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Studies of MC odor responses in anesthetized rats and rabbits
show that MCs in defined regions of the OB respond to sets of
similar odorant chemicals (for instance, volatile aliphatic alco-
hols), whereas distant ones respond to different compounds
(for instance, aromatic compounds)1–4. Other studies, however,
suggest that MCs responding to particular odorants can be
found in all regions of the OB, and that most cells respond to
many different odorants belonging to many physicochemical
groups3,5.

What is known about OB activity in awake, behaving animals?
Field potential recordings from awake rabbits classically condi-
tioned to odorants present a complex picture of OB activity dur-
ing behavior. Although spatially coherent, local field potentials
(LFPs) of the OB show spatial amplitude patterns that can be
used to classify the odorants presented and their contingency6.
These macroscopic patterns drift with time, abruptly changing
when the meaning of the odor (that is, whether the reinforcer is
positive or negative) is changed. This could be explained by con-
text-dependent population dynamics, influenced by feedback
from forebrain areas, of neuron assemblies underlying the
LFP7–11. Here, we addressed this more directly.

Recordings from single mitral cells in awake or behaving
mammals remain scarce12–15. Mitral cell activity (firing rate and
respiratory patterning) is variably and inconsistently related to
an odor and to the behavioral responses it evokes in these studies.
Possible behavioral influences on MC sensory activity might be
obscured by the complexity of experimental designs in these stud-
ies. Also, encoding of an odor by MC arrays in vivo may not be
detectable or decipherable from firing rates of individual cells16.
We addressed these issues by considering MC activity in behaving
rats trained to discriminate two odors associated with different
reinforcers. Our goal was to identify odor related or other fea-
tures of the animal’s environment and behavior that reliably influ-
enced MC activity.

RESULTS
Behavior and cell identification
Our protocol was based on odor-cued taste avoidance17 (see
Methods). Two odorants were used in each experiment, and each
rat sequentially performed up to three different odor-association
tasks in successive behavioral phases P1–P3 (Fig. 1a and b). In
P1, the animal learned to associate each of two odorants with a
reward of 10% sucrose. In P2, one of the two odors was paired
with a quinine solution (aversive) and the other was paired with
30% sucrose. The animals learned this change in contingency
(avoided drinking the solution associated with quinine on the
basis of the CS–odor) within five to ten CS–trials (Fig. 1a). We
assayed learning by the delay between odor onset (door open-
ing) and drinking onset. In P3, each of the two odors was revert-
ed to its P1 contingency (both odors paired with 10% sucrose).
Animals very rapidly (in < 10 trials) reverted to their P1 behav-
ioral patterns (chose either odor). These three behavioral phas-
es were preceded by control trials in which either nothing
happened (N, Fig. 1a) or the animal was given a 10% sucrose
solution without associated odor (S, Fig. 1a).

Mitral cell activity was recorded using a tungsten-electrode
array placed above the medial portion of the dorsal olfactory bulb
(see Methods). Recordings were made from both dorsal and ven-
tral mitral cell layers. In 23 sessions with 5 animals, we obtained 52
unambiguously discriminated individual cells (Fig. 1b) and 3
multiunit recordings. In 12 of these sessions, 2–5 cells were each
recorded from different electrodes, and in 10 sessions, multiple
(2–3) cells were recorded from a single electrode. The firing rates
of the cells ranged from 1 to 33 Hz, with the majority below 20
Hz (mean, 12.1 ± 8.2 Hz; mode, 9 Hz; median, 9.5 Hz) and one
unique cell at 54 Hz. Most of the cells were presumed mitral or
tufted cells, based on their firing rates12,14,15, depth of recording
sites18, electrophysiological characteristics of the surrounding areas
(see below and Fig. 2), homogeneity of spike waveforms (Fig. 1b)
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and post-mortem histological reconstruction of the electrode
tracks (Fig. 2). Because each animal was used over many record-
ing sessions, we could not lesion the recording site or kill the ani-
mal for histological confirmation after each session. We confirmed
cell identity in 3 separate animals using silicon-electrode arrays19

of 16 aligned recording pads (100 µm inter-pad interval; Fig. 2).
Each electrode collected LFP and unit activity along one axis. The
mitral cell layer and location was identified by physiological cri-
teria and later confirmed histologically (Fig. 2); electrophysio-
logical characteristics of the cell layers were similar to those
recorded with tungsten electrodes (detectable unit activity in the
mitral cell layer and internal plexiform layer, undetectable or low
unit activity in the external plexiform or granule cell layer).

