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Olfactory Bulb Gamma Oscillations Are Enhanced with
Task Demands

Jennifer Beshel,' Nancy Kopell,? and Leslie M. Kay!
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Statistics and Center for BioDynamics, Boston University, Boston, Massachusetts 02215

Fast oscillations in neural assemblies have been proposed as a mechanism to facilitate stimulus representation in a variety of sensory
systems across animal species. In the olfactory system, intervention studies suggest that oscillations in the gamma frequency range play
arolein fine odor discrimination. However, there is still no direct evidence that such oscillations are intrinsically altered in intact systems
to aid in stimulus disambiguation. Here we show that gamma oscillatory power in the rat olfactory bulb during a two-alternative choice
task is modulated in the intact system according to task demands with dramatic increases in gamma power during discrimination of
molecularly similar odorants in contrast to dissimilar odorants. This elevation in power evolves over the course of criterion performance,
is specific to the gamma frequency band (65- 85 Hz), and is independent of changes in the theta or beta frequency band range. Further-
more, these high amplitude gamma oscillations are restricted to the olfactory bulb, such that concurrent piriform cortex recordings show
no evidence of enhanced gamma power during these high-amplitude events. Our results display no modulation in the power of beta
oscillations (15-28 Hz) shown previously to increase with odor learning in a Go/No-go task, and we suggest that the oscillatory profile of
the olfactory system may be influenced by both odor discrimination demands and task type. The results reported here indicate that
enhancement of local gamma power may reflect a switch in the dynamics of the system to a strategy that optimizes stimulus resolution
when input signals are ambiguous.
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Introduction

The chemotopic organization of vertebrate and insect olfactory
systems (Mori et al., 1992; Johnson et al., 2004) suggests that
disambiguating odors occupying overlapping glomerular re-
gions, or molecularly similar odors, offers a different perceptual
challenge than odors represented by unique cell populations, or
molecularly dissimilar odors (Linster et al., 2001; Cleland and
Linster, 2002). The coordinated activity of cell populations, re-
flected by regular oscillations of local field potentials (LFPs), has
been proposed as a mechanism to optimize stimulus representa-
tion, particularly in the case of noisy input signals (Konig et al.,
1995; Stopfer et al., 1997; Friedrich and Laurent, 2001; Friedrich
et al., 2004). Power and periodicity of olfactory bulb (OB) LFP os-
cillations varies with the degree that mitral cells couple to the popu-
lation rhythm (Gray and Skinner, 1988; Eeckman and Freeman,
1990). These precise firing patterns may aid stimulus resolution by
increasing the probability of coincident firing to downstream tar-
gets, which are sensitive to synchronous or closely spaced inputs
(Bower and Haberly, 1986; Perez-Orive et al., 2002, 2004).
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High-frequency oscillations have been correlated previously
with odor discrimination demand in two phylogenetically differ-
ent olfactory systems: the antennal lobe of pharmacologically
manipulated honeybees and the OB of mutant mice. Stopfer et al.
(1997) showed that the same manipulation that disrupts oscilla-
tions (~20 Hz) in the honeybee olfactory system results in ab-
normally high behavioral generalization to a single odorant mo-
lecularly similar to a single reinforced odorant. This is indirect
support for the role of oscillations in fine discrimination, because
concurrent behavioral and electrophysiological recordings were
not done; it is not known whether intact honeybees produce these
oscillations in a behavioral context. Nusser et al. (2001) showed
that 83 knock-out mice have enhanced gamma oscillations (65—
115 Hz) and generalize less to odorants closely related to a single
reinforced odorant than their wild-type littermates. However,
this deletion of a class of GABA , receptors was not isolated to the
OB, and the mice displayed gross phenotypic abnormalities (Ho-
manics et al., 1997). It is thus unclear whether discrimination
enhancement resulted from nonspecific behavioral differences
between knock-out and wild-type mice or increases in gamma
power. Again, concurrent neural and behavioral recordings were
not performed. Because evidence of a functional role for these
oscillations in odor discrimination comes from severely dis-
rupted systems, the question of whether they are relevant to re-
solving odors during normal functioning remains unanswered.
Additionally, because previous support is indirect, little is known
about how these oscillations might develop during the process of
odor discrimination learning or performance.
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To address this, we coupled operant behavior with neural re-
cording in the olfactory system of unmanipulated rats to deter-
mine whether they dynamically change the level of population
synchrony to adjust to task demands. Because changes in these
oscillations selectively affect discrimination of molecularly simi-
lar odor pairs, we hypothesized that gamma power would be
upregulated selectively for fine discrimination compared with
coarse discrimination. To test this, we used a two-alternative
choice odor discrimination paradigm and manipulated task de-
mand with multiple “coarse” and “fine” odor pairings.

