen under paramagnetic clustering to obtain three different units (the meaning of temperature under paramagnetic clustering is explained by Li et al.,
2014, 2015). E, ISI histograms for the three units. Two are MUs and one is an SU. F, Example of the stability of the spike waveform throughout a go-no go session. F1, Trial-by-trial variability for pre-FR
for this SU. F2, Spike waveforms remain stable throughout the session. Solid line indicates mean field potential. Light lines indicate mean � SD (n � 30 trials). Bottom, First 30 trials. Top, Last 30
trials in the session. D, F2, The spike width is 1 ms.
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Figure 2. Classification of units to SUs based on the criterion that �0.75% of the ISIs are �1 ms results in unimodal pre-FR distributions regardless of whether recordings were with
multielectrode arrays or tetrodes. A1–A6, Examples of six ISIs distributions for spikes recorded in entire sessions. A1–A3, Units for ISIs were recorded with tetrodes. A4 –A6, Units for ISIs were
recorded with multielectrode arrays. Vertical red lines are placed at 1 ms. B–D, Pre-FR histograms for units classified as single or MUs using different percent of (Figure legend continues.)
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in the OB as the animal awoke from anesthesia (Adrian, 1950).
Intriguingly, he observed that this increase in intrinsic (prestimu-
lus) activity made it difficult to detect odorant responses in M/T
cells and hypothesized that this effect could be altered by changes
in attention. Recent studies have confirmed that, in animals
under anesthesia, M/T cells responded to odorants with robust
increases in firing rate (FR), whereas they display irregular pre-
stimulus activity and weak responses in awake animals (Rinberg
et al., 2006; Gire et al., 2013; Gschwend et al., 2015).

Weak responses in awake animals can be partially explained
by the fact that odorant responses take place at a specific phase
within the sniff cycle (Cury and Uchida, 2010; Shusterman et al.,
2011; Wachowiak, 2011; Blauvelt et al., 2013; Li et al., 2015).
However, recent studies revealed “silent” M/T cells with low pre-
stimulus FR (pre-FR) and postulated that these cells dominate
the excitatory odorant response in awake mice (Kollo et al.,
2014). In addition, studies in OB slices indicated that individual
M/T cells switch between states with low and high pre-FR (Hey-
ward et al., 2001; Roux et al., 2015) and exhibit glomerulus-wide
long-lasting depolarizations (Carlson et al., 2000). Further, re-
cent work examining olfactory responses in Caenorhabditis el-
egans demonstrated bistability in the activity of second-order
olfactory neurons that predicted changes in downstream neuron
responses and the animal’s behavior in response to an odorant
(Gordus et al., 2015). These data raise the question whether indi-
vidual M/T cells switch from low to high pre-FR in the awake
animal with behavioral consequences.

In the present study, we found that individual M/T cells show
trial-to-trial variability in pre-FR that predicts both neuronal and
behavioral responses to odorants.

Materials and Methods
Experiments. The analysis presented in this manuscript was performed
with data obtained in the experiments described in previous publications
(Doucette and Restrepo, 2008; Doucette et al., 2011; Li et al., 2014, 2015).
The passive task data was obtained in the go-go passive odorant exposure
experiment of Li et al. (2015) where two odorants were applied and the
mouse was rewarded in 70% of the trials regardless of the odor. The
optogenetic olfactory sensory neuron activation data were from the te-
trode recording experiment in freestanding mice described by Li et al.
(2014). Finally, the active task data was from the associative learning
go-no go experiments (Doucette and Restrepo, 2008; Doucette et al.,
2011; Li et al., 2015). In these experiments, the mouse was rewarded for
licking for the rewarded (S �) and not for the unrewarded (S �) odorant.
Thus, the analysis of the data performed in those publications is directly
related to this publication. Below we describe the experiments and refer
to these publications on data analysis that is pertinent to the current
publication.

Animals. Both C57BL/6J (RRID:IMSR_JAX:000664) (Doucette and
Restrepo, 2008; Doucette et al., 2011; Li et al., 2014, 2015) and OMP-

hChR2V (RRID:IMSR_JAX:014173) (Li et al., 2014) male mice (mus
musculus) were used in experiments analyzed in this study (2– 8 months
old). The OMP-hChR2V mice were produced by gene targeting as de-
scribed in our previous study (Li et al., 2014). All the mice were bred in
the animal facilities of the University of Colorado Anschutz Medical
Campus. We used male adult heterozygous OMP-ChR2 mice and wild-
type C57BL/6J mice. The animals were housed in a vivarium with a 14:10
h light-dark cycle with lights on at 10:00 P.M. Food (Teklad Global
Rodent Diet no. 2918, Harlan) was available ad libitum. Access to water
was restricted to the behavioral session; however, if mice did not obtain
�1 ml of water during the behavioral session, additional water was pro-
vided in a dish in the cage (Li et al., 2015). All mice were weighed daily
and received sufficient water during behavioral sessions to maintain
�80% of prewater restriction weight. All experiments were performed
according to protocols approved by the University of Colorado Anschutz
Medical Campus Institutional Animal Care and Use Committee.

Surgery for implantation of multielectrode arrays, tetrodes, and optote-
trodes. Mice were briefly exposed to isoflurane (2.5%); and subsequently,
anesthesia was maintained by intraperitoneal ketamine-xylazine injec-
tion (100 �g/g and 20 �g/g, respectively) verified by toe pinch. On a
stereotaxic device, the fur on the surface of the scalp from the midline of
the orbits to the midpoint between the ears was removed, and a hole was
drilled above the left OB for tetrodes or optotetrode implant (4.0 mm
anterior from bregma, 0.5 mm lateral from midline), and two screw holes
were drilled into the parietal; one served as ground (Li et al., 2014, 2015).

The optotetrodes included one glass tube for the optic fiber and four
tetrodes that consisted of four polyimide-coated nichrome wires (diam-
eter 12.5 �m; Sandvik) gold plated to an impedance of 0.2– 0.4 M	 at
1 kHz. Tetrodes were connected, and the glass tube was glued through an
EIB-16 interface board (Neuralynx). Multielectrode arrays, manufac-
tured by Micro Probe, were constructed of platinum iridium wire etched
to a 2 �m tip and coated with parylene C to an impedance between 3 and
4 M	 at 1 kHz. The electrodes/tetrodes/optotetrodes were implanted
targeting the mitral cell layer in the OB determined by M/T firing (Douc-
ette and Restrepo, 2008; Li et al., 2014) and sealed to the bone by dental
acrylic.

Active associative learning (go-no go) and passive odorant exposure (go-
go) tasks. We used instrumental conditioning in freely moving mice in an
olfactometer (Doucette and Restrepo, 2008; Li et al., 2014). Briefly, for
the go-no go task, the water-deprived mice started the trial by deciding to
place their head in a sampling chamber for a preafferent period (Kay and
Freeman, 1998) that varied randomly between 1 and 1.5 s before stimu-
lation with odor. At this point, odorant stimulation started and the ani-
mals were required to stay at the port at least 0.5 s after odor onset. Mice
obtained water delivery for the reinforced odor when they licked at least
once in four 0.5 s segments 0.5–2.5 s after the onset of the odor. There was
no penalty for licking before odor delivery. The odor port is located
above the lick tube, in front of the animal’s nose, and odor delivery takes
place in �300 ms. When exposed to the unreinforced odorant, they quit
licking because of the substantial effort required for licking the tube. All
mice were first trained to distinguish 10% isoamyl acetate (v/v) (rein-
forced odorant, S �) versus mineral oil (unreinforced odorant, S �). The
animal’s performance was evaluated in blocks of 20 trials (10 reinforced
and 10 unreinforced presented at random), and each session included
6 –10 blocks. Each block’s percent correct value represents the percent of
trials in which the odors were correctly discriminated and associated with
the appropriate behavioral action. Once the animal learned to discrimi-
nate between isoamyl acetate and mineral oil in 1–3 sessions, they were
ready for the go-no go novel odorant discrimination task. For novel
odorant discrimination in go-no go experiments, we used odors that we
found in earlier work stimulate ventral M/Ts (Doucette and Restrepo,
2008; Li et al., 2015). Finally, in go-go experiments, the animal obtained
water reward in 70% of trials if they licked for 2 s during exposure to
either of the two odors. The odorants used as S �/S � odors in the go-no
go experiments and as one of the two odors in the go-go experiments are
detailed previously (Doucette and Restrepo, 2008; Li et al., 2015).

