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The orbitofrontal cortex has been implicated in the prediction of valuable outcomes based on environmental stimuli.
However, it remains unknown how it represents outcome–predictive information at the population level, and how
it provides temporal structure to such representations. Here, we pay attention especially to the population coding
of probabilistic reward, and to the importance of orbitofrontal theta- and gamma-band rhythmicity in relation
to target areas. When rats learned to associate odors to food outcome with variable likelihood, we found singlecell and population coding of reward probability, but not uncertainty. In related experiments, reward anticipation
correlated to firing activity locking to theta-band oscillations. In contrast, gamma-band activity was associated with
a firing-rate suppression of neurons that was most active during goal-directed movement. Orbitofrontal coding of
outcome-relevant parameters appears bound to all relevant temporal phases of behavioral tasks, has a distributed
nature, and is temporally structured according to multiple modes of rhythmicity.
Keywords: phase locking; population coding; probability; reward; synchrony; uncertainty

Introduction
While the exact cognitive functions of the orbitofrontal cortex (OFC)—and especially its various subregions—are still enigmatic, accumulating
evidence suggests a main role in the adaptation of
previously acquired behaviors. Mechanistically, this
adaptation may be caused by an updating of representations that predict outcomes based on stimuli
and actions.1–4 In these adaptive processes, the OFC
interacts with a network of connected brain structures, including the amygdala, medial prefrontal
cortex, dorsal and ventral striatum, and monoaminergic cell groups in the mesencephalon and brain
stem.5,6 Using a disconnection procedure, for instance, Baxter et al.1 showed that communication
between orbitofrontal cortex and amygdala was required for monkeys to adapt their choice behavior when the outcome value of their actions was
reduced.

Another well-known paradigm in which OFC lesions are known to have a strong impact is reversal learning. When, after the initial acquisition of
stimulus–outcome contingencies, the pairings are
reversed so that a previously rewarded stimulus is
now coupled to a negative outcome, and the previously negative stimulus is now paired with reward, rats and monkeys with OFC lesions are impaired, especially during the early reversal phase.7–9
Schoenbaum et al.3 recently dissected the pattern
of deficits further and concluded that “the OFC
is necessary for mobilizing information about the
value of the expected outcome to guide or influence
responding.” Updating of state–outcome associations probably takes place not only in the OFC, but
also in other brain regions, such as the amygdala,
working in concert with structures encoding errors
in the prediction of future reward or punishment.
An important observation is that devaluation of
Pavlovian cues by illness or satiety is impaired by
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OFC lesions in monkeys and rats, even when the
OFC is still intact during the acquisition and devaluation procedure.10,11 This suggests that the OFC influences behavior by retrieving, maintaining, and/or
using outcome value information at the time of decision making. A further role for the OFC may lie
in the control over changes in downstream valuebased representations, such as in the amygdala.12
Recently, the adaptive function of the OFC was also
specified in relation to components of learning that
differ from pure stimulus-value updating (e.g., the
assignment of “credit” or causal responsibility for
obtaining reward to particular choices).13
However, it has remained enigmatic how OFC
representations of outcome properties, including
value, are linked to effects on behavior: do these
functions primarily help the organism to make accurate, up-to-date choices, or do they also exert
effects on the speed and timing of behavioral responses? While there is mixed evidence concerning the causal importance of the OFC in behavioral
inhibition,14–17 we will revisit the issue of inhibition and response timing from a neurophysiological
perspective.
Despite incremental insights in the behavioral
and cognitive functions of the OFC, we likewise
know little about the neural mechanisms operating
to bridge the gaps between single-cell activity, population coding, and behavioral output. We do have
a basic knowledge on how several outcome- and decision variables are coded at the single-neuron level
(such as reward magnitude, delay to reward, effort
required, and relative value of one presented stimulus vs. another).4,18–23 But how is cellular activity
configured at the aggregate level of populations to
generate mass output that is powerful enough to
direct activity changes in target areas, such as the
striatum and basolateral amygdala? In particular,
the role of the OFC in coding probabilistic properties of outcomes is hotly debated, and it is largely
unknown how OFC cell populations may code how
probable or uncertain a possible outcome is, given a
situation with multiple stimuli and actions of variable value.2,24
A further topic of interest relates to the dynamic
mode of activity used by OFC assemblies to code
information. Whereas previous OFC studies embraced the classical approach of studying timeaveraged firing rate as the central principle for
neural coding, we asked whether also the tempo-
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ral patterning of firing conveys information about
outcome variables. The fine temporal structure of
spike trains, studied in relation to mass rhythmicity
as visible in local field potentials (LFPs), is likely to
affect the impact of OFC output on target structures.