Materials and Methods

Four adult male Sprague Dawley rats were implanted with electrodes in
the olfactory bulb and piriform cortex using stereotaxic coordinates as a
guide and stimulation of the lateral olfactory tract for precise positioning,
as reported previously (Kay and Freeman, 1998; Kay, 2005). After recov-
ery, rats were maintained at 85% of their ad libitum weight with restricted
food intake and unlimited water. All surgical and behavioral procedures
were done with approval and oversight by the University of Chicago
Institutional Animal Care and Use Committee, according to Association
for Assessment and Accreditation of Laboratory Animal Care guidelines.

Behavior. The rats were trained to initiate each trial by pressing a lever
located at the rear of the chamber, which illuminated the chamber house
light. Rats then poked their noses into the odor port located at the front
of the chamber. Triggered by the infrared beam in the nose-poke operan-
dum, either odor was pseudorandomly delivered for 1.5 s. Odors were
generated in removable glass test tubes by bubbling air (100 ml/min)
through a column of pure liquid odorant and injecting the odorized air
into a carrier air stream (400 ml/min) via a computer-controlled olfac-
tometer achieving ~20% saturated vapor. After odor delivery, levers on
either side of the odor port extended. A lever press to the correct side
delivered a single sucrose pellet reward (85% reinforcement schedule; 40
mg pellet; BioServe, Frenchtown, NJ). Incorrect responses (lever press to
the wrong side) resulted in immediate extinguishing of the house light
and an extra 4 s delay until the next trial could be initiated. Each session
was terminated after 200 trials. Because there was trial-to-trial timing
variability in when the rat chose to initiate a new trial by pressing the rear
lever, session durations ranged in length from 1.5 to 2.5 h. Task events
were controlled by subroutines within Graphic State 4.0 (Coulbourn
Instruments, Allentown, PA). Rats learned the task to a high degree of
reliability (90-95%) before electrode implantation. After implantation,
recordings were obtained using the training odor set (amyl acetate and
ethyl 2-methylbutyrate) until performance reached presurgery levels. Ex-
perimental odor pairs were then introduced, and criterion performance
for each odor set was set at 2 consecutive days of =70% correct choice.
For purposes of comparison across and within odorant functional
groups, each rat was presented with four different odor pairs in balanced
order across subjects. The functional groups included were as follows:
ketones [coarse pair, butanone/nonanone (Aldrich, Milwaukee, WI);
fine pair, heptanone/octanone (Aldrich)] and alcohols [coarse pair, pro-
panol/octanol (Fisher Scientific, Fair Lawn, NJ); fine pair, hexanol/hep-
tanol (ICN Biomedicals, Aurora, OH)].

Electrophysiology. Local field potentials in the olfactory bulb and piri-
form cortex were recorded differentially using stainless steel Formvar-
coated electrodes (100 wm) with reference to a skull screw. Neural data
along with behavioral event markers were recorded with a Neuralynx
(Tucson, AZ) Cheetah system. Signals were sampled at 2016 Hz and
amplified (2000X), and analog filters were set at 1-475 Hz. A unity gain
preamplifier head stage (NB Labs, Denison, TX) was used for signal
conditioning. Signals were digitally filtered and analyzed off-line with
IGOR Filter Design Laboratory 4.01 and IGOR Pro 5.0 (WaveMetrics,
Lake Oswego, OR). Statistics were performed using SPSS 10.0 (SPSS,
Chicago, IL).

