
How do you (estimate you will) like them apples? Integration as a
defining trait of orbitofrontal function

Geoffrey Schoenbaum1,2,* and Guillem R Esber3
1Department of Anatomy and Neurobiology, University of Maryland School of Medicine, 20 Penn
St, HSF-2 S251, Baltimore, MD 21201
2Department of Psychiatry, University of Maryland School of Medicine, 20 Penn St, HSF-2 S251,
Baltimore, MD 21201
3Department of Psychological and Brain Sciences, Johns Hopkins University, 3400 N Charles St,
Ames Hall, Baltimore, MD 21209

Summary
The past 15 years have seen a rapid increase in our understanding of orbitofrontal function. Today
this region is the focus of an enormous amount of research, including work on such complex
phenomena as regret, ambiguity and willingness to pay. The orbitofrontal cortex is also credited as
a major player in a host of neuropsychiatric diseases. This transformation arguably began with the
application of concepts derived from animal learning theory. We will review data from studies
emphasizing these approaches to argue that the orbitofrontal cortex forms a critical part of a network
of structures that signals information about expected outcomes. Further we will suggest that, within
this network, the orbitofrontal cortex provides the critical ability to integrate information in real-time
to make what amounts to actionable predictions or estimates about future outcomes. As we will show,
the influence of these estimates can be demonstrated experimentally in appropriate behavioral
settings, and their operation can also readily explain the role of orbitofrontal cortex in much more
complex phenomena such as those cited above.

Introduction
In the past 15 years, we have seen a rapid and exponential increase in our understanding of
orbitofrontal function. Today this region is the focus of an enormous amount of research,
including work on such complex phenomena as regret, ambiguity and willingness to pay [1–
3]. The orbitofrontal cortex is also credited as a major player in a host of neuropsychiatric
diseases, including diverse disorders such as addiction, obsessive compulsive disease, mania
and depression, and even schizophrenia [4–8]. Here we will argue that this transformation
began with the application of concepts derived from animal learning theory. We will review
data from studies emphasizing these approaches to argue that the orbitofrontal cortex forms a
critical part of a network of structures that signals information about expected outcomes.
Further we will suggest that, within this network, the orbitofrontal cortex provides the critical
ability to integrate information in real-time to make what amounts to actionable predictions or
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estimates about future outcomes. As we will show, the influence of these estimates can be
demonstrated experimentally in appropriate behavioral settings, and their operation can also
readily explain the role of orbitofrontal cortex in much more complex phenomena such as those
cited above. Additionally we will lay out a number of areas where critical questions remain to
be answered.

Orbitofrontal cortex signals information about specific outcomes
An overarching principle of learning theory is that even very simple learning situations involve
the acquisition of multiple parallel associative representations [9]. In other words, when an
animal is presented with a simple predictive relationship between a cue (e.g. light) and an
outcome (e.g. food), the animal does not learn a simple unitary association. Rather the animal
actually learns to represent different features of the relationship. While it is unclear how finely
the unitary association may be sliced, what is clear is that some gross aspects of it can be
dissociated, suggesting they are represented independently in the brain.

A key division is between information about the specific outcome versus information about
the general affective or emotional properties that outcome shares with other outcomes; both
types of information seem to be accessed independently by the predictive cue after training
[10]. This can be shown experimentally by training an animal that a cue predicts a particular
outcome and then devaluing the outcome, either by satiation or pairing with illness. If this is
done, the animal will subsequently respond less to the predictive cue, even if this cue is never
again explicitly paired with the devalued outcome. Further if one pairs the cue with illness, it
is possible to induce an aversion to the food [11]. These data show that the cue is able to evoke
a representation of the outcome. Changes in behavior are specific to the particular outcome
that is devalued and thus suggest that the evoked representation is also specific.