If spike trains of different OFC pyramidal neurons
are temporally aligned, their glutamatergic outputs
converging on target cells will temporally summate
more easily than when dispersed. The rhythmic
phasing of OFC activity, relative to connected areas, may also affect the efficacy of their communication.25,26 Moreover, rhythmically synchronized
spike output elicits coherent, temporally contiguous
sequences of pre- and postsynaptic activity that have
consequences for spike-timing-dependent plasticity.27 Here we will first review the predictive neural
coding of outcome variables such as reward probability, both at the single-cell and population level,
and then discuss mechanisms for rhythmic synchronization in the OFC, especially in the theta and
gamma frequency bands, and examine their functional consequences.
Methodology
We made ensemble recordings from rat orbitofrontal cortex using tetrode arrays (more specifically, from the ventral and lateral orbital areas,
i.e., areas VO/LO).28 With this technique, ensembles of up to 90 neurons can be recorded simultaneously, with single-unit resolution and jointly
with LFP recordings.22,29,30 Recordings were made
during various behavioral tasks, based on an odor
discrimination design with Go/No-Go decisions
(Fig. 1).31,32 Briefly, in each trial a rat typically samples an odor stimulus from an olfactory port in the
conditioning chamber, retracts its snout from this
port, and then executes a Go or No-Go decision.
Trial onset is signaled by a cue light. The period
between odor onset and snout retraction is labeled
“odor period.” In the case of a Go decision, the rat
walks over to a trough at the other side of the chamber (“movement period”), where it waits for a fixed
amount of time (usually 1.0 or 1.5 sec) for the outcome to become available (“waiting” or anticipatory
period). The “outcome period” starts directly after
the waiting period and may comprise delivery of
reward (sucrose solution or a food pellet, following the positive odor or S+) or a mildly aversive
outcome (quinine solution, following the negative
odor or S−), or the absence of any programmed
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Figure 1. Behavioral paradigm for studying neural coding of reward probability. The spatial layout of the scheme follows the order
of task phases from left to right: (i) odor sampling phase; (ii) Go or No-Go decision of the rat; (iii) in the case of a Go response, the
rat responds to an odor by walking from the odor port to the food trough; (iv) on arrival at this trough, the rat waits for a defined
period before a food pellet is or is not delivered. Each of the four odors applied in this task was associated with a distinct probability
(P) of food delivery (0, 50, 75 of 100%). Although rats learned well to make a No-Go decision in response to the nonrewarded odor
4, the early trials of every session were marked by Go responses to every odor because at the start of every new session all odors
were novel.

consequence (“zero outcome”). In the case of a NoGo decision, the rat retracts its snout from the port
but does not continue to execute a response that
would lead to outcome delivery otherwise. Typically,
a set of odor stimuli is offered across different trials
so that a subset of these stimuli is rewarding and another subset is coupled to a negative outcome or has
no consequence. In the studies summarized below,
all odors were novel at the onset of each new session; therefore, the animals were required to learn
new odor–outcome pairings in every session. Importantly, rats were required to maintain their body
positions, sustaining their nose pokes, both during
the anticipatory period and the odor-sampling period (≥ 750 ms).