Half of the neurons (26 of 52) were at least weakly or inter-
mittently modulated by respiration. Of these, seven were strong-
ly modulated by respiration, and four of these seven maintained
respiratory modulation during fast sniffing associated with odor
identification. Of the 19 neurons that were weakly or intermit-
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Fig. 1. Behavioral paradigm, mitral cell unit isolation
and experimental design. (a) Each recording session
contained up to 250 successive trials (x-axis) delivered
at 20–60-s intervals. The session was divided into sev-
eral phases (N, S, P1–3; see text). The y-axis repre-
sents time within each trial when drinking started.
Horizontal gray bars indicate timing of door opening
and closing. Markers signify the drinking onset time
for each trial. Markers at the top represent trials in
which the rat did not drink. N (|), no odors or behav-
ior. S (×), 10% sucrose only. P1–P3: IAA (+), isoamyl
acetate; CHR (�), cherry. P1: IAA and CHR, both in
10% sucrose. P2: CS+, IAA + 30% sucrose; CS–, CHR
+ QHCl. Note initial increase in drinking latency for
both odors, followed, after approximately 10 trials, by
90% selective avoidance of CHR + QHCl. P3: same as
P1. Note rapid return to behavior as in P1 (extinction
of CHR avoidance). The average onset times of licking
in S, P1, P2 (CS+ trials), and P3 are statistically indis-
tinguishable. Learning trials are noted by the dark
underbar in P2 and P3. (b, left) Sample data from two
microelectrodes. The simultaneously recorded top
and bottom traces show two and one well-defined
waveforms, respectively. Scale bars, 200 µV, 5 ms. 
(b, middle) Spike waveforms from 2 cells extracted
from data represented in left figure. (b, right) Cluster
segregation of spike waveforms in middle panel.
(c) Single 14-s trial showing a spike raster from a
mitral cell (unit), the theta band of the field potential
(3–15 Hz), the raw field potential from a microelec-
trode (1–250 Hz), the time derivative of the HET
‘lickometer’ signal (dHET) and the durations and
timing of the light signal and door opening. A period
of rapid sniffing beginning with the onset of the light
stimulus is marked with a heavy bar over the theta
signal. Most trials follow this pattern, providing
some consistency in behavior. Scale bar (to right of
raw field trace), 200 µV.

a

b

c

Fig. 2. Identification of recording sites in the OB using a 16-channel sili-
con probe. A 60-µm-thick section of the left medial dorsal OB (left),
with electrode track and location of recording sites. Topmost recording
site is at the dorsal surface, identified by lesions and serial sectioning.
Recording sites were 100 µm apart and 177 µm2 in surface area. High-
frequency signals (600–9000 Hz; right) recorded from the probe indi-
cated to left. The eighth recording site from the top shows prominent
mitral cell spikes. The seventh and ninth sites show higher background
activity (including small amplitude spikes) than the other sites. The flat
line at channel 6 represents a defective lead on this probe. Scale bars,
200 µV and 20 ms.
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tently modulated by respiration, only 2 maintained weak respi-
ratory locking during the sniffing period. In all other cells, we
confirmed interruption of respiratory patterning during rapid
sniffing14,15 (Fig. 3), which precluded analyzing coherence
between unit and respiratory cycling. This differed from the
strong synchronization of MCs with respiration seen in urethane-
anesthetized animals20.