In the go-no go experiment, performance and unit activity were eval-
uated for rewarded or unrewarded odorants in time periods when the
animal was learning valence of the stimulus (“learning” segment defined
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(Figure legend continued.) ISIs�1 ms. B, Pre-FR histograms for units recorded using tetrodes
(595 units) (Li et al., 2015). C, pre-FR histograms for units recorded using multielectrode arrays
(1163 units) (Doucette and Restrepo, 2008). D, pre-FR histograms for units recorded using
either tetrodes or multielectrode arrays (1758 units) (data from both Doucette and Restrepo,
2008 and Li et al., 2015). SUs were classified based on the following percent of ISIs falling within
0 –1 ms: 0% (B1,C1,D1), 0.75% (B2,C2,D2), or 2.5% (B3,C3,D3). Using 0% results in a bimodal
pre-FR distribution for units classified as MUs, whereas 2.5% results in a bimodal pre-FR distri-
bution for units classified as SUs. As expected for single sharp electrodes (Gray et al., 1995),
multielectrode array recordings include a large fraction of MUs. C2, Red line indicates informa-
tion on the number of SUs making up each MU in the pre-FR distribution. This line was gener-
ated by fitting the MU pre-FR with the SU pre-FR with varying fractions of MUs made up by
different numbers of SUs. The best fit was with the following fractions of MUs made up by
different numbers of SUs: 0.12 for 2 units, 0.29/3, 0.23/4, 0.2/5, 0.11/6,0.06/7.
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as when the animal was performing �45% and �65% correct trials) or in
the period when the animal had learned to respond to the rewarded
odorant (“retrieval” segment, defined as when the animal was perform-
ing �80% correct trials).

Odorant delivery. Odorant delivery was measured using a photoion-
ization detector (mini-PID; Aurora Scientific) (Li et al., 2014, 2015).
Odorant delivery occurred 0.3 s after turning the valve on and the timing
was corrected to 0 at the time for odorant delivery.

Recording setup. The recording setup is as described previously (Douc-
ette and Restrepo, 2008; Doucette et al., 2011; Li et al., 2014, 2015). The
output of the electrodes/tetrodes was directed to a TDT 1
 gain head-
stage that was in turn connected to either a CWE 16-channel amplifier or
an A-M Systems 3600 amplifier. The signal was amplified 1000 times
before digitizing with a Data Translation DT3010 A/D card in a PC. Data
were acquired at 24 kHz with custom software written in MATLAB (The
MathWorks, RRID:SCR_001622).

During optogenetic light stimulation recording, the mouse was freely
moving in a chamber (11.6 cm 
 9.7 cm 
 9.4 cm deep). Light was

delivered via a diode-pumped, solid-state laser (473 nm; Shanghai Laser
and Optics Century). The power of the laser was measured at the laser
source and was found to be 19.5–21.5 mW for pulses 5–200 ms. Light
stimulation was triggered by the recording program, which sent a signal
to a stimulator (Master 8, A.M.P.I.). Pulse duration was 200 ms. Light
pulses were presented for 60 trials with an intertrial interval of 20 s.

Monitoring pressure change during sniffing. Sniffing was monitored
by recording intranasal pressure through an implanted nasal cannula
connected to a pressure sensor (Model 24PCEFA6G(EA), 0 – 0.5 psi,
Honeywell) via polyethylene tubing. Surgical procedures for cannula
implantation were performed as described previously (Li et al., 2014,
2015). Voltage recording of pressure transients was amplified 100-fold
using a 3000 amplifier from A-M Systems, digitized using a DT3010 A/D
card from Data Translation in a PC, and sampled at 24 kHz. Each sniff
was detected as occurring at the point for the transition from exhalation
to inhalation. Importantly, these experiments performed with a subset of
the mice showed that the application of light was on purpose performed
randomly out of register with sniffing (see Fig. 2 of Li et al., 2014).

Figure 3. Statistical test of linearity and difference in the slope from 1 for simulation of different dependences of odor FR on pre-FR. The pre-FR dependence for 1451 SU-odor pairs recorded from
in the go-no go task (examples shown in Fig. 4D1–F1) were resampled to yield different odor FR versus pre-FR dependences. A–D, Examples of odor FR versus pre-FR (A1,B1,C1,D1) or �FR versus
pre-FR (A2,B2,C2,D2) for the different dependences generated by resampling the pre-FR for the SU shown in Figure 4F1. Solid line indicates a best fit of the data. Dashed line indicates odor FR �
pre-FR or �FR � 0. Thin lines above and below the solid line indicate 5th and 95th percentile estimates. A, Odor FR and pre-FR are independently resampled from the pre-FR distribution. B, Odor
FR�pre-FR� random normal noise with an SD equal to one-fourth of the SD of the pre-FR distribution. C, Odor FR�0� random normal noise with a SD equal to one-fourth of the SD of the pre-FR
distribution. D, Odor FR�95 percentile pre-FR� random normal noise with a SD equal to one-fourth of the SD of the pre-FR distribution. Best-fit slope and intercept (Hz): A1, 0.08, 14.4; A2,�0.92,
14.3; B1, 1.03, �0.62; B2, 0.03, �0.62; C1, 0.018, �0.17; C2, �0.98, �0.17; D1, 0.02, 20.9; D2, �0.98, 20.9. E, F, The dependences shown in A–E were simulated for the 1451 SU-odorant pairs
recorded in the go-no go experiments (Fig. 4) and were then tested for difference of the slope from 1 (E) or linearity (F) for odor FR versus pre-FR with correction for multiple comparisons as explained
in Materials and Methods. E, Percent of slopes different from 1. F, Percent linear. Gray represents percent significant for an F test for linear best fit of odor FR versus pre-FR (0 degrees). Dashed lines
indicate F test for linear best fit of odor FR versus pre-FR performed after the axes were rotated by �45 degrees. Black represents percent significant in either the 0 or �45 degrees tests.
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Figure 4. Examples in the go-no go task of the linear dependence of the trial-to-trial variability of the odorant-induced change in FR on the pre-FR in a subset of M/T cells. A, Time course for each
trial. Pre-FR is defined as the FR for 2.5 s before addition of the odorant (pre), and odor-FR is the FR for 2.5 s during exposure to the odorant (odor). B, Example of behavioral performance during a
session of 200 trials in the go-no go task. Percent correct: percent of trials when the animal responded correctly in blocks of 10 rewarded/10 unrewarded odorant trials. C, Example of odorant
responses for a SU. Top, Raster plots (bottom to top: first to last trial). Bottom, PSTH. Left to right, All, low and high pre-FR trials (high pre-FR � mean pre-FR). D–F, Examples of the dependence of
odor FR on pre-FR. D1–F1, Histogram of mean per-trial pre-FRs for the entire go-no go session. D2–F2, Histogram of mean per-trial odor-FRs for the entire go-no go (Figure legend continues.)
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Offline spike clustering and classification a single units or multi units.
Data were filtered digitally with a Butterworth filter from 1000 to 3000 Hz
for spike detection using the MATLAB filtfilt function with zero phase
shift. Custom software written in MATLAB was used to threshold spikes
in each channel at 3 times the SD. Every thresholded spike (24 points at
24 kHz) was imported into a second program where we clustered the
waveforms of similar shape by performing wavelet decomposition and
superparamagnetic clustering using the method and MATLAB software
used in previous studies (Doucette and Restrepo, 2008; Doucette et al.,
2011; Li et al., 2014, 2015) (Fig. 1). A unit was classified as a single unit
(SU) based on the criterion that fewer than 0.75% of the interspike in-
tervals (ISIs) were �1 ms (Jeanne et al., 2013; Stubblefield et al., 2015).
This results in unimodal pre-FR distributions regardless whether record-
ings were with multielectrode arrays or tetrodes (Fig. 2).

For the go-go experiment, we recorded from 150 units in 5 mice. For
the light-evoked stimulation experiment, we recorded from 83 units in 9
mice. Finally, for the go-no go experiment, we recorded with tetrodes
from 595 units in 20 mice and from multielectrode arrays in 1163 units in
8 mice. With the exception of the pre-FR correlation analysis, where it
was useful to determine whether the analysis was different for SUs and
MUs, all analyses were performed with data for SUs.

Analysis of odor-elicited changes in FR and multiple comparison correc-
tion. Analysis of the difference in pre-FR between units recorded in dif-
ferent behavioral tasks and the dependence of changes in the FR upon
stimulation with odorant were performed using custom-written MAT-
LAB code. To test the difference between two datasets, we used Student’s
t test when the null hypothesis of normal distribution was not rejected
with the Anderson-Darling test, and the data values were expressed as
mean � SEM. When the null hypothesis of normal distribution was
rejected, the two datasets were compared using a Mann–Whitney U test
(MWT), and the data were displayed as a boxplot.