Coding of reward probability versus
uncertainty
Coding of reward probability and uncertainty was
studied in a task design with four distinct odor stimuli coupled to varying probabilities of food (0, 50,
75, or 100%; no aversive outcome condition was
applied).33 Analyzing the data at a single-neuron
level, we first confirmed that all behavioral phases
of the task were represented by firing correlates of
OFC neurons. In agreement with previous studies, subsets of OFC cells typically generated firing
increments selectively during the odor, movement,
waiting, or outcome delivery periods (sometimes
cells were found correlating to two task periods,
but usually not more).18,32,34,35 This neural “tessellation” of task phases underscores that all phases of
a behavioral sequence leading up to an outcome are
represented in the OFC, with distinct phases coded

by different ensembles. We next studied whether firing patterns of neurons, in advance of outcome delivery, exhibited firing-rate correlations to different
probabilistic outcome conditions. Of all cells with
a significant firing-rate correlate to the movement
and waiting periods of the task (n = 78 out of 541
cells recorded in total), 21.8% exhibited a significant
modulation by the probability of future reward. In
addition to a monotonic increase of firing rate with
rising probability, we also found monotonic decrements or U -shaped relationships.33
Although these firing patterns indicated singlecell sensitivity to probability, this analysis did not
yet discriminate between coding of probability versus uncertainty. Here we refer to “uncertainty” as
economic risk, quantified by the variance in probability distributions of reward value. We therefore
grouped the responses from the two trial types with
the two most certain outcomes (0 and 100%) together, contrasting them against the least certain
outcome trials (50 and 75%). Only one out of 78
neurons significantly discriminated between these
contrasting conditions. When, however, the highprobability trial types (75 and 100%) were contrasted against low-probability trial types (0 and
50%), no less than 17 out of the same 78 neurons
(21.8%) were discriminatory. This fraction was significantly larger than the fraction discriminating on
the basis of uncertainty (P < 3.10−4 ).33
Single-unit correlates are informative about the
processing functions of a brain area under scrutiny,
but it is often unclear whether the single-unit coding is powerful enough to affect the functioning
of target areas in the face of population noise. A
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single output from an OFC neuron reaching a target area may be overpowered by other OFC outputs uncorrelated to this single output (either in
the sense of noise or because these outputs correlate
to different task parameters). Using a populationcoding approach called “template matching,”36 we
first examined whether reward probability could
be decoded from OFC firing patterns during the
movement and waiting period. Similar results were
obtained using Bayesian coding. Population coding was significantly above chance level for varying
sizes of ensembles contributing to the decoding procedure, indicating that reward probability was consistently represented in OFC population patterns.
This was the case for the movement as well as the
waiting period. Finally, we modified this approach
and asked whether OFC population patterns were
more consistent with coding of uncertainty or magnitude of probability. As in the single-cell approach,
we found that population patterns characteristic of
low-probability trials were much more similar to
each other than to high-probability trials, whereas
patterns with high certainty (100% and 0%) were
highly dissimilar to each other.33 In addition to confirming the single-cell findings, the population coding results indicated a distributed type of probability
coding across OFC cell groups.
Altogether, these data show that OFC populations
code an important outcome variable, namely the
probability of obtaining a reward, during task stages
where the animal anticipates the outcome either
during locomotion or stationary waiting. Firingrate modulations due to other outcome parameters
such as reward magnitude23 or delay to reward21
are also temporally distributed across the population of cells, giving rise to the concept of the OFC
encoding a high-dimensional “matrix” of information, laid out according to task time (or “time until
outcome”) along one axis and outcome variables
(such as magnitude, delay, probability, sweetness)
along other axes.
Because other recent recording studies37,38 have
indicated neural correlates of uncertainty in the
OFC, the question arises why our study did not reveal such coding in any robust way. Also recording
from rat OFC, Kepecs et al.37 used a very different
task design, in which uncertainty pertained to the
difficulty of discriminating odor mixtures, and reward probability was not parametrically varied as a
function of stimulus identity. O’Neill and Schultz38
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recorded from macaques that were well trained on
a cued saccadic eye movement task with risky outcomes, and one of the major differences with our
study is that rats were learning new odor–outcome
pairings every new session. Thus, one possible explanation of the difference, apart from species considerations, holds that when animals are in the midst
of learning novel stimulus–outcome contingencies,
the overall uncertainty is too large to allow a more
detailed specification of stimulus-coupled uncertainty at the neural level, whereas such a specification might arise during further training on the
same stimuli. Another difference is that O’Neill and
Schultz visually cued the amount of risk to the
monkey.