Odor- and behavior-driven activity modulation
We examined MC activity during the 40–60 trials within each
behavioral phase, S and P1–3 (Fig. 1c). Each 14-second trial con-
sisted of several periods (wait, move to door, sniff, drink/not
drink, withdraw). All trials in one phase were aligned on the light
onset to build rasters of MC activity around the time of odor
identification (Fig. 4a). Nearly all individual cells (49 of 52) and
3 of 3 multiunit recordings showed significant modulation of fir-
ing rate over one or more specific periods of the 14-second odor-
less control trials (S, Fig. 4a; p < 0.05). The cell shown, for

example, showed significantly higher activity
immediately following the light signal and as the
door opened, and lower activity during drinking.
The range and reliability of this activity can be
compared to that recorded during random idle
14-second episodes (N; Fig. 4a).

We next considered effects of odors and
odor–reinforcer contingencies. Firing patterns
were both behavior- and cell-specific. Most cells
retained similar modulation patterns as long as
behavioral requirements and odor–reinforcer con-
tingency remained constant. When these changed,
the modulation pattern also changed (Fig. 4b,
same neuron as in Fig. 4a). Each panel (Fig. 4b)
represents the firing behavior of that neuron dur-
ing one of the three behavioral phases with odors
(P1–3, respectively). Each curve within each panel
represents the neuron’s firing pattern in one of the
two odor–reinforcer contingencies (Fig. 4b). Dif-
ferences in the histograms (P2) occurred when
behavioral responses to the odors were different
(drink versus no drink), as was the case for most
modulated cells (44 of 49). Animals drank during
very few CS– trials, and behavioral responses dif-
fered significantly between CS– lick and CS+
drink trials (delayed and short duration licks for
CS–). We were therefore unable to associate dif-
ferences in the CS+ and CS– histograms in P2
with motor differences.

We found that, first, the strongest predictor of
changes in firing pattern was not the odor itself, but
the reinforcer and behavior associated with that
odor. For example, the firing profiles of the neuron
in Fig. 4b in the presence of either odor were indis-
tinguishable in P1 (both odors paired with sucrose;
Fig. 4b), but significantly different when one odor
was associated with quinine (P2, Fig. 4b; p < 0.001
for 94% and p < 0.05 for 6% of modulated cells).
Second, if the contingencies were returned to the
initial conditions, firing patterns also reverted
(became indistinguishable again; P3, Fig. 4b),
showing that these modulation patterns were sta-
ble over the course of an experiment. Third, we
detected significant differences between firing pat-
terns (as seen in Fig. 4b) in 44 of the 49 modulated

cells and in 2 of 3 multiunit recordings only after the onset of
drinking (well after the olfactory-discrimination phase). In 10 of
the 49 modulated cells, this modulation was significant only for a
subset of the odor–behavior contingency pairs. For example, a cell
could show significant modulation in P1, but not in P2, or for both
odors in P1 but only one odor in P2 (six cells). Fourth, we found
that firing patterns and their behavior-related modulations were
cell-specific. Cells recorded simultaneously on different electrodes
(Fig. 5) showed different firing profiles. Conversely, cells record-
ed from the same electrode always had similar profiles. Fifth, only
5 of 52 individual cells and 1 multiunit recording showed odor-
selective firing rate differences during odor identification (after
door opening but before drinking). Figure 6 shows PSTHs for two
simultaneously recorded individual cells with significant differ-
ences in odor-selective firing rate during the sniffing period.
Whereas cell 1 showed this difference in phase P2 (p < 0.05), cell 2
showed it in P1 (p < 0.01). In both cells, odor-selective firing-rate
differences changed with odor contingencies.
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Fig. 3. Respiratory driving of single units. A 14-s trial showing a unit raster (top), smoothed
peristimulus time histogram (PSTH), theta band LFP (theta), HET signal (dHET), and light
and door markers. (bottom) Expanded 3.5-s segment centered on the fast-sniffing period
associated with odor identification. The theta band signal followed the rat’s respiratory
cycle; upward deflections indicate inhalation34,35. This unit showed moderate respiratory
driving during the prestimulus period of lower frequency (3–6 Hz) respiration. As the door
opened at 4.4 s (when the odor became available), the rat sniffed at a higher rate (10 Hz),
and respiratory patterning of the MC's activity was lost. The door was fully raised at 5.4 s,
and drinking began at approximately 5.7 s. At this point the respiratory frequency dropped
to ∼ 2.5 Hz and patterning resumed as the animal began drinking.
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DISCUSSION
Nearly all cells recorded in the OB during these naturalistic odor-
cued and learning tasks showed significant modulation of firing
rate that depended not only on the odor, but also on its contin-
gency or predictive value. Odor-selective differences in firing rate
were detected during the odor-identification period preceding a
behavioral decision (drink or avoid) in only 11% of the cells. How-
ever, we observed significant modulation of firing rate during the
odor-driven behavior in 94% of the cells. These context-selective
modulation patterns—whether during or after the odor identifi-
cation period—could be abruptly (within five to ten CS– trials)
modified by a change in the odor–reinforcer contingency, and re-
established by returning to the original contingency. This shows