All statistical tests involving multiple comparisons were corrected us-
ing the false discovery rate (FDR) method (Curran-Everett, 2000). This
included p value correction for t tests or MWT for difference between
datasets (i.e., the difference in pre-FR between rewarded and unrewarded
odorants for all SUs recorded in the go-no go task), tests for linearity or
the difference between the measured slope and zero performed using best
line fits for multiple SUs, tests of significance for the correlation coeffi-
cient for all unit pairs and multiple pairwise comparisons using the Kol-
mogorov–Smirnov or � 2 tests. Importantly, FDR with pairwise tests is
suitable for testing significant differences in large datasets, can be used to
correct p values obtained with different tests (e.g., t test and MWT), and
does not require independent data (Curran-Everett, 2000; Benjamini
and Yekutieli, 2001, 2005). This is necessary for analysis of neuronal
recording with correlated firing between units whose pre-FR may or may
not follow a normal distribution. The pFDR and the number of compar-
isons (n) are reported for all tests with multiple comparison corrections,
the test yields a significant difference when p values � pFDR.

Statistical test for a linear relationship between a significant odor-induced
change in FR and pre-FR. We performed a simulation to gauge how

suitable different approaches were to perform a statistical test of whether
there is a linear dependence between a statistically significant odor-
induced change in FR and pre-FR. Figure 3A–D shows examples of dif-
ferent dependences between odor FR and pre-FR for simulated data
where we resampled the pre-FR distribution for the SU-odor pair shown
in Figure 4F1. The cumulative probability for the pre-FR was resampled
by generating random numbers in the 0 –1 interval that were used to
choose different FR values corresponding to that particular probability.

We first asked the question whether it was suitable to study directly the
relationship between the change in FR elicited by the odor (�FR) and
pre-FR. Figure 3A2 shows an example of this relationship for a simula-
tion where there is not an odorant response: both odor FR and pre-FR
were drawn by random sampling of the pre-FR distribution measured for
the SU-odorant pair in Figure 4F1 and �FR was calculated (�FR � odor
FR - pre-FR). Analyzing data generated by this simulation made it clear
that this is a problematic approach because in this case there is a linear
relationship between �FR and pre-FR, yet there is no odorant response
(Fig. 3A2). This linear relationship is generated because of a simple rea-
son: when a pre-FR below the mean FR is drawn from the distribution,
the odor FR randomly drawn from the same distribution is more likely to
be above the pre-FR (and vice versa). Thus, if we had chosen to perform
the analysis of the �FR versus pre-FR relationship, we would have to
limit the analysis to the SU-odorant pairs whose FR is stable within-trials
to avoid classifying an odor-induced change in FR as linearly dependent
on pre-FR when in reality there is no response to the odorant. We did
perform that analysis, and we obtained results similar to those in this
publication (data not shown). But that approach is not as robust as the
analysis described below because a statistical test for within-trial stability
of FR yields a false rejection for a substantial number of SU-odorant pairs
due to the combination of the short time interval (2.5 s) and the large
inherent variance of pre-FR.

We then turned our attention to an analysis of the relationship of odor
FR versus pre-FR to develop a valid statistical test for a linear dependence
of an odor-induced change in FR on pre-FR. Data were considered lin-
early dependent if the relationship was fit by a line, regardless whether the
slope is equal to 0. Furthermore, the odorant-induced change in FR was
considered significant if the dependence of odor FR on pre-FR was linear
with a slope different from 1. It is important to state that finding that
there is an odorant response where odor FR depends linearly on pre-FR
with a slope different from 1 necessarily implies that there is also a linear
dependence of the odorant-induced change in FR (�FR) on pre-FR
because �FR � odor FR � pre-FR (compare Fig. 3C1,D1 with Fig.
3C2,D2). In contrast, when odor FR � pre-FR, the linear relationship has
a slope of 1. In this case, there is not an odorant-induced change in FR
(�FR � 0; compare Fig. 3B1 with Fig. 3B2).

To test for significance of linearity of the odor FR versus pre-FR rela-
tionship, we tested for significance of the F-statistic of the linear regres-
sion model versus a constant model using MATLAB fitlm (linear
regression fit). We proceeded to evaluate the result of this fitlm test of
linearity for relationships where odor FR is generated with a linear rela-
tionship in the presence/absence of an odorant-induced response. When
there is no odorant response, but there is a linear relationship odor FR �
pre-FR (with added random normal noise of a magnitude of one-fourth
of the SD of the pre-FR distribution, �FR � 0) (Fig. 3 B, F, gray bar B), the
test of the F statistic of the linear regression was significant as expected for
this linear dependence. However, the F test for linear best fit of odor FR
versus pre-FR does not yield a significant p value for a linear dependence
where odor FR values fall on a line parallel to the horizontal pre-FR axis,
where there is a clear odorant-induced �FR (Fig. 3C, D, F, gray bars C,
D). This happens because this F statistic test determines whether the
linear regression coefficients are 0 with the exception of the coefficient
for the intercept.

Because of this, a single fitlm test of linearity was not sufficient to
classify correctly all odor FR versus pre-FR datasets as linearly dependent.
However, we found that, if we performed this fitlm test after a 45 degree
clockwise rotation of the odor FR versus pre-FR axis, p values for the F
test were significant for horizontal odor FR versus pre-FR data (Fig.
3C, D, F, slanted line bars C and D). Thus, to establish whether the data
for odor FR versus pre-FR followed a linear dependence, regardless of
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(Figure legend continued.) session. D3–F3, Trial-per-trial variability for pre-FR through the
session. D4 –F4, Dependence of odor FR on pre-FR. Dashed line indicates odor FR�pre-FR. The
slope of the best-fit line was statistically different from 1 for D4 and E4, but not for F4. The dif-
ference of the slope from 1 was tested using significance for best linear fit corrected for multiple
comparisons by calculating the critical significance level of the false discovery rate (pFDR)
(Curran-Everett, 2000) as explained in Materials and Methods (D3,E3: p � pFDR � 0.0055,
n � 1451 SU-odor pairs). A statistical test of linearity corrected for multiple comparisons indi-
cated that D4 and E4, but not F4, were linear (significant p values � pFDR, pFDR0 degrees �
0.028, pFDR�45 degrees � 0.055, n � 1451 SU-odor pairs; for details on statistical test for linear
dependence, see Materials and Methods and Fig. 3). D4, E4, Unlabeled arrow indicates the
point where the best-fit line and odor FR � pre-FR cross. �FR is the odor-induced change in FR,
which is shown at a specific pre-FR in D4 and E4. Best-fit slope and intercept (Hz): D4, 0.034,
87.1; E4, 0.09, 12.3; F4, 0.043, 15.6. D5–F5, Dependence of �FR on pre-FR. Solid line indicates
a best fit of the data. Dashed line indicates �FR � 0. Thin lines above and below the solid line
are 5th and 95th percentile estimates. Best-fit slope and intercept (Hz): D5, �0.97, 87.1; E5,
�0.91, 12.3; F5, �0.96, 15.6.
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whether odor FR points fall on a horizontal line, we performed the test of
linear best fit with both the original odor FR versus pre-FR orientation
and after a 45 degree clockwise rotation of the axes (dual-orientation
linearity test). Figure 3F (black bars B–D) shows that this test classifies the
dependencies shown in Figures 3B–D as linear.

In contrast, this dual-orientation linearity test did not classify as linear
the odor FR versus pre-FR relationship when both odor FR and pre-
FR were drawn randomly from the pre-FR distribution (no odorant-
induced change in FR). The example in Figure 3A1 shows the odor FR
versus pre-FR relationship corresponding to the �FR versus pre-FR
shown in Figure 3A2 where odor FR was generated by random resam-
pling of pre-FR in the absence of an odor response. A dual-orientation
test for linearity was not significant for the example in Figure 3A1 and for
the large majority of the 1451 SU-odorant pairs when both odor FR and
pre-FR were randomly drawn (Fig. 3F, black A bar).

Therefore, to test whether there is a linear dependence of an odor-
induced change in FR on pre-FR, the linear relationship of odor FR on
pre-FR was tested with the dual-orientation linearity test, and we tested
whether the slope of this dependence was different from 1 using
MATLAB fitlm. These tests were performed for all SU-odor pairs (1451
comparisons for go-no go) for the different odor FR versus pre-FR sim-
ulations with examples shown in Figure 3A–D. The percent of slopes
different from 1 and the percent of linear odorant FR versus pre-FR
relationships are shown for the different simulations in Figure 3E and
Figure 3F, respectively. The p values were corrected for multiple compar-
isons using FDR (Curran-Everett, 2000) that yields a critical significance
level (pFDR). For the linearity test we provide the pFDR for the original
axis orientation for odor FR versus pre-FR (pFDR0 degrees) as well as for
the calculation after a �45 degree rotation (pFDR�45 degrees). This anal-
ysis shows that this statistical test of linearity in two different orientations
performs a robust test of whether an SU-odorant pair responds to an
odorant and shows a linear dependence of the odor FR versus pre-FR
dependence (and by default of the �FR vs pre-FR dependence).