Theta-band synchronization
As discussed above, the OFC is thought to contribute to the flexible adjustment of behavior by
enabling the modification of stimulus–outcome
associations in other areas, such as the basolateral
amygdala (BLA), with which it has strong reciprocal
connections.3,12,39,40 Firing OFC cells transmit
their signals to downstream areas, such as the
ventral and dorsal striatum, ventral tegmental
area, and substantia nigra pars compacta. OFC
output may be used in these downstream areas
in various ways. A first possible contribution
holds that information on the expected value
of outcome, coded by OFC projection neurons,
reaches ventral tegmental dopaminergic cell groups
to compute reward-prediction errors.41–45 Several
computational variants of this idea are conceivable,
but in general take OFC output to signal the value of
predicted reward (e.g., a time-varying value signal
(V t ), as applied in temporal difference-learning
models.32,43,44,46,47 Subsequently, reward prediction
errors coded by dopamine neurons may be instrumental in updating synaptic weights in target areas,
such as striatum, amygdala, and medial prefrontal
cortex. Experimental support for OFC coding of
outcome-value information is strong (see above),
but it is not yet known how this information is channeled to dopaminergic cell groups, or used in their
computations. A second possibility holds that a subset of OFC neurons code reward-prediction errors
itself.45 Both the first and second function raise the
possibility that OFC signals coding expected outcome may also operate in dopamine-independent
reinforcement learning mechanisms, for instance
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mediated by direct glutamatergic OFC projections
to target areas such as the amygdala.48,49 This view
of an interconnected cortico-subcortical network,
involved in flexibly updating the current value associated with a stimulus, presupposes functionally
efficacious connections between the partner areas.
Phase synchronization of slow (∼1–12 Hz)
rhythms in LFP oscillations between areas has been
proposed as a functional mechanism for coupling
areas that are anatomically distant.50–58 Strong coherence, in combination with a “good” phase relationship, may allow distant neuronal ensembles to
interact, while taking conduction delays into account.25,26 In this context the “goodness” of the
phase is indeed defined by the efficacy of communication. Womelsdorf et al.59 argued that the key
cognitive function supported by selective theta synchronization is the “structured retrieval of choicerelevant information around decision points,” and
suggested that distributed theta oscillatory states
in cortical networks are involved in successful retrieval of task-relevant representations of stimulus–
outcome relationships and contextual rules. In addition, theta-band synchrony has been proposed to
subserve the read-in and initial storage of information in higher sensory and associational areas, including the hippocampus.60,61 Here we investigated
the role of theta-band synchrony in the temporal
organization of OFC firing patterns in a behavioral
task where sensory read-in, memory retrieval, decision making, and outcome anticipation all play a
role, but in different phases of the task.
In a two-odor discrimination Go/No-Go task
similar to the paradigm of Figure 1.22,32 Van
Wingerden et al.62 showed that outcome-related
information encoded by OFC single units in rats
becomes highly synchronized to OFC theta oscillations in anticipation of reward. The anticipatory task
phase marked by this high degree of theta synchronization is temporally situated after the animal made
a Go/No-Go decision and locomotor response, and
takes place when the rat is waiting for the outcome
to become available.
Prominent theta oscillatory activity (peaking at
6 Hz) was recorded locally from the OFC using
tetrodes, and about half of the recorded cells showed
significant phase-locking to this rhythm (Fig. 2A,
also see Refs. 63 and 64). This group of phaselocking cells is considerably larger than the subgroup expressing information about the expected

outcome in its firing rate. Single units were identified as coding expected outcome information by
comparing their firing rate during the anticipatory
period to a baseline period, and by verifying that this
rate change was different for sucrose versus quininereinforced trials. In this anticipatory period, right
before outcome delivery, these units showed strong
spike-field phase locking to the local theta rhythm.