Data analysis. The odor delivery period was extracted from filtered
data (gamma, 35-115 Hz; beta, 15-28 Hz; theta, 4—-10 Hz) and aligned by
the peak of the sensory evoked potential (EP) in the raw data by using
synchronized behavioral markers (nose poke) coupled with an iterative
process from the session averaged EP to identify the EP in individual
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trials. Extracted data were normalized by the SD of the presession LFP
signal (~10 s, filtered 10—150 Hz to limit signal variance attributable to
movement artifact) before estimating the spectra to allow comparisons
across sessions and rats. Autospectra were estimated by first applying a
512 point Hamming taper to each data window and then taking the fast
Fourier transform and computing the spectrum. Seven half-overlapping
512 point windows per 1100 ms time segment were used to obtain the
averaged power spectrum for the odor delivery period. Averaged gamma
power for odor responses (see Fig. 4 A, B) was obtained by integrating the
band between 65 and 85 Hz. We used this band to avoid spurious in-
creases attributable to line noise in some sessions. Averaged beta and
theta power for odor responses was obtained by integrating the band
between 15-28 and 4—10 Hz, respectively. Averaged number of sniffs per
odor delivery period was obtained by counting automatically detected
theta peaks with amplitude greater than the SD of the presession LFP
filtered between 4 and 10 Hz. For the pre-odor period, estimates were
obtained as above using the 1100 ms time segment before the sensory EP.
Dynamic power spectra centered on odor delivery (see Fig. 3A-D) were
estimated for each 1024 point window stepped by 250 ms. For blockwise
analysis (see Figs. 5, 6), the spectra were collected for the odor delivery
period across 20 consecutive trials, integrated (65—85 Hz), and averaged.
Statistical comparisons were made by two- and three-factor within-
subjects repeated-measures ANOVAs for session data. Factors included
the following: demand (coarse, fine); functional group (ketone, alcohol);
performance (naive, criterion); and chain length (four levels correspond-
ing to each odorant carbon chain length). One-way ANOVAs were used
to assess blockwise differences between the pre-odor and odor period for
each animal. The significance level was set at p < 0.05.

Results

All rats learned to discriminate the odor pairs and reached crite-
rion performance in one to six sessions (one session per day).
Discrimination of molecularly dissimilar odor pairs was accom-
plished relatively quickly (Fig. 1C) (sessions to criterion = SEM;
ketones, 1 = 0.41; alcohols, 1.5 = 0.65). In contrast, fine discrimi-
nation took somewhat longer to achieve (Fig. 1C) [ketones, 3.75 =
1.38 sessions; alcohols, 1.75 = 0.85 sessions; femang(1,3) = 27.0,p =
0.014; femand x functional group(1,3) = 1.271, NS]. Once animals
reached criterion, there was no difference in performance between
demand conditions over the course of a session [fjemana(1,3) = 0.58,
NS; coarse, 83%j; fine, 82%]. This was true of both functional groups
[fdemand x functional group(1,3) = 0.528, NS; ketones: coarse, 82%;
fine, 78%; alcohols: coarse, 83%; fine, 85%].

Gamma power increases during fine odor discrimination

To test the hypothesis that fine odor discrimination is accompa-
nied by higher population synchrony in the gamma frequency
band, we first test the power of the olfactory bulb gamma band
during fine versus coarse odor discrimination. We find that
gamma power increases with task demands and is readily observ-
able in the raw olfactory bulb LFP signal during the odor delivery
period (Fig. 2A, B). These bursts of oscillations last between 0.5
and 1 s and directly follow a sensory evoked potential. Spectral
analysis reveals that the dramatic increase occupies a narrow
band of frequencies (60—85 Hz) within the reported range for
classical odor-associated gamma oscillations in the rat (Bressler
and Freeman, 1980; Kay, 2003) (Fig. 2C). To be conservative, we
limited our analysis to frequencies between 65 and 85 Hz to pre-
vent the possible contribution of 60 Hz line noise to the observed
differences. Comparisons between criterion sessions (>70% cor-
rect) of either fine or coarse odor discrimination show that
gamma power is significantly greater during discrimination of
molecularly similar than molecularly dissimilar odorants [fine >
€0arse, fyemana(1,3) = 11.621; p = 0.042]. The magnitude of this
difference in power varies as a function of time and is discussed in
greater depth below.
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Figure 1.  Rats were trained on a two-alternative choice odor discrimination task in which a

correct response to either odor was rewarded (see Materials and Methods). 4, B, For coarse
discrimination, the odors differed by at least four carbons in chain length (4), and, for fine
discrimination, the odors differed by only one carbon (B). €, Criterion performance (2 consecu-
tive days of =70% correct choice) generally took longer to attain for fine discrimination (blue
symbols) compared with coarse discrimination (red symbols) with the ketone odor pairs. Ses-
sions to criterion for fine and coarse alcohol pairs were commensurate. Each symbol denotes one
rat. CK, Coarse ketones; FK, fine ketones; CA, coarse alcohols; FA, fine alcohols.