At the same time, however, the predictive cue is still sufficient to drive many behaviors that
would seem to reflect its acquired value or significance. For example, conditioned stimuli can
still support approach (and avoidance), second order conditioning, conditioned reinforcement,
and Pavlovian-to-instrumental transfer after devaluation of their associated outcome [12–15].
These data suggest that in addition to evoking a representation of the specific outcome, a cue
can also directly trigger the general affective or emotional properties that the outcome shares
with other outcomes.

The application of this idea to the study of neural circuits has led to remarkable advances in
our detailed understanding of what different areas do to support associative learning. This is
particularly true for the orbitofrontal cortex. Orbitofrontal cortex has long been implicated in
associative learning. For example, for decades it has been clear that monkeys with orbitofrontal
damage are impaired in learning to respond appropriately to cues predictive of reward,
particularly in reversal tasks, and neurons in orbitofrontal cortex signal associative information
in this setting [16,17]. However the precise function mediated by orbitofrontal cortex in
associative learning has remained elusive. Insight into this question has come from a series of
studies examining the role of the orbitofrontal cortex in devaluation paradigms.

These studies have shown clearly that the orbitofrontal cortex is critical for changes in cue-
evoked responding caused by devaluation of the predicted outcome. Both monkeys and rats
with orbitofrontal lesions learn to respond normally to cues that predict rewards. They also
learn to stop eating the associated rewards when they are devalued. However they fail to change
their behavior later when presented with cues that predict these outcomes [18–21] (Figure 1A
and 1B). These studies have been corroborated by single-unit and fMRI data indicating that
the neural activity in orbitofrontal cortex anticipates specific features – including the value –
of expected outcomes. For example, in monkeys, unit activity in orbitofrontal cortex to different
food items declines with feeding on that food [22]. Similarly BOLD signal in the orbitofrontal
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cortex to odors of foods in hungry subjects declines selectively if the subject is given that food
to eat [23,24] (Figure 1C).

At the same time, a growing number of reports suggest that the orbitofrontal cortex is often
not necessary for normal behavior that is not critically dependent on information about specific
outcomes. This is clearly true for a host of behaviors, such as simple discrimination learning
and Pavlovian conditioning, in which orbitofrontal lesioned animals perform normally [18,
20,25,26]. In these tasks, behavior is almost certainly mediated by multiple associative
structures, thus the necessity for a representation of the specific outcome is likely minimal.
Similarly, although orbitofrontal lesions have been reported to affect conditioned
reinforcement [27], these effects were complex with some animals exhibiting increased
responding. Further orbitofrontal lesions do not have any effect on conditioned reinforcement
if the outcome is first devalued, thereby removing any contribution of outcome-related
information [28]. On the other hand, orbitofrontal cortex is important when training procedures
are used that emphasize the contribution of outcome-specific information in these settings. For
example, while orbitofrontal cortex is not necessary for discrimination learning, it is important
for the normal facilitation of learning that occurs when different responses lead to different
outcomes [29]. Similarly when special training procedures are utilized to minimize associations
between the cue and general affective information and force the animal to rely on outcome
representations, orbitofrontal cortex becomes essential for conditioned reinforcement [28].

Orbitofrontal cortex signals estimates about future outcomes
Yet even as associative significance was a poor descriptor of the function of the orbitofrontal
cortex 20 years ago, the idea that the orbitofrontal cortex is critical for signaling information
about specific outcomes also seems scarcely sufficient for describing the complex role this
area plays in behavior. For one, the orbitofrontal cortex is only one of a number of areas that
is critical to outcome-guided behaviors revealed by devaluation tasks [30–34]. Moreover some
of the more complex phenomena suggest that the value-added contribution of orbitofrontal
cortex goes beyond signaling of existing information about specific outcomes.