This locking is manifested by the fact that singleneuron spikes consistently fire in a particular, narrow range of phases of the locally recorded theta
oscillations. Spike-field phase locking was stronger
when anticipating a positive (sucrose) rather than
a negative (quinine) outcome, and increased in
step with task acquisition as gauged by behavioral
measures. No correlation was found between theta
power or frequency and the rat’s licking frequency
during the waiting period. Nonetheless, theta rhythmicity may be more globally correlated to sensorimotor activity in addition to outcome expectancy.65
Separate experiments using 32-site silicon multichannel probes with evenly spaced (100 m) recording points, followed by current source density (CSD)
analysis, indicated a local origin of theta rhythm in
the orbitofrontal cortex, consistent with the fact that
hippocampal theta is predominantly found during
locomotion, which precedes the anticipatory period
in our paradigm.62
Strikingly, when the rule governing the cue–
outcome contingencies was reversed, theta-band
phase-locking in the OFC gradually collapsed across
approximately the first 10 reversal trials in which
the previously rewarded, but now negative odor
was presented. When animals were learning the reversed contingencies, theta-band phase locking in
the anticipatory period following the cue previously
paired with quinine, but now with sucrose, became
gradually prominent, also across the first ∼10 trials
(Fig. 2D). This suggests that theta-band phase locking does not carry “old reward” information for very
long after the reversal has occurred.
Theta power during anticipation of reward, studied on a trial-by-trial basis, exhibited features of a
value function reminiscent of temporal differencelearning types of model:46,66,67 at the end of task acquisition, a prominent theta oscillation was present
from the onset of the waiting period until positive
outcome delivery, but not before a negative outcome. Thus, it had a sustained nature, at least for
the duration of the anticipatory period. When the
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Figure 2. Theta-band synchronization in the OFC during reward expectancy. (A) Task outline with raw local field potential
segments recorded during different task periods (black) and band-pass filtered LFP (4–12 Hz) (green trace, hit trial; red, false alarm
trial) and spike trains from one unit, recorded on a different tetrode (vertical green/red bars). (B) Average spike-field phase-locking
spectra during the waiting period, separated for sucrose and quinine trials, and during (unrewarded) intertrial-interval fluid
pokes. Shaded regions indicate 95% bootstrapped confidence intervals on the mean. (C) Time course of average (across all cells)
phase-locking strength (in color) centered on reward delivery. Phase-locking was calculated in 500 ms symmetric windows centered
on each time point. Solid line: reward delivery; dashed line: start of waiting period. (D) Trial-by-trial modulation of theta power
(6 Hz) during acquisition and reversal. Rows represent consecutive trials from top to bottom, numbered relative to the onset of
reversal learning (REV). Color scale indicates theta power modulation compared to baseline. Odor 1 (O1 ) predicts sucrose (S)
before reversal and quinine (Q) after reversal (D1). Odor 2 (O2 ) predicts quinine before reversal and sucrose after reversal (D2).
Dashed white line, start of waiting period; solid white line, fluid delivery; ACQ, acquisition. Adapted from Van Wingerden et al.62

contingencies were reversed, the theta state persisted
for a few trials in those trials initiated by a previously
rewarded, but now negative cue, and then gradually
faded (Fig. 2D1). In contrast, in trials where reward
now followed the cue that previously predicted a
negative outcome, theta synchrony started appearing. On the very first trials after reversal, when reward was highly unexpected, the theta state only
appeared after reward delivery. However, as reversal learning proceeded, the theta state in these trials
commenced progressively earlier, until settling at the
start of the waiting period (Fig. 2D2). This backward
shift in time, across trials, corresponds to a progressively earlier, experience-dependent computation of
expected reward as predicted by temporal difference
models. Further work is needed to examine whether
this correspondence holds in detail.
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These results indicate that outcome-relevant information is supported by a temporal code, operating in addition to rate coding in the OFC.
Synchronized activity in the theta band has also
been described in various target areas of the OFC,
some of which may be involved in the computation of value functions, capturing net expected
reward, and of reward prediction errors, such as
the striatum and amygdala.51,68,69 Coherence between theta oscillatory states in different structures
likely affects the efficiency of their communication,
also by temporally structuring or driving gamma
oscillations in local networks that can be found
nested on theta oscillations, possibly adding extra
synchronization to the ensemble activity.56,70 This
flexible type of interaction may allow for the updating of synaptic weights, for example through
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spike-timing-dependent plasticity processes in target structures.71,72
In addition to theta oscillations, much effort
has been put in understanding the significance of
higher frequency rhythms such as gamma oscillations. Recent advances have underlined the importance of examining the relations between rhythms
of different frequencies, within and across brain
structures.73–75 Preliminary results from our group
indicate that cross-frequency phase–amplitude coupling between theta and gamma rhythms exists in
the OFC. We are currently investigating whether this
phase–amplitude coupling correlates with measures
of behavioral performance.