These oscillations were present regardless of the functional
groups of the odorants used in the pairings as evidenced by the
dynamic power spectra (Fig. 3). Both ketone and alcohol func-
tional groups showed an increase in gamma power in fine relative
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Figure2.  Fine odor discrimination elicits higher power gamma oscillatory activity in the LFP
of the rat OB relative to gamma power during coarse odor discrimination. 4, B, Example of raw
and filtered (y, 35—115 Hz) LFP traces from the rat OB and piriform cortex (PC) during one trial from a
criterion session involving coarse (4) and fine (B) discrimination of ketones. €, Power spectra (average
of 20 trial block at 85% correct choice; shaded regions indicate == 1 SEM) for the odor delivery period
during coarse (red) and fine (blue) odor discrimination (example from one rat, rf56) reveal a
dramatic elevation of gamma power in the 0B during fine odor discrimination with reliable
increases between 65 and 85 Hz. Gamma power is given in mean == 1 SEM in square millivolts.

to coarse discrimination (Fig. 3 B, D) [fine > coarse, fd ( ,3) =
11. 62]‘ p =0. 042 fdemand X functional group(l 3) =5. 834 NS] The
increase in gamma power was restricted to the odor sampling

window, with the prestimulus period showing no difference in
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Figure 3. Dynamic power spectra show that elevation of gamma power during odor sam-
plingis unique to fine odor discrimination for both odorant functional groups (0 time s the peak
of the sensory evoked potential at the onset of odor sampling). A-D, Averages across 200 trials
forfour separate sessions from the same rat (rf73) at criterion performance for discrimination of
ketones paired for coarse (4) and fine (B) discrimination and alcohols paired for coarse (€) and
fine (D). Odor onset is indicated by the vertical white line at 0's. Color scale indicates dimension-
less power and is consistent for the four plots. Increases in gamma power are restricted to the
odor sampling window (large warm coloration after the vertical white line for fine odor discrim-
ination). Although the example is suggestive, group statistics show no elevation in gamma
power during the prestimulus period as a function of task demands.

power between task demand conditions across animals
[fiemana(1,3) = 0.425, NS]. However, during odor sampling,
gamma power for ketones, in circumstances of both fine and
coarse discrimination, was greater than for alcohols at levels ap-
proaching significance [fctional group(1:3) = 9.55, NS, p = 0.054;
ketones, 0.23 * 0.026; alcohols, 0.141 * 0.014; mean = SEM].
Such a difference may be attributable to a meaningful variation in
the degree of gamma band oscillatory activity within coordinated
assemblies necessary for ketone resolution, perhaps as a result of
greater input overlap within ketones. Alternatively, electrodes
may have been situated preferentially to detect changes in oscil-
lations related to ketones, or the higher partial pressure of ke-
tones in vapor form may simply produce a more intense stimulus
and result in stronger oscillations. Because the level of gamma
power during coarse discrimination was also lower for alcohols,
this suggests that the observed baseline gamma-band difference
between functional groups may not be related to their discrim-
inability in this task.

We also considered the possibility that the increase in gamma
power observed during criterion performance of fine discrimination
was attributable to some inherent property of one or both of the
odors used in the fine pairing or sensitization after repeated sam-
plings of the same odors and not necessarily the context imposed by
task demands. If the observed power were directly related to the
odorant or a process of sensitization, we would expect differences in
gamma power to be simply a function of odor sampling, indepen-
dent of performance. However, in naive (first) sessions in which the
animals had no previous experience with an odor set, gamma power
remained low across all odor pairs; only with criterion performance
did an increase in gamma power related to task demands emerge
[fdemand(1,3) = 2.628, NS; criterion > naive, fiemand x performance( 1,3) =
46.969, p = 0.0065 fiemand  functional roup  performancel 1:3) = 0.807,NS].
To determine whether the effects observed were driven by the
individual odors (e.g., butanone or nonanone) that comprised
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each set (e.g., coarse ketones), we compared the level of gamma
power for each odor during naive and criterion performance.
Like the odor set data, an interaction between the carbon chain
length of individual odors and the discrimination demand im-
posed by their coarse or fine pairing is present only when perfor-
mance is considered [fohain tengen(3:9) = 1.799, NS; fierformance x
chain length(3,9) = 19.073, p = 0.0001]. Pairwise comparisons re-
veal that gamma power did vary with chain length during naive
sessions but with no consistent pattern (Fig. 4A, B, open circles).
In the naive ketone sessions (Fig. 4A, open circles), butanone
showed slightly higher power than nonanone, and the two odors
used for fine discrimination (heptanone and octanone) did not
show elevated gamma power. For alcohols, there was also a signifi-
cant variation with carbon chain length, but no one odor drove the
effect (Fig. 4 B, open circles). The patterns are much more dramatic
and systematic in criterion sessions (Fig. 4 A, B, filled squares). Both
odors paired for fine discrimination (heptanone and octanone in the
ketone group and hexanol and heptanol in the alcohol group) had
significantly higher gamma power than the odors within the same
group paired for coarse discrimination [butanone or nonanone and
propanol or octanol, respectively; ketones, fopain tengin(3,9) = 1.408,
NS’ fperformance X chain length(3’9) = 7855’ p = 0007’ alCOhOlS’
Jenain length(3>9) = 1.757, Ns;fperformance X chain length(3’9) = 4.687,
p = 0.031]. Highly regular gamma bursts were clearly visible in
the LEPs for both odors in fine odor discrimination criterion
sessions and were absent in coarse odor discrimination sessions
(Fig. 4C,D).