that responses, measured as significant modulations of firing rate,
of OB neurons (first order olfactory neurons, located one synapse
away from the receptors) were strongly influenced by efferent ‘con-
textual’ input, consistent with macroscopic field-potential stud-
ies21,22. Electrode depth, electrophysiological characteristics of the
recording site, firing rate and histology all indicate that the major-
ity of cells were probably mitral or tufted cells.

Could the animal’s decision to drink or avoid be due to olfac-
tory detection of the reinforcer (sucrose or quinine), rather than
the intended odorant? Several results argue against this. First, the
ability of a rat to discriminate sucrose concentrations can be
masked by another odorant23. Second, the concentration of QHCl
that we used is one-tenth of the lowest concentration at which

articles

Fig. 5. Behavior-associated modulations in firing rate for three cells recorded simultaneously from three different electrodes. Histograms and mark-
ers generated as in Fig. 4 (n = 18). Each cell had its own characteristic modulation pattern, demonstrating that the modulation is not necessarily linked
to increases or decreases in sniffing rate. Background firing rates, 6–12 Hz. Shaded portions of curves as in Fig. 4a.

Fig. 4. Behavioral modulation of firing rate. 
(a) Control trials (phase S) showing behavior-
related modulation in firing rate. Spike rasters
(top) are given for one mitral cell on successive
trials. Smoothed histogram (middle panel; 500-ms
Gaussian convolved with the spike train, averaged
across trials; first and last 250 ms omitted because
of smoothing) constructed from rasters in top
panel. Gray shaded portion of curve indicates
periods in which the firing rate was significantly
different from that in the first second of the trial.
Plain and dashed horizontal lines indicate for com-
parison the mean ± s.d. of the firing rate in control
trials with no stimulus or behavior (rasters in bot-
tom panel). Line labeled ‘drink’ shows the mean ±
s.d. of the start and end of drinking for sucrose
control trials (n = 15). Light-on and door-open
durations are marked below the curve. 
(b) Contingency-specific firing patterns. Data
from cell in Fig. 4a showing behavior-related mod-
ulation of firing rate in response to odor stimula-
tion and learning. Smoothed histograms are
shown for two odor conditions (solid curve, odor
A, isoamyl acetate/IAA; stippled curve, odor B,
cherry) and three behavioral phases (P1–P3), as
indicated on figure. Drink markers and trial mark-
ers as in Fig. 4a (odor A, top; odor B, bottom). P1,
both odors in 10% sucrose solution (odor A, 
n = 20; odor B, n = 21). P2, odor A in 30% sucrose