Gamma-band synchronization
A widespread phenomenon in the nervous system
is gamma-band synchronization (30–90 Hz).76–87
Accumulating evidence suggests that gamma-band
synchronization plays an important role in selective attention,26,81,88 can increase the speed and
efficiency of information transmission,89–91 and
subserves sensory coding and assembly formation.92–98 There is increasing consensus that gammaband synchronization in cortical structures emerges
from a recurrent interplay between pyramidal cells
and fast spiking basket cells.57,79,99–103 Fast spiking basket cell activity is required for the emergence of gamma-band synchronization by entraining pyramidal cells.79,104,105 Yet it is debated
whether pyramidal cells need to provide precisely
timed, gamma-rhythmic inputs to fast spiking basket cells.57,79,101–103,105,106 In many sensory areas,
gamma-band synchronization is induced by sensory stimuli.76,78,80,82,107–109 Yet much less is known
about the characteristics of gamma-band synchronization in areas that subserve higher cognitive
functions, such as the OFC.
We have recently shown that olfactory stimulation induces robust gamma-band synchronization (60–80 Hz) in the OFC of freely behaving
rats (Fig. 3).110 A spectrally confined increase in
gamma-band power was visible in the LFP spectrogram, and OFC spikes were strongly locked to the
induced LFP gamma-band oscillations, falling on
average around the peak of the oscillation (Fig. 3A).
While the spectro-temporal characteristics of the induced OFC gamma-band synchronization appear
similar to those found in visual cortex,111,112 we
observed that OFC gamma-band synchronization

has two unique characteristics that set it apart from
gamma-band synchronization observed in other
brain areas. First, the occurrence of gamma-band
synchronization was completely dependent on the
acquisition of stimulus–outcome associations. Second, while gamma-band synchronization was induced by olfactory stimulation, it was exclusively expressed by a subset of cells, the activity of which was
selectively enhanced during the subsequent movement phase and represented outcome value in this
phase.
Rats performed a two-odor Go/No-Go discrimination task in which they acquired de novo stimulus–
response associations every new session. Gammaband synchronization was not induced by the first
presentation of a novel odor but only emerged over
trials (Fig. 3B and C). This increase in gammaband synchronization over trials was especially
strong in sessions where rats acquired stimulus–
response associations rapidly. Hence, it was not a
mere consequence of the repeated presentation of
the same olfactory stimulus but reflected the acquisition of stimulus–response associations. While
the strength of gamma-band synchronization was
strongly correlated with learning, it increased similarly for the S+ and the S− conditions, that
is, it did not contain information about stimulus identity or behavioral outcome (Fig. 3B and
C). In contrast, gamma-band synchronization in
visual cortex and at several stages of the olfactory system has been found to be strongly stimulus
selective.95,107,113–116
Gamma-band synchronization is often investigated as a population rhythm, that is, irrespective
of differences in firing rate selectivity of cells for,
for example, stimulus or action properties in the
local population and by using multiunit activity
or LFP signals. This approach may to some extent be valid for brain areas with a spatially homogeneous distribution of firing rates; however,
there exists a great diversity in firing rate selectivity in the OFC. We have proposed that in structures with diverse responses such as the OFC, the
flexible linking of cells into functional assemblies
occurs through phase-synchronization to the same
oscillation.110 One prominent class of cells in the
OFC (“odor cells”) has firing rates that are modulated by olfactory stimulation and often differentiate between a given pair of olfactory stimuli
(cf. Schoenbaum et al.32 ). For these “odor cells,”
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Figure 3. Gamma-band oscillations in the OFC. (A) Local field potential trace (black line, LFP) recorded from the OFC in a single
trial, as a function of time from odor onset, together with spikes from an OFC neuron (blue, vertical lines). Note that the voltage
scale on the y-axis does not correspond to the actual voltage scale of the spikes. Spikes tend to fall at the peak of gamma oscillations.