Gamma power increase is unrelated to the olfactory bulb
theta oscillation

The theta frequency oscillation in the olfactory bulb LFP (4-10
Hz during odor sniffing) is closely related to the afferent drive
from inhalation (Klingberg and Pickenhain, 1965; Macrides and
Chorover, 1972; Kay, 2005). We considered whether the increase
in gamma power in criterion sessions was related to differences in
apparent sniffing frequency or strength of the theta oscillation.
We examined theta frequency activity in the olfactory bulb dur-
ing criterion performance with several measures. Because the
theta band signal represents respiratory drive, the signal can be
relatively asymmetric, with longer breaks (~200 ms) between
relatively brief inhalation cycles (~120 ms). We therefore esti-
mated the number of sniffs by counting theta oscillation peaks
within the same time window used for the gamma power (1.1 s).
The number of theta peaks for each discrimination condition was
very similar [fine, 5.68 peaks; coarse, 5.40 peaks; ficmana(1,3) =
8.136, NS]. The overall power in the theta band also did not differ
between the two conditions [femana(1,3) = 0.316, NS]. Because
an increase in theta power can represent either an increase in the
number of peaks (smaller intersniff intervals) or in the amplitude
of individual oscillations, we normalized the theta power by
the number of peaks within the 1.1 s. period, and again there
was no difference between fine and coarse discrimination
(fremana(1,3) = 4.353, NS].

Gamma power increase is restricted to the olfactory bulb

Outside of fast sniffing periods, large-amplitude gamma oscilla-
tions in the olfactory bulb are normally accompanied by lower-
amplitude gamma oscillations in the piriform cortex, apparently
driven by olfactory bulb input (Kay, 2003; Martin et al., 2006).
We therefore tested whether the large gamma oscillations seen in
fine odor discrimination are restricted to the olfactory bulb or are
also seen in the piriform cortex. During fine odor discrimination,
when olfactory bulb gamma power is significantly elevated, there
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is no increase in piriform cortex gamma power compared with
coarse discrimination (Fig. 2 B) [fjemana(1,3) = 0.016, NS].

Gamma power evolves with accurate performance
Experience-related changes in the dynamics of olfactory system
LFPs have been reported for associative and nonassociative learn-
ing in vertebrates and invertebrates, respectively (Stopfer and
Laurent, 1999; Martin et al.,, 2004). We thus characterized
changes in the odor-evoked gamma oscillations related to both
performance and task demand at a finer temporal scale than the
session-wise data. In particular, we examined gamma-band
power in prestimulus and odor sampling periods across nonover-
lapping 20-trial blocks from the naive state through two criterion
performance sessions (Fig. 5). Discrimination of molecularly dis-
similar odor pairs was maintained with little difference in gamma
power between prestimulus and odor sampling periods across the
sessions (Fig. 5A). In contrast, in fine discrimination, the first
sessions showed a gamma profile similar to that seen during
coarse discrimination, and performance remained poor (Fig. 5B,
session 1). In criterion sessions (Fig. 5B, sessions 2 and 3), there
was an initial, short-lived period of low-level gamma activity (Fig.
5B, downward arrow) (20—40 trials; ~10-20 min), followed by a
continuous increase in power while performance remained con-
stant and accurate. Within these first trial blocks, examination of
individual trials shows that there was little elevation of gamma
power relative to the pre-odor period, but there is no suppression
of gamma as was often evident in the coarse discrimination case.
There are also blocks in which gamma power is high but perfor-
mance is below criterion. This was most common during sessions
in which a rat took many more sessions to consistently reach
criterion levels but also occurred intermittently during criterion
sessions (Fig. 5B, upward arrow) (65% correct). Gamma power
during the prestimulus period shows no observable modulation
as a function of trial block and no difference between task de-
mand conditions. In the piriform cortex, there was no associated
evolution of gamma power during odor sampling, and, in many
cases, there was a decrease in gamma power during odor sniffing
relative to the pre-odor period (Fig. 5).