One attractive proposal is that the orbitofrontal cortex may cooperate with downstream
associative learning nodes in creating actionable predictions or estimates about future outcomes
[35]. Critically, in doing so orbitofrontal cortex would integrate existing knowledge to create
new information. This proposal is consistent with the idea that orbitofrontal cortex is a
prefrontal region and with proposals from a number of other groups that this region plays a
role in executive function or working memory within the domain of value or outcomes [36–
38]. According to this model, downstream areas like basolateral amygdala or striatum would
store associative information, reflecting acquired knowledge about how the world has worked
in the past, whereas the orbitofrontal cortex would integrate this information with other input
to create predictions about the future. The orbitofrontal cortex should be particularly important
when past experience is insufficient to correctly predict the occurrence of an outcome. In other
words, the orbitofrontal cortex should be necessary when behavior requires information about
likely future outcomes to be generated on the fly, by combining retrospective rules about how
the world has worked in the past in order to generate estimates about future outcomes.

A number of lines of evidence are consistent with this hypothesis. For example, as noted above,
the orbitofrontal cortex is not necessary for simple Pavlovian conditioning nor is it required
for animals to learn to avoid a food that has been paired with illness or satiated [18–21].
However it is essential for changes in conditioned responding when a predicted food has been
paired with illness. Critically, this effect of devaluation requires integration of existing
representations concerning outcomes. This is evident in the fact that conditioned responding
after devaluation is different the very first time the cue is encountered. It does not require new
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learning. Instead it reflects the novel combination of two pieces of associative information
acquired previously. Consistent with the proposition that this integration requires orbitofrontal
cortex, single unit activity [22] and BOLD signal [23,24] in orbitofrontal cortex related to
expected outcomes changes with devaluation of that outcome, and damage or inactivation of
orbitofrontal cortex immediately prior to the critical probe test prevents the normal effect of
devaluation on conditioned responding [19,39]. Notably this is not true for basolateral
amygdala, which is another region involved in this effect [32]. If damage to basolateral
amygdala is made after the original associations are acquired, devaluation can proceed
normally [19].

Another example comes from examining the role of orbitofrontal cortex in extinction learning
using a Pavlovian over-expectation task. In this task, rats are trained to associate different cues
with reward. After learning, two of the cues are presented in compound, followed by the same
amount of reward. Subsequently normal animals will respond less to either of these cues if
they are presented alone (Figure 2A). Like devaluation, this decline in responding is observed
on the very first trial of the probe test, thus it does not reflect new learning in the probe test.
Instead it is thought to reflect the difference between the summed expectations for reward,
produced by the two cues, and the actual reward delivered on those compound trials, which is
smaller. The resultant prediction error is proposed to lead to extinction of responding in much
the same way omitting an expected reward does in a conventional extinction task. In support
of this idea, both over-expectation and conventional extinction exhibit spontaneous recovery
and renewal [40,41].

The orbitofrontal cortex is critical for changes in responding after over-expectation [42].
Specifically inactivation of orbitofrontal cortex during the compound phase, when signaling
of information about expected outcomes is necessary for learning, prevents the later decline in
responding in a probe test conducted a day after the last inactivation session (Figure 2B). In
the compound sessions, control rats showed summation; that is they respond more to the
compounded cues than to the individual control cues. By contrast, rats in whom orbitofrontal
cortex is inactivated failed to show summation, instead continuing to respond at normal levels
to the two cues. This is consistent the proposal that orbitofrontal cortex is essential for
integrating existing information – in this case across cues with unique associative histories -
to create estimates about expected outcomes. Contralateral inactivation of orbitofrontal cortex
and midbrain also blocked learning (Figure 2C), suggesting that summed outcome expectancies
signaled by orbitofrontal cortex might contribute to extinction by supporting error signaling
by midbrain dopamine neurons.

In this regard, it is notable that the same rats that fail to summate and show extinction of
responding due to over-expectation subsequently exhibited normal extinction of responding
when orbitofrontal cortex was inactivated in a conventional setting [43]. Thus orbitofrontal
cortex is necessary only when extinction requires integration across cues to derive a novel
estimate of the expected outcome; orbitofrontal cortex is not necessary for extinction when
elemental associations that simply reflect past experience are sufficient. Of course, normal
extinction may often be facilitated by summation of expectancies, as for example when the
context or environment also becomes associated with reward. This might be particularly likely
in discrimination settings in which inter-trial intervals are often very short, resulting in
contextual conditioning. This might explain why in some instances orbitofrontal lesions have
been reported to impair conventional extinction learning.