Results
To test the hypothesis that the odorant-induced change in FR of
M/T cells changes as a function of pre-FR, we recorded from cells
in the mitral cell layer in awake behaving mice. To determine
whether this dependence on pre-FR differs based on behavioral
status, we trained mice to lick to obtain a water reward regardless
of the odorant presented (passive, go-go task) or when only one
of two odorants was rewarded (active, go-no go task). In addi-
tion, we separately examined trials where the animals made mis-
takes in the active odorant discrimination task.

Are odorant FR responses dependent on the pre-FR in the
active go-no go odor discrimination task?
We recorded extracellular voltage changes generated by action
potentials in the mitral cell layer of the OB in the go-no go odor
discrimination task (Doucette et al., 2011; Li et al., 2015). In each
behavioral training session, the animal was exposed to one of two
odorants in 50 –200 trials (time course per trial shown in Fig. 4A).
In the active go-no go session, the animal learned to respond to
the rewarded odorant, but not to the unrewarded stimulus (Fig.
4B). Figure 4C shows an example of the response of an SU to the
rewarded odorant (1% phenyl acetate). When all the trials are
shown, a change in the FR elicited by the odor is not apparent
(Fig. 4C, left). However, when the trials were sorted into low/high
pre-FR (low pre-FR � mean pre-FR), there appears to be a de-
crease in FR elicited by the odorant for the high pre-FR trials (Fig.
4C, right), but not for the low pre-FR trials (Fig. 4C, left). This
suggests that the change in FR elicited by the odorant depends on
the pre-FR.

To perform a valid analysis of the potential dependence of the
response to the odorant on pre-FR, we performed statistical tests to
determine whether the dependence of FR in the presence of the
odorant on pre-FR was linear with a slope different from 1. As ex-
plained in the Materials and Methods, this results in a statistically
reliable determination whether there is a linear dependence of the
change in FR elicited by the odorant as a function of pre-FR (Fig. 3).
The FR in the presence of the odorant (odor-FR) and pre-FR were
calculated for each trial as the FR for 2.5 s during (odor FR) or before
(pre-FR) odor addition (Fig. 4A). A linear dependence for odor-FR
versus pre-FR with a slope equal to 1 (odor-FR � pre-FR) does show
that odor FR depends linearly on pre-FR, but indicates that the SU
did not respond to the odorant (�FR � 0, where �FR � odor-FR �
pre-FR). A slope significantly different from 1 for this linear depen-
dence is evidence of dependence of the odorant-induced change in
FR (�FR) on pre-FR (Fig. 3). The statistical significance of the linear
dependence was assessed by tests of the significance of a linear best-
fit determined under different orientations of the odor FR versus
pre-FR axes (0 degree rotation and �45 degree rotation). The use of
the two tests ensures that linear dependence is tested correctly re-
gardless of the value of the slope of odor-FR versus pre-FR, as shown
for simulated data in Figure 3 and explained in Materials and Meth-
ods. p values were corrected for multiple comparisons by calculating
the critical significance level of the false discovery rate (pFDR)
(Curran-Everett, 2000) (significant p values � pFDR).

Figure 5. Slope and pre-FR for the dependence of the FR in the presence of the odorant on the pre-FR for the go-no go sessions. A, Cumulative histogram for the slope of odor-FR versus pre-FR
for SU-odor pairs that displayed a linear relationship with a slope significantly different from 1 (n � 159). B, The pre-FR did not differ when it was calculated for different intervals before the addition
of the odorant. The pre-FR is shown calculated for intervals of 2.5 or 1 s before odor addition, or for calculation of pre-FR during the time from odor port entry to odor addition that varies randomly
from 1 to 1.5 s in each trial (t-start). B1, Cumulative histogram. Pairwise threefold comparison with Kolmogorov–Smirnov, p � 0.99, pFDR � 0.05, n � 735 SUs. B2, Box-and-whisker plot with
MWT, p � 0.7, pFDR � 0.05, n � 735. C, Dependence of pre-FR on whether the animal was or was not rewarded in the previous trial. C1, Cumulative histogram. Kolmogorov–Smirnov, p � 0.0001,
n � 735 SUs. C2, Box-and-whisker plot. MWT, p � 0.002, n � 735.
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This analysis was performed for 1451 SU-odor pairs recorded
in the active go-no go task in two previous studies (Doucette et
al., 2011; Li et al., 2015). Examples of the analysis of the depen-
dence of Odor FR on pre-FR are shown for three SU-odor pairs in
Figure 4D–F. For 61% of the SU-odor pairs, there was a linear
dependence of odor FR on pre-FR (significant p values � pFDR,
pFDR0 degrees � 0.028, pFDR�45 degrees � 0.055, n � 1451 SU-
odor pairs). In addition, for a subset of the SU-odor pairs (11%,
n � 159 of 1451), there was a dependence of the �FR on pre-FR
as evidenced by a slope of the best-fit line for odor FR versus

pre-FR statistically different from 1 (p �
pFDR � 0.0055, n � 1451 SU-odor pairs).
Examples for this linear dependence with
a slope different from 1 for odor FR versus
pre-FR are shown in Figure 4D, E. For the
SU-odor pair in Figure 4D4, the odorant
elicited a 2.5-fold increase in FR at a low
pre-FR (Fig. 4D4, arrow labeled “�FR”),
but there was no change in FR at high
pre-FR where the best-fit line intercepts
with the odor FR � pre-FR line (Fig. 4D4,
unlabeled arrow). On the other hand, for
the SU-odor pair in Figure 4E, the odor-
ant elicited a fourfold decrease in FR at
high pre-FR, but not at low pre-FR (Fig.
4E4, arrows labeled “�FR” and unlabeled
arrow; the raw data are shown in Fig. 4C).
In contrast, for 39% of the SU-odor pairs
the dependence of odor FR on pre-FR was
not linear as expected for random distri-
bution of odor FR and pre-FR (an exam-
ple is shown in Fig. 4F and data generated
by random resampling of pre-FR are
shown in Fig. 3A).

Thus, in 11% (159) of the 1451 SU-
odor pairs, there is significant trial-to-trial
variability in pre-FR and there is a signif-
icant change in FR elicited by the odorant
whose magnitude is linearly dependent on
pre-FR. For the majority of these pre-FR-
linear odor-responsive SU-odor pairs the
odor-elicited change in FR decreased as a
function of pre-FR, and the slope of odor
FR versus pre-FR was �1 (Fig. 5A). The
value of pre-FR did not change when FR
was determined by calculating FR using
time intervals ranging between 1 and 2.5 s
before the time when the odorant was pre-
sented (Fig. 5B1, pairwise threefold com-
parison with Kolmogorov–Smirnov, p
value � 0.99, pFDR � 0.05, n � 735 SUs,
Fig. 5B2, MWT, p value � 0.7, pFDR �
0.05, n � 735). For the rest of the study,
pre-FR was calculated for 2.5 s before
odor addition. Finally, we asked whether
the pre-FR was different depending on
whether the animal was or was not re-
warded in the previous trial. There was a
very small, but statistically significant, dif-
ference between pre-FR depending on the
outcome of the previous trial (Fig. 5C1,
Kolmogorov–Smirnov, p � 0.0001, n �
735 SUs; Fig. 5C2, MWT, p � 0.002, n �

735). The magnitude of this change is small; therefore, we do not
consider this to be a relevant finding.

The pre-FR differs between correct rejections and false alarms
(FAs) when the animal is learning to differentiate between
odorants in the active go-no go task
We surveyed the difference in pre-FR when animals made mistakes
in a subset of trials in the go-no go task using the data in experiments
published previously (Doucette et al., 2011; Li et al., 2015). Figure 6A
shows an example of the performance of a mouse learning to differ-