Power increase during criterion performance is restricted to
the gamma frequency band

Recent studies have shown a selective increase in beta oscillations
(15-28 Hz) and a decrease in gamma oscillations, accompanying
odor learning in a Go/No-Go odor discrimination task (Martin et
al., 2004). We therefore also examined the power in the beta
frequency band in both the olfactory bulb and piriform cortex
during the course of learning, and we found that beta oscillations
were not enhanced in fine versus coarse odor discrimination as-
sociated with reaching criterion performance (Fig. 6). In the ol-

<«

Figure4.  Innaive sessions, the magnitude of gamma oscillatory power does not differ with
respect to chemical structure. Increases in gamma power are only observable in criterion ses-
sions and thus depend on accurate performance. Only odors paired for fine discrimination dis-
play increases in gamma power from naive (open circles) to criterion (filled squares) sessions. 4,
B, This is true of both ketones (A) and alcohols (B). Although power differs among individual
odors in naive sessions, pairwise comparisons show that power does not vary systematically. In
criterion sessions, individual odors differ in power in a manner consistent with task demands.
Error bars denote == 1SEM. *p << 0.0001, significant increase from naive to criterion session. C,
D, Example raw LFP traces from the odor sampling period from criterion sessions for ketones (C)
and alcohols (D). Traces are arrayed in chain length order for each set, with the top and bottom
traces forming the coarse odor pair and the two middle traces forming the fine odor pair.
High-amplitude, reqular gamma bursts are shaded. Calibration: 100 ms, 0.5 mV.
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Figure5.  Gamma power during odor sampling evolves dramatically during fine discrimina-
tion criterion performance and resets at the beginning of each session. Percentage of correct
trials (color bars at top) and averaged gamma band power (vertical axis) were collected across
20trial blocks for the odor sampling period (thick solid and dashed lines) and prestimulus period
(thin solid and dashed lines) for ketone discrimination acquisition (rat rf16 shown). Criterion
performance was set at 70% correct. A, For coarse discrimination (butanone/nonanone), crite-
rion performance was attained within the first session and maintained through the second
session with little increase in gamma power during odor sampling relative to the prestimulus
period. B, For fine discrimination (heptanone/octanone), performance was poor for the first
session with levels of gamma power similar to those observed during coarse discrimination. In
the subsequent two sessions, the rat performed well and gamma power evolved from relatively
low power to dramatically high power across trial blocks. The two lines located underneath each
graphindicate significant differences between odor and pre-odor periods for the olfactory bulb
(top) and piriform cortex (PC) (bottom); +, odor > pre-odor; —, odor << pre-odor; p < 0.05;
blank spaces are NS. Downward arrow signifies first trial block in which performance is high but
gamma power is not elevated over pre-odor levels; upward arrow indicates a trial block with
elevated gamma power but performance below criterion.

factory bulb, there was no difference in beta power between fine and
coarse discrimination when data from criterion sessions were analyzed
[fiemana(1,3) = 0.051, NS]. However, there was marginally enhanced,
although not significant, beta power in the first session for fine odor
discrimination sets relative to beta power during criterion performance,
regardless of how many sessions were required to reach criterion perfor-
mance [naive > Criterion, fiemand x performance( 1,3) = 9:212, NS, p =
0.0565 femand x functional group X performancel 1,3) = 0.637, NS]. Beta power
in the piriform cortex followed the same pattern as that seen in the
olfactory bulb, with the first session of fine odor discrimination showing
enhanced, although not significant, beta power compared with criterion
perforrnance [fdemand X peIf()rmance(133) =7.335 > NS’ P =0.073 ;félemand X
functional group X performance(l,3) = (0.806, NS] . Although beta power was

J. Neurosci., August 1,2007 - 27(31):8358 — 8365 « 8363

>

e
— - - p100 @
80 9
. 4] coarse poo S
2 % 8
©
@] lo 3
Q24 ®
® 21
et
@ SHSIRTLEE  AGRE S
m 0 2l - '-lﬂd‘hﬂ. Dl A

AT T P

OB significant difference
h e PC  odor vs preodor

session 2

+ FE+ A E

session 1

e - - .. o — - -

1 e (OB odor
4 fine = OB preodor
o . ) ++++ PC odor
= EE ---- PC preodor
o P g
o 24 : %
& /_/\/ .
i S 2t .
© _"‘,..“‘ - SOt e L.
m Q4 =T Mttt sty

L +HFF A B

TR R +h A E St

session 2  session 3

T TR

session 1

Figure 6.  Beta oscillatory power (15-28 Hz) during odor sampling is unrelated to the onset
of criterion performance in either fine or coarse odor discrimination (same rat as in Fig. 5).
Blockwise performance levels and p values are indicated as in Figure 5. 4, Coarse discrimination
(propanol/octanol) shows significant elevation in beta power in the olfactory bulb and piriform
cortex relative to pre-odor periods but no significant variation across sessions. B, Fine odor
discrimination (hexanol/heptanol) shows a significant elevation in beta power in the first ses-
sion, which decreases in the olfactory bulb by the end of the session and remains low thereafter.
Piriform cortex beta power stays slightly elevated during the second session, but this pattern is
not repeated for ketones or in other rats. Although beta power in the first session of fine
discrimination is high for this set of recordings, overall there is only a trend toward an increase
in the first session.

slightly greater in both structures during odor sniffing relative to the
pre-odor period, there was no selective increase in beta power accom-
panying criterion performance in either the olfactory bulb or piriform
cortex, as there was for gamma (Figs. 5, 6).