(B) Average ratio of LFP gamma-power (60 Hz) during the S+ odor period relative to baseline gamma power, as a function of trial
number. A value of 1 indicates equal power. Shadings indicate a 95% confidence level, based on intersession variance. Gamma-band
power increases linearly with time and is absent in the first few trials. (C) Same as for B, but now for the S− odor. Note that the
first 10 trials of a session were always S+ trials, which may explain the higher starting value for the S− condition. (D) Z-score
standardized difference in action-value cell firing rates between the movement period and the baseline period, separate for the S−
(red) and S+ condition (blue). Shadings indicate 95% confidence interval, based on intercell variance. Action value cell firing in
the movement period becomes more discriminative over time. Gray horizontal bar denotes trials with a significant difference (P <
0.01, Mann–Whitney U test) between S− and S+ firing. (E) Z-score standardized difference in firing rates between the S− and S+
condition, separate for action-value cells (red) and other cells (blue). Plotting conventions are as in D. Action-value cell firing in
the movement period becomes more discriminative over time, but the firing of other cell types does not. (F) Schematic illustration
of the relationship between gamma-band oscillations and spiking activity. During odor stimulation (starting at “Odor on”), action
value cells engage in strong gamma-band synchronization, and spikes tend to fall at the peak of the LFP gamma-band oscillation,
which was simulated as filtered Gaussian white noise. However, cells do not discriminate in this phase between the S+ and the S−
odor. This may be caused by gamma oscillatory activity, which causes a suppression of spiking activity. After termination of the
obligatory odor sampling period (at “Go”), neurons are released from gamma-band synchronization and engage in desynchronized,
value-selective activity, with typically higher firing rates for the S+ condition (see D). Adapted from Van Wingerden et al.110

olfactory stimulation-induced theta band (8–10 Hz)
but not gamma-band synchronization.
Surprisingly, gamma-band synchronization was
predominantly expressed by a class of neurons
(“action-value cells”) showing firing rate modulation after olfactory stimulation ceased, that is, when
the rat moved toward the fluid well (Fig. 3D and
E). Early in the session, the firing rate of these cells
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in the movement period did not carry information
about the outcome value associated with an olfactory stimulus. However, over the course of trials
it became increasingly informative about outcome
value (Fig. 3D), suggesting that these cells play a
role in the acquisition of stimulus–outcome associations and in maintaining value representations
during ongoing action patterns.
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To elucidate how different OFC cell types contribute to local gamma-band synchronization, we
compared the phase and strength of gamma-band
synchronization between putative fast spiking basket cells and pyramidal cells. The separation of these
two cell classes was based on characteristic features
of the action potential waveform. To compare the
strength of gamma-band synchronization between
these two cell types, we removed any potential negative bias that could arise from the high firing rates of
putative fast spiking basket cells.50 Similar to Tukker
et al.,117 but in contrast to Csicsvari et al.,118 we
found that the strength of gamma-band synchronization did not differ between putative fast spiking
basket cells and pyramidal cells. In fact, our “actionvalue cells” (which were characterized as putative
pyramidal cells by large majority) were on average more gamma-band synchronized than the putative fast spiking basket cells. However, putative fast
spiking basket cells with especially high firing rates
were strongly gamma-band synchronized, suggesting that this subset of cells may rhythmically entrain
the pyramidal cell population. In addition, we observed that fast spiking cells fired with a characteristic delay of ∼40◦ relative to pyramidal cells, consistent with previous findings,117–119 suggesting that
OFC gamma-band synchronization results from a
temporal interplay between pyramidal cells and fast
spiking basket cells. To summarize, although the
OFC gamma rhythm is induced by the presentation of a sensory stimulus, it differs in several ways
from the classic example of gamma-band synchronization in visual cortex,82,98,113,114,120–122 because
it is learning-dependent but not stimulus-selective,
and is expressed by a subclass of cells whose firing
rate is inversely related to the strength of gammaband synchronization. The induced OFC gammaband synchronization is more similar to gammaband synchronization found in the motor cortex,
where it precedes motor execution,86,123 and where
large, often positive, firing rate changes occur during the movement execution phase. In general, two
types of relationships exist between the strength of
gamma-band synchronization and the firing rate:
first, a positive correlation, found, for example, in
the visual cortex;81,82,113,114,121 and second, a negative correlation found in several nodes of the frontal
cortex, namely the OFC, the motor cortex,123 and
the lateral prefrontal cortex.96 However, a negative
relationship may also be observed in V1 if surround

inhibition is the main factor controlling the firing
rate.120,124 We propose that it is the balance between
excitation and inhibition that determines whether a
positive or a negative relationship arises. If excitation and inhibition increase in a balanced way, then
both the firing rate and the strength of gamma-band
synchronization increase.113,114 If, however, the proportion of inhibition increases in order to suppress
firing rates, then the strength of gamma-band synchronization can increase concurrently. Inhibitory
control over firing rates is important when execution of a movement or action-value representations
needs to be inhibited, and needs to be matched to excitatory drive received in the preparatory (i.e., odor)
phase. Gamma-band synchronization may arise as
a by-product of this inhibitory suppression, due
to the propensity of the fast spiking basket cells
to engage in gamma-rhythmic activity. However,
gamma-band synchronization may have an additional function by suppressing the firing rates in a
controlled fashion by reducing the firing rate variance.125 Preparatory gamma-band synchronization
may also play an active role in priming movement
or action-value cells and bringing them in a semiexcited, “idling” state.25,108,126 Thus, a more functional
interpretation of gamma-band synchronization is
not excluded.