(n = 23); odor B in QHCl solution (n = 22), with the rat licking on only 2 trials (represented in the overlapping start and end drink markers). P3, post-extinc-
tion trials with both odors in 10% sucrose solution (odor A, n = 20; odor B, n = 20). Shape of histograms in P1 was the same as that in Fig. 4a, and there
was no significant difference between the two odors. In P2, the histogram associated with IAA was unchanged from P1, whereas that associated with cherry
was significantly different, but only after the time corresponding to the onset of drinking for IAA. The animal did not drink in most trials after sniffing cherry
+ QHCl solution (lick; n = 2). In those trials in which the rat licked, the onset of licking was significantly delayed relative to that for IAA trials. Post-extinc-
tion trials in P3 show return of firing profiles to those seen in P1. Learning trials at the beginning of P2 and P3 were not included in the analyses.
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rats in a previous study17 could detect QHCl in plain dH2O and
below the level of detection in dH2O for most similar salts24.
Third, in randomized trials using the same odorant in either
sucrose or quinine solution, the animal performed at chance level
(17 of 29 trials correct; p > 0.3), indicating its inability to dis-
criminate between the two solutions on the basis of the odor of
the US. These behavioral results do not rule out the possibility
that an individual cell can respond to either sucrose or quinine.
However, the sucrose trials at the beginning of an experiment
produced a histogram similar to that from the odor trials in phase
P1 (Fig. 4). Similarly, during training in P2, the histogram for
trials during which the animal drank for an extended period in
response to CS– (2–7 trials) was of similar shape to that for CS+
trials from P1 or P2. This suggests that the slow temporal pat-
terns were a product of context and behavior, rather than the
odor of sucrose or quinine.

Our failure to detect odor-selective responses in nearly 90% of
the cells does not mean that they were not involved in odor
encoding. Rather, this result probably has at least two explana-
tions. First, although most of the odors used were complex mix-
tures or odors known to activate large portions of the OB25,26,
our stimulus set may have been too small to elicit any response
in the majority of recorded cells. Second, slow modulations of
firing rate may not be the best measure of a cell’s involvement in
odor representation or coding. If, for example, odors are repre-
sented by dynamical and relational aspects of firing within large
assemblies of neurons, short increases and decreases in firing rate
of an individual cell may easily pass undetected. Detection of
such events is made all the more difficult by the complex and
variable nature of odor sampling by behaving animals. Hence,
averaging of responses for multiple trials aligned on stimulus
onset may smear out fine features of the response. This analysis,
therefore, could only reliably detect slow features in MC respons-
es and their relation to odor-driven behavior. It is these results

that seem important to us, precisely because they reveal reliable
effects of ‘prior knowledge’ and behavior on MC activity.

Our results show that MC output was strongly and dynami-
cally influenced by recent experience with an odor. MC firing
rate was reliably modulated during specific phases of olfactory
behavior, especially at times other than that of actual odor dis-
crimination. This behavioral modulation was odor dependent
in an associative rather than in a primary sensory sense. It was
reliable under constant testing conditions with rigorously con-
trolled behavior. These results extend and possibly explain pre-
vious similar observations obtained with LFP recordings6. They
suggest, therefore, that MCs may be under strong control by effer-
ent ‘contextual’ output from olfactory cortex and associated
areas22. Neurons in orbitofrontal cortex and the amygdala fire in
a context-dependent fashion during an olfactory discrimination
task similar to that used here27,28. Strong bidirectional anatomi-
cal connections between the amygdala, olfactory cortex,
orbitofrontal cortex, hippocampus and olfactory bulb exist in all
mammals studied7–11 and may contribute to the effects observed
here. We found that behavioral modulation of MC firing was
cell-specific, but that MCs recorded with the same electrode
underwent similar influences, whereas MCs with different mod-
ulation profiles were always recorded from different electrodes.
This suggests that efferent influences may be somewhat local.