Discussion

Previous studies left open the question of whether fast oscillatory
activity represents a functional strategy of olfactory systems
across phyla in intact systems during real behavioral circum-
stances (Stopfer et al., 1997; Nusser et al., 2001). Both of those
studies relied on severe disruptions of olfactory system circuitry,
and neither study recorded neural activity in animals while they
performed odor discriminations. Additionally, as in much of the
olfactory psychophysics literature, these studies relied on appet-
itive reinforcement to a single odorant and tested behavioral gen-
eralization to related and unrelated odorants. Recent studies
point out that odor discrimination performance and behavioral
strategies may in fact be affected by the type of discrimination
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behavior that is required and even the level of reinforcement (Kay
et al., 2006; Rinberg et al., 2006). We thus set out to test the
oscillation hypothesis in intact, unmanipulated rats performing
explicit two-alternative choice odor discriminations. We chal-
lenged the rats with multiple odor sets and varied the coarse and
fine discrimination variables within each odor class to allow for
direct comparisons between the two modes of discrimination.

We show that, in awake, behaving rats performing a two-
alternative choice odor discrimination task, olfactory bulb
gamma oscillation power is manipulated on-line in a manner that
is task demand dependent. This oscillatory activity has been
shown to represent precision in firing among olfactory bulb mi-
tral cells, such that higher power indicates a narrower phase of
firing by these neurons relative to the underlying gamma oscilla-
tion (Gray and Skinner, 1988; Eeckman and Freeman, 1990). The
increase in gamma power that accompanies fine odor discrimi-
nation, absent from coarse odor discrimination, suggests a func-
tional role of fast oscillatory population activity in the resolution
of overlapping odorant stimuli during normal functioning.
These enhanced oscillations begin near the end of the sensory
evoked potential (Fig. 2 B) and persist for 500 ms or more; this is
more time than is required for some odor discriminations
(Uchida and Mainen, 2003). However, a recent study has shown
that, although fewer sniffs and short sampling times can result in
good discrimination performance of relatively nonoverlapping
odorant mixtures in a two-alternative choice task, much longer
times (>500 ms) are required for highly overlapping odor dis-
criminations (Rinberg et al., 2006). Thus, the duration of these
oscillations is within a timeframe that can be directly related to
the discrimination process. In the present task, once rats reach
criterion levels, performance with odor sets with differing de-
mands is commensurate. However, criterion performance with
fine odor sets does correspond to an increase in gamma power.
This suggests that upregulation of gamma oscillations may com-
pensate for the discrimination difficulty.

The data also suggest that elevated gamma oscillations are not
always necessary (Fig. 5B, downward arrow), because rats can
perform well for brief periods in the absence of significantly en-
hanced gamma for the first block of trials (~10-20 min) at the
beginning of a session in which criterion performance is then
sustained for >1 h. One explanation for the increase in gamma
power over the course of criterion performance is that the rela-
tively low levels of gamma power present during the initial trials
of criterion performance may simply reflect that very large coop-
erative assemblies necessary to produce visible changes in the
larger-scale LFP are not yet sufficiently organized. However, we
must also consider the possibility that, in the mammalian olfac-
tory system, fast oscillatory activity is not strictly or always nec-
essary for fine sensory discrimination. These possibilities point
out that the relationship between gamma oscillations and fine
odor discrimination may not be as simple for mammals as it
appears to be for insects. Alternatively, this may also have been
true in the insect studies, because comparison is only possible at
the group level; the behavioral methods used in those studies
relied on group statistics from single trial performance by large or
small numbers of subjects (Stopfer et al., 1997; Nusser et al.,
2001). The behavioral data reported by Stopfer et al. (1997) dem-
onstrate that not every animal that was treated with picrotoxin
failed to discriminate the fine odorants, but as a group they failed.
Similarly, in the 83 knock-out mouse, not every epoch of fast
sniffing produced significantly enhanced gamma power, nor did
every mouse on every trial do better at fine discrimination in
separate tests (Nusser et al., 2001). In the present study, when
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grouped across animals and criterion trials, the data present a
clear increase in gamma oscillatory power for fine over coarse
discrimination. However, because behavioral and electrophysio-
logical measures were concurrently recorded in our study, we
were able to reveal that there is a distinct, albeit not well under-
stood, time course to the increase that is related to criterion per-
formance. There may be multiple ways to solve the problem of
fine discrimination in the short term, but some may be more
effective for sustained performance. These are issues that deserve
additional study to be resolved.