Figure 6. The pre-FR differs between correct rejections and FAs when the animal is learning to differentiate between the two
odorants. A, Example of behavioral performance during a session of 200 trials in the go-no go task. Percent correct: percent of trials
when the animal responded correctly in blocks of 10 rewarded/10 unrewarded odorant trials. Learning is the segment for percent
correct �45% and �65%. Retrieval is the segment for percent correct �80%. B, Example for an SU-odor pair of the dependence
of odor FR on pre-FR for the unrewarded odorant during the learning segment. Green represents CR. Light blue represents FA. This
dependence tested significant for linearity and with a slope different from 1. Solid line indicates the best fit. Dashed line indicates
odor FR � pre-FR. Thin solid lines above and below the best-fit line are 5th and 95th percentiles. Unlabeled arrow indicates the
point where the best-fit line and odor FR � pre-FR cross. Best-fit line slope and intercept: 0.2, 12.3 Hz. C–F, Cumulative probability
for the distance along the pre-FR axis between a point and the intercept between the best-fit line and odor FR � pre-FR. Dividing
by the SD of pre-FR normalized this distance. C, Hits versus Miss for the learning segment (Kolmogorov–Smirnov, p � 0.82,
number of trials: 577 hits, 186 misses, pFDR � 0.04, 28 pairwise comparisons). D, Hits versus Miss for the retrieval segment
(Kolmogorov–Smirnov, p � 0.99, number of trials: 190 hits, 34 misses, pFDR � 0.04). E, CR versus FA for the learning segment
(Kolmogorov–Smirnov, p � 0.0001, number of trials: 233 CRs, 667 FAs, pFDR � 0.04). F, CR versus FA for the retrieval
segment (Kolmogorov–Smirnov, p � 0.63, number of trials: 398 CRs, 86 FAs, pFDR � 0.04).
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entiate between two odorants in this active go-no go task. The
pre-FR was compared between the period when the mouse is learn-
ing to differentiate the odorants (learning segment, percent cor-
rect � 65%; Fig. 6A) and the period when the mouse has learned to
differentiate between odorants and is retrieving this information to
engage in the correct sustained licking response (retrieval segment,
percent correct �80%, Fig. 6A). Pre-FR was computed for trials
when the animal responded correctly by licking to the rewarded
odorant (Hits) or refrained from licking for the unrewarded odorant
(correct rejections [CRs]), or when the animal was responding in-
correctly by licking for the unrewarded odorant (FA) or not licking
for the rewarded odorant (Miss). Figure 6B shows an example, for a

single M/T SU, of the relationship between odor FR and the pre-FR
for the unrewarded odorant during the learning segment of the be-
havioral session. Most of the CR points display pre-FR larger than
the intercept of the best-fit line with the odor FR � pre-FR line.
Interestingly, this trend for pre-FR in CR trials holds when we sur-
veyed the data for all M/T units. The distance along the pre-FR axis
from the pre-FR for each data point to the intercept of the best-fit
line with the odor FR � pre-FR line (pre-FR distance to intercept)
for FAs tended to fall below the pre-FR distance to intercept for the
CRs during the learning segment (Fig. 6E, Kolmogorov–Smirnov,
p � 0.0001, number of trials: 233 CRs, 667 FAs, pFDR � 0.04). In
contrast, the cumulative probability for the pre-FR distance to inter-

Figure 7. Differences in the dependence of odor FR on pre-FR between the go-no go and go-go tasks. A, Examples of behavioral performance during the go-no go and go-go tasks. Percent correct: percent
of trials when the animal responded correctly in blocks of 10 rewarded/10 unrewarded odorant trials. B, Example of the dependence of odor FR on pre-FR for an odor-SU pair recorded during a go-go task where
both odorants were rewarded. B1, Histogram of per-trial pre-FRs for the entire go-go session. B2, Trial-per-trial variability for pre-FR through the session. B3, Dependence of odor FR on pre-FR. Dashed line
indicates odor FR�pre-FR. The slope of the best-fit line was statistically different from 1 ( p value�pFDR�0.01, n�300 SU-odor pairs), and a statistical test corrected for multiple comparisons indicated that
the relationship was linear (significant p values�pFDR, pFDR0 degrees �0.035, pFDR�45 degrees �0.01, n�300 SU-odor pairs; for details on statistical test for linear dependence, see Materials and Methods
and Fig. 3). Best-fit slope and intercept: �0.074, 6.47 Hz. B4, Dependence of �FR on pre-FR. Solid line indicates a best fit of the data. Dashed line indicates �FR � 0. Thin lines above and below the solid line
are 5th and 95th percentile estimates. Best-fit slope and intercept (Hz):�1.07, 6.47. C–G, Comparison between go-go and go-no go in SU data recorded from 4 mice that underwent both go-go and go-no go
tasks.C,Themeanpre-FRpersessiondoesnotdifferbetweenthego-nogoandthego-gotasks(n�43SUsinthego-nogotaskand131SUsinthego-gotask).C1,Cumulativeprobability(Kolmogorov–Smirnov,
p�0.12). C2, Box-and-whisker plot for pre-FR (MWT, p�0.1). D, The percent of SU-odor pairs displaying a linear dependence of odor FR versus pre-FR does not differ between go-no go and go-go tasks (� 2,
p�0.05). E, The percent of SU-odor pairs displaying a linear dependence with a slope different from 1 does not differ between go-no go and go-go tasks (� 2, p�0.05). F, The distribution of the slopes of the
odor FR versus pre-FR dependence does not differ between go-no go and go-go tasks. F1, Cumulative histogram (Kolmogorov–Smirnov, p�0.62). F2, Box-and-whisker plot (MWT, p�0.44). G, The change
in FR elicited by the odorant at five percentile pre-FR (normalized by dividing by the SD of pre-FR) differs between go-no go and go-go. G1, Cumulative histogram (Kolmogorov-Smirnov, p � 0.0002). G2,
Box-and-whisker plot (MWT, p � 0.005). *Statistically significant.

1844 • J. Neurosci., February 15, 2017 • 37(7):1835–1852 Li, Guthman et al. • Prestimulus Modulation of Sensory Responses



cept did not differ between CRs and FAs for the retrieval segment
(Fig. 6F), or for Hits and Misses (Fig. 6C,D). Because of the linear
relationship of odor FR on pre-FR, the fact that for the learning
segment the pre-FRs for FA tend to fall below the intercept com-
pared with pre-FR for CR indicates that the odorant-induced change
in FR is larger for the FA trials in this segment. This difference between
CR and FA suggests that differences in pre-FR convey information rel-
evant to the behavioral response to the stimulus in the learning segment
indicating that pre-FR may reflect an anticipatory cue.

Differences between the active and passive behavioral tasks
for the dependence of the FR in the presence of the odorant
on the pre-FR
In the active go-no go task, the thirsty mice learn to discriminate
between an odorant that is rewarded with water from the unre-
warded odorant (Doucette et al., 2011; Li et al., 2015). In contrast,
in the go-go task, the animals are rewarded with water for licking

regardless of which of the two odorants is presented (Li et al.,
2015). This is a passive odor exposure task because the animals
are not required to intentionally sample the odorants to obtain a
reward. As a result, the animals learn to respond differentially to
the odorants in the active task (Fig. 7A, red), but they respond
equally to the two odorants in the passive task (Fig. 7A, blue). We
analyzed data generated in our previous publication (Li et al.,
2015) for 4 mice that were tested in both the go-no go and go-go
tasks. Figure 7B shows an example of the linear dependence of
odor FR on pre-FR for a SU-odor pair recorded in the go-go task.
This relationship was linear and the slope differed from 1. Inter-
estingly, a perusal of the experimental data revealed an apparent
difference in the dependence of odor FR on pre-FR between the
passive and active tasks. The mean pre-FR did not differ between
the active and passive odorant tasks (Fig. 7C, Kolmogorov–Smir-
nov, p � 0.12, MWT, p � 0.1, n � 43 SU-odor pairs for go-no go
and 131 for go-go). In addition, the percent of SU-odor pairs that

Figure 8. Dependence of prestimulus FR on licking. A, Performance of a mouse in a go-no go experiment. B, Trial per trial time course for licks for the experiment whose behavioral performance
is shown in A. Red represents tongue touches the lick tube. C, Example of the relationship between pre-FR and the percent of the time that the mouse licks in the preodor period (percent lick) for an
SU recorded from in this session. Line indicates the best fit (slope ��0.027, intercept � 12.6). The correlation coefficient (�0.18) was not significant ( p � 0.024 � pFDR � 0.017, n � 383 SUs
for go-no go). Best-fit slope �0.02 Hz/%, intercept 12.7 Hz. D, Percent of SUs that display a statistically significant correlation between pre-FR and percent lick (pFDR is 0.014 for 150 SUs in the go-go
sessions, � 2, p value for difference in percent correlation � 0.05). E, Mean and SEM for the correlation coefficients for all SUs recorded from in the go-go and go-no go sessions (unpaired t test, p �
0.08). F, Cumulative distribution of correlation coefficients (Kolmogorov–Smirnov, p � 0.04). G, H, Percent of the variance of pre-FR that is accounted for by the dependence between pre-FR and
percent lick (percent variance) determined for SUs that displayed significant correlation (129 SUs for go-no go and 43 SUs for go-go). G, Boxplot for percent variance (MWT, p � 0.04). H, Cumulative
distributions for the percent variance (Kolmogorov–Smirnov, p � 0.15). *Statistically significant.
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displayed a linear dependence for odor FR versus pre-FR and the
percent of SU-odor pairs that displayed an odorant-induced
change in FR dependent on pre-FR (a slope different from 1 in the
odor FR vs pre-FR plot) were not significantly different between
the passive and active tasks (Fig. 7D,E, � 2, p value � 0.05 in both
cases). Furthermore, the distribution of slopes did not differ be-
tween the active and passive tasks (Fig. 7F, Kolmogorov–Smir-
nov, p � 0.62, MWT, p � 0.43, n � 43 SU-odor pairs for go-no go
and 131 for go-go). Finally, we asked how the odorant-induced
change in FR at low values of pre-FR differed between the two tasks.
We focused on low pre-FR values because at those values we expect
to find the largest increases in odor-induced FR due to the fact that
the majority of the slopes are �1 (Fig. 5A). In addition, the odorant-
induced responses are relevant because Kollo et al. (2014) postulated

that “silent” M/T cells dominate responses in the OB because they
respond to odorants with large increases in FR. Because a minimum
pre-FR cannot be defined in a finite data sample, we used 5th per-
centile pre-FR as a “low pre-FR value.” When the change in FR at 5th
percentile pre-FR was examined, we found a significant difference
between the passive and active tasks (Fig. 7G, Kolmogorov–Smir-
nov, p � 0.0002, MWT, p � 0.005, n � 43 SU-odor pairs for go-no
go and 131 for go-go). These results indicate that pre-FR dependence
of olfactory FR responses is reliant on behavioral status.