Our results extend the few previous studies of MC odor
responses in awake or behaving mammals12–15, which include
analyses of firing rate, phase of the respiratory cycle during which
a cell fires, respiration frequency12–15 and correlation of single
unit activity to contralateral multiunit activity12, both for pat-
terns and variability. Patterning of responses is most reliable dur-
ing slow breathing, in the odorless phases of those experiments,
or after the first part of the odor stimulus, when the animal’s
breathing rate slows12–15. In anesthetized rodents, the phase of
firing relative to the respiratory cycle during slow breathing
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Fig. 6. Odor-selective differences in firing rate during
odor identification. Histograms were smoothed as in Figs.
4 and 5. Results for two simultaneously recorded cells are
shown (cell 1, left column; cell 2, right column) for the two
behavioral phases completed in this experiment (P1, top
row; P2, bottom row, as described in Figs. 1a and 4).
Solid curves represent the histograms from odor A
(apple) trials, and stippled curves, histograms from odor B
(strawberry) trials, as described in Fig. 4 legend. Door
(top) and light (bottom) markers are shown below each
set of histograms. Drinking start and end times (± s.d.) are
also shown for each odor class in P1 (upper, odor A, 
n = 19; lower, odor B, n = 16 and for odor A (CS+) in P2
(animal did not drink during the CS– trials in P2; odor A or
B, n = 16). The time between the beginning of the door
opening to the beginning of drinking is considered the
odor-identification period. Horizontal lines above the
traces in each figure indicate the test period for odor dis-
crimination (1.0 s; *p < 0.05, **p < 0.01). Significant differ-
ences in firing rate were found between odors in the two
cell/behavioral phase combinations, indicated with aster-
isks. In the remaining two figures, no significant differences
were found. By this measure, cell 1 gained odor-selectivity
with learning in P2, whereas cell 2 lost odor selectivity
from P1 to P2. Baseline firing rates were unchanged
between P1 and P2. For all six cells showing odor selectivity, these differences remained significant over a range of window sizes during the odor-identifica-
tion period. Three of the individual cells and the multiunit recording showed significance (p < 0.01) during the original one-second window. The remaining
2 cells had values of p < 0.05 using a 1-s window, or p < 0.01 using a 0.8-s window for one cell and a 1.2-s window for the other cell. The differences for the
two odorants during the sniffing period were independent of differences in sniffing rate, as rates did not significantly differ across odorants.
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(0.7–4 Hz) is predictive of odor quality29. Respiratory pattern-
ing significantly decreases and variability of firing patterns and
responses increases when respiratory rate increases to 5–10
Hz12–15. Such fast sniffing corresponds to that associated with
odor identification in our study. The relatively stable relation-
ships between respiratory cycle and odor responses seen previ-
ously seem to occur during slow breathing associated with odor
habituation or anesthesia30,31, rather than during odor identifi-
cation. Thus, this measure may not be reliable in a directed
behavioral task involving rapid sniffing and odor identification.

Our study shows a picture of MC activity different from that
seen in studies exploring spatial odor mapping in the OB of anes-
thetized mammals1–5. Although different groups find partly con-
tradictory results2–5, odor responses are described as stable. We
found that, in the few neurons that showed odor selectivity, these
responses changed when the meaning of the odorant changed.
Thus, as in other systems, MC activity may represent different
functions in behaving, passively awake or anesthetized animals, as
seen in other systems32,33. These differences are probably driven by
the vast network of efferent and neuromodulatory inputs to the
OB, many of which could be altered with anesthesia or may
depend on behavioral state. They could also be caused by motor,
sensory (odor or taste) or emotional changes over the course of
the odor-guided behavior.

In conclusion, our study indicates that MC firing rates in
behaving rats can be consistent and reliable, provided that the
animal’s behavior is heavily constrained by externally imposed
markers (for example, light signals, door openings, odor onset
and offset). We find that signals carried by MCs from the OB to
the rest of the CNS may already, at this peripheral stage, be
strongly influenced by efferent, contextual inputs and likely con-
tain a significant amount of non-primary sensory information.