Unlike the relatively short-term evolution of gamma-like
odor-evoked oscillations in locusts in response to odor familiar-
ization (Stopfer and Laurent, 1999) or the increases in beta oscil-
lations in rats correlated with learning in a different type of odor
discrimination task (Martin et al., 2004), the long-term and se-
lective intensification of gamma power reported here may indi-
cate a specific behavioral or cognitive strategy coupled with a
progressive change in network dynamics. The effect does not
appear to be a consequence of sensitization. If the results were
driven by sensitization through repeated odor sampling, we
would expect differences to manifest during the first (naive) ses-
sion of odor exposure. Gamma power during these sessions is
neither elevated (Fig. 4A, B) nor displays an evolution across the
course of the session (Fig. 5B, session 1). It is only with criterion
performance that we see a reliable upregulation of gamma power.

Modulatory and synaptic mechanisms exist in the olfactory
bulb that can change the rhythmicity and excitability of the sys-
tem (Gray and Skinner, 1988; Castillo et al., 1999; Davila et al.,
2003) and even possibly discriminability of very similar odorants
(Linster and Cleland, 2002). Modulatory effects match the time
course of rise in gamma power within a session, taking on the
order of 15 min to show sustained effects on behavior (Yue et al.,
2004; Pych et al., 2005). The increase in gamma power shown
here is similar to that recently reported in the cat visual cortex
(Rodriguez et al., 2004). That study showed enhanced gamma
oscillations and neural response synchronization that was both
delayed and long lasting (on the order of the results reported
here), associated with paired cholinergic activation and sensory
stimulation in anesthetized animals.

Cholinergic processes are also suggested by the opposite ef-
fects on gamma oscillatory power in the olfactory bulb and cor-
tex. We failed to find a related increase in gamma power in the
piriform cortex during extremely elevated oscillatory events in
the olfactory bulb (Fig. 5), suggesting that these oscillations may
be specifically blocked in the piriform cortex during the two-
alternative choice task. Although one study of the frog olfactory
bulb showed that application of muscarinic cholinergic agonists
enhanced odor-evoked oscillations (Hall and Delaney, 2001),
theoretical studies of piriform cortex suggest that cholinergic ac-
tivation there suppresses gamma oscillations (Freeman, 1964,
1968; Liljenstrom and Hasselmo, 1995). Another study has sug-
gested enhanced coupling and high-frequency coherence between
the olfactory bulb and piriform cortex after injection of the cholin-
ergic antagonist scopolamine, suggesting that decreasing cholinergic
drive couples these two structures more strongly (Chabaud et al.,
1999). Future studies will address this hypothesis directly.

The gamma oscillations seen here, during our two-alternative
choice task, are distinctly different from the beta oscillations seen
in a Go/No-Go task (Martin et al., 2004, 2006). Recent behavioral
work has suggested that Go/No-Go and two-alternative choice
tasks may use different behavioral strategies for odor discrimina-
tion (Uchida and Mainen, 2003; Abraham et al., 2004; Kay et al.,
2006; Rinberg et al., 2006), and the difference in oscillatory activ-
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ity shown here suggests that the strategies may involve distinctly
different network properties within the olfactory system. Fur-
thermore, the marginally enhanced beta oscillations in the first
session of fine discrimination sets may point to a default dynam-
ical strategy that has to be overcome to sustain fine odor discrim-
ination performance in the two-alternative choice task.

The question remains, however, what the strategy that pro-
duces large olfactory bulb gamma oscillations provides. Compu-
tational models suggest that, for highly overlapping patterns, seg-
mentation is best accomplished with background gamma
rhythmicity (Borgers et al., 2005). In olfactory models, fast rhyth-
mic coupling of principal neurons or output neurons have been
shown to enhance pattern segmentation (Bazhenov et al., 2001;
Linster and Cleland, 2001; Perez-Orive et al., 2004; Sivan and
Kopell, 2004; Cleland and Linster, 2005). It is possible that, for
sustained performance in this difficult sensorimotor task, it is
efficient to use a strong computational strategy to process odors
within the OB circuitry, leaving contextual information for
downstream areas.
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