Trial-to-trial variability in licking accounts for a small
fraction of the variance of the pre-FR
We then assessed whether the variability in pre-FR was accounted
by trial-to-trial variability in licking during the prestimulus pe-

Figure 9. M/T unit pairs show correlated changes in pre-FR for both SUs and MUs. A–D, Examples showing positive (A,B) or negative (C,D) correlation between SU pair pre-FRs. A, C, Dependence
of the per-trial pre-FRs between these unit pairs. Both units pairs displayed correlated pre-FR ( p value for the correlation coefficient, �/pFDR � �0.001/[0.02 SU
SU, 0.02, SU
MU, 0.04
MU
MU], n � 2972 SU
SU, 4489 SU
MU, and 4719 MU
MU). Best-fit slope and intercept (Hz): A, 0.49, �0.1; C, �0.59, 75. B, D, pre-FR as a function of time within the session for SUs in A,
C. E, F, Pseudocolor plot for � and the significance p value for � determined for all unit pairs recorded in two different sessions. Gray represents nonsignificant p values for � (� pFDR calculated for
all windows within the session). G, Time course of the correlation coefficient, evaluated in a sliding window of 40 trials, for a subset of unit pairs for the session shown in E. � is significant for the points
in red ( p � pFDR). H, Percent of unit pairs that have significant correlation coefficients for pre-FRs. The number of unit pairs are 2972 (SU
SU), 4489 (SU
MU), and 4719 (MU
MU). Red
represents a significant correlation. I, Cumulative probability histograms for the pre-FR correlation coefficients for all unit pairs showing more significant correlations in pre-FR between original
versus resampled data. S
S, M
S, M
M: original data for SU/MU unit pairs; S
S res, M
M Res: the pre-FR for unit 2 was calculated by random resampling the pre-FR histogram for 1 unit in
the pair (M
S Res, yields the same curve; data not shown). A Kolmogorov–Smirnov indicated that S
S/S
M differ from M
M and S
Sres/M
Mres. SxM does not differ from S
S, and S
Sres
does not differ from M
M res ( p/pFDR: � 0.05/0.05, 15 pairwise tests).
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riod. This analysis was performed for SUs recorded from both the
go-no go and go-go behavioral sessions (Li et al., 2015). Figure
8B1, B2 shows the lick time course for a mouse engaged in the
go-no go task whose behavioral performance is shown in Figure
8A (red represents contact of the tongue with the lick tube). As
the animal learns to differentiate between the odorants, the mice
refrain from licking when exposed to the unrewarded odorant
(Fig. 8B1). Figure 8C shows an example of the dependence of
pre-FR on the percent of the time the animal licks during the pre
interval (percent lick). For this example, the data were not signif-
icantly correlated (correlation coefficient � �0.18, p � 0.024 �
pFDR � 0.017 for 383 SUs in the go-no go sessions).

When the statistical significance of the correlation between
pre-FR and lick was determined for all SUs in the go-no go and
go-go experiments, we found that approximately one-third of the
SUs displayed significant correlation between pre-FR and per-
cent lick (Fig. 8D, the pFDR for the 150 go-go SUs is 0.014). There
was no difference between the two tasks for the percent of SUs
that showed correlation between pre-FR and percent licks (� 2,
p � 0.05). The distribution of correlation coefficients is shown in
Figure 8F. There was a statistical difference between go-no go and
go-go for the cumulative distribution of the correlation coeffi-
cient (Fig. 8F, Kolmogorov–Smirnov, p � 0.04), but there was no
statistical difference for the mean correlation coefficient (Fig. 8E,
unpaired t test, p � 0.08).

Finally, we estimated the percent of the variance for pre-FR that is
accounted for by this dependence for SUs that displayed significant
correlation between pre-FR and percent lick (129 SUs for go-no go
and 43 SUs for go-go). The median of the variance explained by this
dependence was 1.9% for go-no go and 1.3% for go-go (Fig. 8G;
these values differed statistically: MWT, p � 0.04). Figure 8H

shows that the cumulative distributions
for the variance accounted by the pre-FR
versus percent lick dependence did not
differ between the go-no go and go-go SUs
(Kolmogorov–Smirnov, p � 0.15). Thus,
there is a dependence of pre FR on licking in
one-third of the SUs, but this dependence
accounts for a small percent of the pre-FR
variance in most SUs.

A substantial fraction of M/T cell pairs
display correlated trial-to-trial
variation in pre-FR that is dependent
on the distance between units
In this study, we find odorant responses
that display a linear dependence on pre-FR
for a subset of M/T SUs. This raises the
question whether the variability in pre-FR
is due to behavioral factors, such as sniff-
ing and licking, which would be expected
to affect pre-FR uniformly in time and
space as opposed to centrifugal feedback
from other brain areas that could affect
pre-FR differentially in different units.
We determined whether pre-FR is corre-
lated between unit pairs and whether this
correlation varies uniformly for the differ-
ent unit pairs as a function of time or as a
function of distance between units in the
SUs recorded in go-no go and go-go ses-
sions (Doucette et al., 2011). Correlated
firing is expected because measurements

in anesthetized animals find correlated firing in 8%–30% of pairs
of M/T cells (Kashiwadani et al., 1999; Egaña et al., 2005).

We assessed the correlation in FRs for unit pairs (both SUs
and multiunits [MUs]) recorded from in all the go-no go and
go-go sessions (Doucette et al., 2011; Li et al., 2015). We find that
a substantial fraction of unit pairs display correlated pre-FR. Ex-
amples in Figure 9A–D show pairs of simultaneously recorded
units displaying positively or negatively correlated pre-FRs, and
the pseudocolor plots in Figure 9E, F show that a substantial
fraction of simultaneously recorded unit pairs are significantly
correlated in pre-FR with some M/T unit pairs displaying posi-
tively or negatively correlated trial-to-trial pre-FRs. In total, we
evaluated trial-to-trial unit pair correlation in pre-FR in 12,180
unit pairs. A large percent of these pairs (�40%) display varia-
tions in pre-FR that change throughout the session in a correlated
manner (Fig. 9G,H). Correlated pre-FR was found in this frac-
tion of unit pairs regardless of whether they were SUs or MUs. In
all of these groups, the majority of the pairs displayed positive
correlation coefficients significantly different from the coeffi-
cients calculated for pairs of units where the pre-FR for one of the
units was resampled from its own pre-FR distribution (Fig. 9I,
Kolmogorov–Smirnov, p value/pFDR, �0.05/0.05, 15 pairwise
tests). Finally, when we quantified the unit pair correlation in
pre-FR as a function of distance between recording sites, the
dependence of the correlation coefficient and the percent of cor-
related unit pairs followed a Mexican hat dependence with sig-
nificant correlations at distances as far as 1 mm (Fig. 10).

These findings suggest that neural circuits, perhaps via top-
down modulation, mediate coordinated variation in pre-FR in
ensembles of M/T cells. Interestingly, the time course of unit pair
pre-FR correlation differed markedly between different units

Figure 10. Mexican-hat dependence for unit pair pre-FR correlation dependence on the distance between electrodes/tetrodes.
A, Distances for multielectrode arrays (top, blue) (Doucette et al., 2011) or tetrodes (bottom, red) (Li et al., 2015). B, Simplified
diagram of OB circuitry illustrating the fact that the MTs spread in a cone under the glomerulus they innervate. GCs, Granule cells;
OSN, olfactory sensory neuron. C, D, Distance dependence of the percent of unit pairs with correlated pre-FRs (C) and the correlation
coefficient values (�) for all unit pairs (D, mean � SEM). The number of unit pairs is 12,180 (�, p value � pFDR estimated at each
distance bin).
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within a session, as shown in Figure 9G. Thus, modulation of
pre-FR correlation between different unit pairs is not exerted
uniformly for all unit pairs, but rather, that pre-FR correlation is
controlled independently and is specific for different sets of unit
pairs.