METHODS
Behavior. Five adult male Sprague-Dawley rats (3–6 months; Simonsen
Labs) were trained to a simple behavioral task with no odorant stimula-
tion before surgical implantation of electrodes. Over a three-to-five-day
period they were familiarized with the test chamber and the timing of
cues: at a random time, a light was turned on in the cage, indicating the
opening of a door one second later and access to a drinking port. The
rat could then drink sugar water (∼ 0.05 ml) for 4 s, after which the light
was turned off and the door closed one second later. Licking/drinking
was detected using a Hall effect transducer (HET) placed next to the
drinking tube, to which a small magnet was attached (Fig. 1c). A devia-
tion from the flat baseline derivative of the HET signal (dHET) was seen
only when the tube was deflected, as during licking. The relative timing
of stimuli presented to each animal was kept constant (light on, door
opening and closing, light off), while the length of control periods before
and after each trial varied. We recorded activity for 10–14 s of each trial,
centered on the light on/door closed period (Fig. 1c). The door took one
second to open or close. Some rats retreated from the drinking port when
the light was extinguished; others drank until the door closed.

Five to seven days after recovery from surgery, the animals were con-
ditioned to the task and recordings were made with or without odors.
Individual odorants were mixed into the sucrose or quinine solutions
and were kept in separate syringes. As reported earlier17, mixing the odor-
ants in the solutions facilitated learning. We used three artificial blends
(cherry, strawberry, apple from Aldrich and LorAnn Gourmet), one
monomolecular odor (isoamyl acetate from Sigma), and two essential
oils (vanilla, spearmint), none of which were aversive in solution to the
animals. Concentration of all odorants was 0.01–0.05% (volume/vol-
ume). Positive air pressure was maintained inside the recording cham-
ber so that an animal could smell the odor only when poking its nose
into the small chamber behind the guillotine door. Thus, we could define
the period in which the animal smelled and identified an odor as that
period after the beginning of the door opening and before the onset of

the CR (lick or no lick). In the cases when the correct response was no
licking (CS– trials), the identification was presumed to have been made
in the same length of time as in the CS+ trials. The respiratory rate was
indistinguishable between the two types of trials in the one second after
the door began to open.

Each recording session contained up to five phases (N, S, P1, P2, P3;
Fig. 1a). There were no delays between phases other than the standard
delay between trials (20–60 s). In phase N, 10–20 recordings were made
as the rat rested. Phase S consisted of 10–20 odorless trials with plain
10% sucrose solution. In P1, each of two odors (A and B) was paired
with the 10% sucrose solution (random order, balanced) in 40–60 tri-
als. In P2, odor A (CS+) was paired with 30% sucrose and odor B (CS–)
with quinine (0.0167%, weight/volume, or 5 × 10–4 M in distilled water;
random order, balanced) in 50–70 trials. The rats learned within five to
ten CS– trials to drink if they smelled A and to avoid or delay drinking if
they smelled B. For two animals, CS+ was odor A in 10% sucrose and
CS– was odor B in 10% sucrose plus quinine, which slowed learning. In
most cases, odor discrimination was performed within 1.0–1.5 s after
the opening of the door, evidenced by a fast drinking onset (Fig. 1a).
Interestingly, a rat would occasionally taste the liquid associated with
odor B (that predicting quinine; +, P2, Fig. 1a). In P3, the stimuli were
returned to the P1 conditions, and the discriminative behavior was extin-
guished within a few trials (rat again drank for both odorant solutions
with the same latency and duration).

In one experiment, we tested the ability of the rat to smell the differ-
ence between the CS+ and CS– solutions when they contained the same
odorant. This was done after the P3 extinction trials (P4). Response time
and its variance greatly increased and the animal performed at a level
indistinguishable from chance (p > 0.3), although ‘no drink’ responses
accompanied more CS– than CS+ trials (17 of 29 correct). Correct tri-
als were assessed as for normal behavioral trials (P1–P3). Response times
within two standard deviations of the mean response time for CS+ in P2
were ‘drink’ trials. Those with late or no response were ‘no drink’ trials.
In P4, CS+ ‘drink’ trials were correct (7 of 15), and CS– ‘no drink’ trials
were correct (10 of 14).

Electrophysiology. Each animal was implanted with 2–6 moveable micro-
drive probes in a circular array 1.5 mm in diameter (etched tungsten with
1-µm exposed tips, 2–5 MΩ impedance at 1 kHz) in one OB, and two
50-µm stainless steel wires at two different depths to record macroscop-
ic field potentials at the surface and in the center of the same OB poste-
rior to the microelectrodes. Each day the electrodes were moved
individually in increments of 40 µm until cells could be located (Fig. 1b).
The signals were then observed for 15–20 minutes to determine stability
before recording. At the end of each session, the electrodes were backed
out 40–160 µm to minimize damage to the mitral cell layer.