Conclusions
Here, we reviewed two core aspects of neural coding in orbitofrontal cortex: the nature of population
coding (especially considered in relation to future
reward probability), and the dynamic organization
of firing activity. As regards population coding, a
first key feature is that subsets of OFC neurons
“tessellate” all temporal phases of a task. In addition, they provide information anticipating upcoming events in the task, such as when neurons
increase their firing rate already in advance of odor
delivery at the onset of a trial.22,23 Neural coding
of probability occurs during at least several phases,
not as a distinct firing-rate signal of dedicated neurons, but rather as a rate modulation superimposed
on the temporal task-coding structure. This pattern of superimposed modulation was previously
also found for another outcome parameter, reward
magnitude.23 Both at the single-unit and population
level, we found evidence for coding of reward probability, but not of uncertainty—a finding that may
relate to the fact that rats in our task learned novel
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stimulus–outcome contingencies every new session.
In addition, coding at the population level appears to be distributed and redundant, both for reward probability and magnitude (see Ref. 23). Thus,
many OFC neurons contribute individual “bits and
pieces” to an overall matrix of encoded outcome parameters laid out according to the temporal structure of the task.
In addition to firing-rate coding, we found evidence for temporal coding of outcome-relevant information. First, highly synchronized spiking activity in the theta band occurred selectively during
reward anticipation, and not in advance of an aversive outcome or during other task components such
as locomotion or reward consumption. Considering the temporal shifting of theta power and spikefield phase locking during unexpected changes in
outcome, phase-locked theta activity qualifies as
a candidate mechanism for implementing a sustained value signal, as predicted by temporal difference learning models. Regardless of its function
in error-driven reinforcement learning, theta-band
synchrony may also function in regulating the efficiency with which orbitofrontal output affects target structures, such as the striatum, amygdala and
higher associational cortices, and sculpts synaptic
plasticity in these areas.
Second, coming back to the role of OFC gamma
activity in relation to behavioral inhibition,16 it is
striking that the OFC cells accounting for most of the
gamma-band synchrony during the odor sampling
phase were movement-related, action-value coding
cells. We propose that, once the animal has identified
a positive odor (S+) but is still required to maintain
its poking posture, these movement-related cells are
“kept on a leash” by the gamma oscillations to prevent them from becoming active prematurely. Once
the required odor-sampling time window is over,
these cells do become highly active, as evident from
their average firing rate. This gamma-band oscillatory suppression may be a general mechanism that
operates in a distributed manner across the prefrontal (or even frontal) cortex. When the OFC is
lesioned, deficits in behavioral inhibition may or
may not be seen, depending on the nature of the
task and its dependence on different prefrontal areas.14,15,17 Various nonorbital prefrontal areas may,
for instance, regulate the timing of behavioral responses in a way that is redundant with OFC control mechanisms. The action-suppression mecha-
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nism indicated here for rat OFC may well operate
in other PFC areas as well, which needs to be examined in future experiments. Clinically, a disruption
of these mechanisms may account for disinhibitory
features characteristic of obsessive-compulsive disorder and related conditions, such as attentiondeficit hyperactivity disorder and Tourette’s
syndrome.14
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