The pre-FR for the majority of units is not correlated with
sniff rate
We performed an analysis of the trial-to-trial dependence of
pre-FR on the sniff frequency in 10 go-go sessions (Li et al., 2015).
Figure 11A shows the nasal pressure measured during a single
trial, and Figure 11B shows the mean sniff rate � SD as a function
of time in the trial (450 trials from 10 sessions). In the go-go task,
the sniff rate decreases after the animal enters the odor port.
Figure 11C, D shows, for the majority of SUs recorded in these
sessions, that there is not a significant correlation between pre-FR
and the mean sniff rate in the preodor period (red dots are sig-
nificant, blue not significant; pFDR � 0.003, n � 36 SUs).

Optogenetic stimulation of glomerular input, asynchronous
with sniffing, yields changes in FR dependent on the pre-FR
We next explored whether light activation of channelrhodopsin 2
in axons of olfactory sensory neurons in the glomerular layer
elicited FR changes in M/T SUs that were dependent on pre-FR
using the SU data recorded by Li et al. (2014). As shown in Figure
12A, light stimulation was elicited, on purpose, at random phases
within the sniff cycle (Li et al., 2014). In this paradigm, the acti-
vation of glomerular input is not modulated by sniffing and takes
place in the limited subset of axons illuminated by the 0.1 mm
light fiber. Figure 12B shows the activation time course, and Fig-
ure 12C, D shows an example SU with a pre-FR-dependent re-
sponse to light (light FR) (for an additional example unit, see Fig.
13A). Similar to the data presented in Figures 4 and 7, this unit
displays a linear dependence of light FR on pre-FR with a slope
different from 1. Further, this dependence has a slope that differs

from 1, suggesting that for this unit light-evoked changes in FR de-
pend on the pre-FR (Fig. 12D3). Overall, 44% of the SU-light pairs
(30 of 70) displayed a linear dependence of light FR on pre-FR (Fig.
12G1, p � pFDR, pFDR0 degrees � 0.0179, pFDR�45 degrees � 0.0057,
n � 70 SU-light pairs), and for 11% of SU-light pairs (8 of 70) the
slope of the best-fit line for light FR versus pre-FR differed from 1
(Fig. 12G2, p � pFDR � 0.0057, n � 70 SU-light pairs). Together,
these data demonstrate that the responses of a substantial number of
M/T units to olfactory sensory neuron input are dependent on their
pre-FR and that this dependence is not affected by the phase of the
animal’s sniff cycle.

Anesthesia affects the dependence of light-evoked responses
on pre-FR
As our data demonstrate that the dependence of odor FR on
pre-FR changes with the behavioral status of the animal (Figs. 6,
7), we decided to test the hypothesis that the dependence of light-
evoked FR on pre-FR changes when the animal is anesthetized.
To achieve this, we evaluated responses of M/T SUs to light stim-
ulation in mice anesthetized with 2% isoflurane in recordings
performed immediately after the measurement in the awake an-
imal. The recordings in the anesthetized mice were performed in
the same animals whose optogenetic glomerular input activation
was reported previously for the awake mouse (Li et al., 2014).
Similar to awake mice, individual SUs demonstrated a depen-
dence of light FR on pre-FR (for an example unit, see Fig. 13B).
Overall, 54% of SUs (43 of 79) displayed a linear dependence of
light FR on pre-FR (Fig. 12G1, p � pFDR, pFDR0 degrees � 0.0077,
pFDR�45 degrees � 0.024, n � 79 SU-light pairs) and for 48% of
SUs (38 of 79), this dependence had a slope that was different
from 1 (Fig. 12G2, p � pFDR � 0.0241, n � 79 SU-light pairs).
Interestingly, despite not differing in pre-FR (Fig. 12E, MWT,
p � 0.28, n � 70 SU-light pairs in awake mice, n � 79 SU-light
pairs in anesthetized mice), the slope of the best-fit line for light
FR versus pre-FR was larger for SUs recorded in awake compared

Figure 11. pre-FR is not correlated with the rate of sniff in the period before odorant addition. The period before odorant addition is defined as in Figure 4A. A, Example of the time
course for nose pressure measured throughout a trial. Red line indicates application of odorant. B, Time course for the mean sniff frequency � SD as a function of time (450 trials from
4 go-go sessions). C, D, Cumulative histogram for the correlation coefficient between per trial pre-FR and sniff frequency before odorant addition calculated for 36 odorant-unit pairs in
4 go-go sessions. C, Correlation coefficient (�) for pre-FR and sniff frequency. D, p value for the correlation coefficient (�). Blue represents not significant. Red represents significant ( p
value/pFDR: � 0.003/0.003, n � 36 SUs).
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with anesthetized mice (Fig. 12F: MWT, p � 0.01; Fig. 13C: Kol-
mogorov–Smirnov, p � 0.05; n � 70 SU-light pairs in awake
mice, n � 79 SU-light pairs in anesthetized mice). Further, the
percent of units with a linear dependence of light FR on pre-FR
and with a slope distinct from 1 was greater in the anesthetized
mice compared with the awake mice (Fig. 12G, G1: � 2, p value �

0.05, G2: � 2, p value � 0.0001). These data provide additional
evidence consistent with the notion that the dependence of M/T
cell firing on pre-FR differs across behavioral states. In particular,
the differences in the slope of the light FR-pre-FR dependence
between awake and anesthetized mice (Figs. 12F, Fig. 13C) sug-
gest that, on any given trial, an individual M/T unit will be more

Figure 12. M/T cell responses to optogenetic activation of olfactory neuron axons, applied at random times, depend on pre-FR. A, Optogenetic activation performed at random times
within the sniff cycle. A1, Example of extracellular potential (Raw) and voltage recorded by the nose pressure sensor (Sniff). Light pulses (Sti). A2, Light pulses are not synchronized with
sniff. Top, Average pressure voltage (681 sniffs). Bottom, Light activation. A Rayleigh test indicated that there was no specific distribution ( p � 0.05) (reproduced from Li et al., 2014).
B, Time course per trial. C, D, Example SU from awake mouse. C1, C2, Raster plots. C1, Unsorted. Bottom-top, First-last. C2, Sorted. Bottom-top, Lowest-highest pre-FR. C3, PSTH. D,
Dependence of Light FR on pre-FR in an example SU (same SU as C). D1, Histogram of the per-trial pre-FRs. D2, Trial-to-trial variability in pre-FR. D3, Dependence of light FR on pre-FR.
Dashed line indicates light FR � pre-FR unity line. The slope of the best-fit line was linear and different from 1 (plinear � pFDR, pFDR0 degrees � 0.0179, pFDR�45 degrees � 0.0057, n �
70 SU-light pairs; pdifferent from 1 � pFDR � 0.0057, n � 70 SU-light pairs). Best-fit slope 0, intercept 47.6 Hz. D4, Dependence of �FR on pre-FR. Solid line indicates a best fit of the data.
Dashed line indicates �FR � 0. Thin lines above and below the solid line indicate 5th and 95th percentile estimates. Best-fit slope and intercept (Hz): �0.99, 47.6. E, Box-and-whiskers
plot showing that mean pre-FR for SU-light pairs does not differ between awake (n � 70) and anesthetized (n � 79) mice (MWT, p � 0.2869). Conventions for the box-and-whisker plot:
box represents the interquartile range (first to third quartile) and the median value (line), and whiskers extend to the most extreme data point within 1.5 times the interquartile range.
F, Box-and-whiskers plot for slopes of best fit light FR versus pre-FR line for SU-light pairs differ between awake (n � 70) and anesthetized (n � 79) mice (MWT, p � 0.01). G1, Percent
of SU-light pairs with a linear dependence of light FR on pre-FR differs between awake and anesthetized mice (� 2, p � 0.05). G2, Percent of SU-light pairs with a linear dependence with
a slope distinct from 1 differs between awake and anesthetized mice (� 2, p � 0.0001). *Statistically significant.
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likely to show a change in FR in response to input from olfactory
sensory neurons in anesthetized compared with awake mice.

Discussion
The odorant-induced change in FR of M/T cells depends on
the pre-FR
In his insightful 1950 manuscript (Adrian, 1950), Lord Adrian
found a significant decrease in odorant-induced changes in FR
that appeared to depend on an increase in the pre-FR as the
animal awoke from anesthesia. He ended this paper with an in-
teresting speculation: “In particular the failure of olfactory sen-
sation after repeated stimuli can be compared with our inability
to pay continued attention to uninteresting sounds.” Here we
explored whether the differences in odorant responses of M/T
cells from trial-to-trial in an awake behaving animal were due to
the dependence of odorant responses on pre-FR. We find that, in
a substantial fraction of M/T units, the change in FR elicited by
the odor depends on pre-FR (Figs. 4, 5) and that this dependence

changes when both odorants are rewarded equally (Fig. 7), when
the animal is anesthetized (Figs. 12, 13), and in trials when the
animal makes a mistake while learning to refrain from respond-
ing to the unrewarded odorant (Fig. 6).