Neural data were recorded differentially using either of two reference
leads, a skull screw or one of the non-optimally placed fine tungsten
probes. Spike waveforms (2.75 ms) were extracted from signals sampled
at 20 kHz (filters set at 0.6–9 kHz). Field potential signals from both the
1 and 50 µm probes were sampled at 0.5–1 kHz (filtered at 1–250 or
1–325 Hz). Data were recorded and behavioral signals controlled using
Datawave Experimenter’s Workbench 32, with Neuralynx Lynx-8 ampli-
fiers and MedAssociates operant behavior modules. The recording cable
contained a 17-channel JFET headstage with unity gain (NB Labs, Deni-
son, Texas). Recordings for Fig. 2 were made using a silicon probe from
the University of Michigan Center for Neural Communication Technol-
ogy (16 channels with 100 µm recording pad separation19). The animal
was anesthetized for this recording with a ketamine cocktail (keta-
mine/xylazine/acepromazine), which slightly increased activity in the
olfactory bulb.

One to five cells were recorded during each session (two to three hours)
on one to four electrodes. Most probes maintained a good signal-to-noise
ratio (S/N > 3, up to 15) for several weeks. Recordings from most elec-
trodes were isolated single units. When multiple single units appeared
likely, their spike waveforms were separated using peak and trough ampli-
tude and time, spike width, and other parameters. Interspike interval
histograms were made to establish the presence of a refractory period of
one to ten ms. When cells could no longer be isolated from the dorsal or
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ventral mitral cell layer, the animal was perfused intracardially with
buffered 10% formalin solution. The OBs were sectioned at 50 µm and
stained with neutral red. Careful records were kept of electrode depths
and movements, and the recording sites were estimated along with his-
tological verification of electrode tracks. In two animals, electrolytic
lesions were made in the final recording sessions. All cells were record-
ed either from the mitral cell layer (dorsal and ventral) or from the inter-
nal and external plexiform layers, close to the mitral cell layer.

All procedures involving animals conformed to protocols approved
by the California Institute of Technology Animal Care and Use Com-
mittee with veterinary supervision by the Office of Laboratory Animal
Research.

Analytical methods. All 10–14-s trials obtained with one odor, within
one behavioral phase and with the same contingency were pooled to
build rasters from each recorded MC (Fig. 4). All such trials were aligned
at the onset of the light signal and used to build a smoothed peristimu-
lus time histogram (PSTH) indicative of activity of each MC around and
during olfactory behavior (Fig. 4a). Spike activity during seconds 2–14 of
the trial was compared to that during the first second of the trial (when
the animal was unaware of the impending trial).

Because olfactory behavior is nonstationary, we used relatively large
bins to average the spike rate across trials in a behaviorally relevant fash-
ion. Analysis of firing rate was performed on nonoverlapping 1-s win-
dows across the set of trials for each phase of the experiment (P1–P3)
and each odor-contingency class within each behavioral phase (odors A
and B). The starting time of the binning was chosen so that the begin-
ning of one bin corresponded with the beginning of the door opening.
Firing rates were deemed to be significantly modulated at p < 0.05 in a
one-way ANOVA across the 9–13 adjacent windows for each cell. Indi-
vidual windows were then compared to the first one second of the trial
(before the animals were aware that a trial had started) in a post-hoc test
for significant deviation from this background firing rate (p < 0.05; Fish-
er’s PLSD). Odor selectivity was determined by analysis solely of the bin
preceding the onset of drinking (in the 1–1.5 s between door opening
and onset of licking). A two-tailed t-test was performed for each cell on
that bin across the two odor classes for each behavioral phase. We esti-
mated sniffing rates (4–12 Hz) from the OB theta band LFP34,35.
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