The dependence of the change in FR elicited by the odor on
pre-FR is likely due to a set point for the FR of the unit in the
presence of a particular odor. Thus, Figure 4D4 shows an
odorant-induced increase in pre-FR that appears to reach a max-
imum set point. Thus, in this case the odorant-induced change in
FR is always positive and decreases as pre-FR increases. This re-
sponsiveness is expected for a neuron within a neuronal circuit
that stimulates it to its maximum FR. On the other hand, Figures
4E4 and 7B3 show units that respond to the odors with a decrease
in FR. That is expected from neurons influenced by an inhibitory
circuit that decreases its activity to a minimum set point FR.
Regardless, the change in FR elicited by the odorant that will be
detected by downstream neurons depends on pre-FR, and this

Figure 13. M/T cell responses to optogenetic activation of olfactory neuron axons, applied at random times, depend on pre-FR. A, B, Dependence of light FR on pre-FR in two example SUs. A,
Recorded from an SU in an awake animal. B, Recorded in an anesthetized animal. A1, B1, Histogram of the per-trial pre-FRs. A2, B2, Trial-to-trial variability in pre-FR. A3, B3, Dependence of light
FR on pre-FR. Dashed line indicates light FR � pre-FR unity line. The slope of the best-fit line was linear and different than 1 (A3: plinear � pFDR, pFDR0 degrees � 0.0179, pFDR�45 degrees � 0.0057,
pdifferent from 1 � pFDR � 0.0057, n � 70 SU-light pairs; B3: plinear � pFDR, pFDR0 degrees � 0.0077, pFDR�45 degrees � 0.0241, pdifferent from 1 � pFDR � 0.0241, n � 79 SU-light pairs). Best-fit
slope and intercept (Hz): A3, �0.09, 74.9. B3, �0.04, 43.9. A4, B4, Dependence of �FR on pre-FR. Solid line indicates a best fit of the data. Dashed line indicates �FR � 0. Thin lines above and
below the solid line indicate 5th and 95th percentile estimates. Best-fit slope and intercept (Hz): A4, �1.09, 74.9. B4, �1.04, 43.9. C, Cumulative probabilities for the slope of light FR versus pre-FR
best-fit line for SUs recorded in awake and anesthetized animals. The distributions of the slopes differed between groups (Kolmogorov–Smirnov, p � 0.05, n � 70 awake SUs, n � 79 anesthetized
SUs).
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dependence is modified by the behavioral status of the animal. In
addition, the pre-FR of different units is correlated and highly
variable on a trial-per-trial basis (Fig. 9).

The dependence of odorant-induced changes in FR on the
pre-FR differs between different behavioral states
Studies subsequent to Lord Adrian’s generally find robust re-
sponses in anesthetized animals, and higher pre-FR for M/T cells
with odorant-induced changes in FR that vary from robust to
sparse virtually absent in awake animals, even when the response
is aligned sniffs (Kay and Laurent, 1999; Rinberg et al., 2006;
Davison and Katz, 2007; Fuentes et al., 2008; Cury and Uchida,
2010; Doucette et al., 2011; Shusterman et al., 2011; Gschwend et
al., 2012; Kato et al., 2012; Blauvelt et al., 2013; Fukunaga et al.,
2014). We find that the dependence of light FR on pre-FR persists
in the anesthetized mouse. The percent of slopes for this depen-
dence distinct from one was greater in the anesthetized mice (Fig.
12G2). This is likely due to the fact that M/T cells are more re-
sponsive in the anesthetized state.

Although information on odor identity is likely conveyed by
spike firing within the sniff cycle (Cury and Uchida, 2010; Shus-
terman et al., 2011; Gschwend et al., 2012; Li et al., 2015), the
diversity of observations of odorant-induced responses in the
awake animals raise the question whether these responses do dif-
fer depending on the behavioral status of the animal in different
laboratories. Interestingly, there is large inherent variation in
pre-FR and odorant responsiveness in M/T cells. Indeed, a recent
study in the awake mouse found that a subset of M/T cells with
low pre-FR responded to odor with a substantial increase in FR,
and these investigators raised the question whether these “silent”
M/T cells dominate odor responses in the OB (Kollo et al., 2014).
Our findings suggest that M/T cells should not classified as “si-
lent” versus intrinsically active. Rather, our study indicates that
the intrinsic activity of M/T cells varies on a trial-by-trial basis
depending on the behavioral status and that in each trial different
subsets of “silent” cells dominate the response. This is consistent
with findings in a subset of the awake behaving animal studies
showing that the responsiveness to odorants differed depending
on the behavioral status of the animal (Fuentes et al., 2008; Douc-
ette et al., 2011; Kato et al., 2012).

We find that the odorant-induced response of M/T cells is
negatively correlated with the pre-FR on a trial-to-trial basis.
Importantly, optogenetic stimulation of olfactory sensory neu-
ron axons showed that the dependence of activation of M/T cells
on pre-FR was sniff phase-independent (Figs. 11, 12) and varia-
tion in licks only accounted for a small percent of the pre-FR
variance in one-third of the units (Fig. 8). In addition, trial-to-
trial variation of pre-FR occurred in ensembles of M/T cells with
correlated pre-FR suggesting common regulation by a local cir-
cuit (Kay and Freeman, 1998). The variation in pre-FR correla-
tion during a session was heterogeneous in different unit pairs
indicating that this circuit does not affect the entire M/T cell
ensemble as it would happen for homogeneous modulation by
processes, such as adrenergic regulation (Bouret and Sara,
2004, 2005) and regulation of neuronal activity by sniff (Cury
and Uchida, 2010; Shusterman et al., 2011; Wachowiak, 2011;
Li et al., 2015). In addition, the M/T unit pair correlation in
pre-FR occurred in cells spaced up to 1 mm (Fig. 10), consis-
tent with observations of long-range synchronous firing in
these OB relay neurons (Doucette et al., 2011). This local cir-
cuit mechanism that modulates subsets of M/T cells heteroge-
neously and mediates pre-FR correlation at long distance,
could be, for example, the dopaminergic periglomerular cells

that mediate intraglomerular interactions (Kiyokage et al.,
2010; Banerjee et al., 2015).

Modulation of M/T cell pre-FR may allow judicious
subsampling of the multidimensional spatiotemporal
olfactory input space
Interestingly, preafferent anticipatory events were proposed in
the OB based on field potential measurements (Kay and Free-
man, 1998). Consistent with this proposal, we find that pre-FR
activity is affected by the behavioral status with larger pre-FR
values in the passive task compared with the active task where
odorant valence plays a role in decision making. In addition, we
show that the pre-FR is different when an animal makes a mistake
in the active associative learning task suggesting that pre-FR re-
flects an anticipatory cue (Gardner and Fontanini, 2014). These
changes in pre-FR are likely mediated by centrifugal input, such
as piriform cortex or prestimulus forebrain input to the OB (Kay
and Freeman, 1998; Zelano et al., 2005; Buonomano and Maass,
2009; Gire et al., 2013; Nunez-Parra et al., 2013; Linster and Fon-
tanini, 2014; Bota et al., 2015; Hangya et al., 2015; Otazu et al.,
2015; Devore et al., 2016). Our findings show, for the first time,
that the responsiveness of a second-order cell in the olfactory
system, that receives massive parallel input from �1200 olfactory
receptors (Buck and Axel, 1991; Touhara and Vosshall, 2009),
depends on the pre-FR and that this dependence is modified by
behavioral status of the animal. This is consistent with findings of
UP and DOWN states in mitral cells found in slice recordings,
postulated to affect olfactory information processing (Carlson et
al., 2000; Roux et al., 2015), and with the dependence of responses
on baseline neural activity in sensory cortex and other model
organisms (Buonomano and Maass, 2009; Nishida et al., 2014;
Zhang et al., 2014; Gordus et al., 2015). This dependence has a
consequence on neuronal responses in the presence of high vari-
ability of pre-FR in the awake animal. The fact that pre-FR de-
pendence of the stimulus response is modified in different
behavioral states could reflect modulation by processes, such as
changes in attention, motivation, or other preafferent anticipa-
tory events (Devore et al., 2016). Perhaps the brain deals with this
complex computation by engaging ensembles of M/T cells de-
pending on the context as a performer does playing the piano and
evaluating stimulus-induced changes in FR using an algorithm
analogous to Extreme Value Theory (de Haan and Ferreira,
2006).
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