A third example comes from Pavlovian-instrumental transfer. Pavlovian-instrumental transfer
refers to the increase in instrumental responding that occurs when a separately trained
Pavlovian cue is superimposed on responding. To the extent that this effect results from the
integration of unique expectations about an impending outcome, independently derived from
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the instrumental response and the Pavlovian cue, then it should depend on orbitofrontal cortex.
Consistent with this, it has been reported that orbitofrontal lesions made after training disrupt
transfer [44]. Interestingly this effect is more subtle than over-expectation in that lesions only
affected transfer when the outcomes were explicitly different. It is possible that the use of an
instrumental procedure may have allowed other areas implicated in instrumental learning, such
as medial prefrontal cortex, to participate in the summation process. Nevertheless the critical
involvement of the orbitofrontal cortex when outcome information is preeminent is consistent
with the overall hypothesis.

Conclusions
Here we have reviewed evidence regarding the role of orbitofrontal cortex in associative
learning, focusing on studies that have employed concepts from learning theory to specify more
precisely the function mediated by this area. Based on this work, we have suggested that the
orbitofrontal cortex is critical for signaling information about the specific outcomes that can
be expected in a particular situation. This function seems particularly necessary (ie not
redundant with that provided by other areas or brain circuits) either when information about
specific outcomes is necessary for the behavior or perhaps when information must be integrated
to create an estimate of future outcomes.

This function explains a great deal of the data regarding orbitofrontal function. This is certainly
true for the vast majority of single unit and fMRI data concerning this area. Data that fails to
fit this model is typically open to interpretation either with regard to the function being assessed,
the source of the signal, or whether the technique is appropriate for drawing conclusions from
negative results.

One notable exception to this is a recent report that neural activity in monkey orbitofrontal
cortex represents general utility or value of outcomes rather than signaling information about
specific outcomes [45]. This result on its face contradicts simple predictions of this model.
However more recent data from this group [46] combined with earlier results [47] suggests
that even this apparent general value coding is subject to menu or framing effects. Thus the
activity evoked in orbitofrontal cortex to a particular value outcome changes to reflect the
context in which that outcome is available; this is evident when different trial types are blocked
rather than being randomly interleaved. This effect is consistent with the proposal that signaling
in orbitofrontal cortex represents the value of a specific outcome, in this case that available in
a particular context or setting. In this regard, a key variable in these studies that is not explored
is the influence of training. These monkeys had an enormous amount of experience making
selections among marginally different outcomes in the same behavioral setting. Like a currency
trader, who can convert euros and dollars and yen effortlessly, the monkeys had learned over
tens or even hundreds of thousands of trials to trade between different juice types. We would
suggest that the training caused the specific outcome features to be compressed in orbitofrontal
cortex, just as the specific context features are compressed if trials are interleaved. Consistent
with this, we have found much more specific aspects of outcome value in rats performing a
comparable task but given much less training [48].

In any case, correlates are just that – correlates. Even if more general coding is observed in
some neurons in orbitofrontal cortex, it remains to be shown that this neural activity is critical
to behavior. Indeed all of the behavioral tests of which we are aware that have directly addressed
this question suggest it is not. On the other hand, the model we have proposed accounts well
for most of these behavioral data. This includes effects of orbitofrontal cortex in the tasks we
have described, such as Pavlovian devaluation, conditioned reinforcement, Pavlovian-
instrumental transfer, over-expectation, extinction, blocking and unblocking, as well as a
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number of other settings that we have not described in detail, including reversal learning, latent
inhibition, blocking and unblocking, and even delayed discounting [16,28,49–52].

Further the same logic that explains the role of orbitofrontal cortex in these simple tasks would
also account for its involvement in a variety of much more complicated behavioral phenomena
studied in humans. For example, as we pointed out earlier, the orbitofrontal cortex has been
implicated in regret and counterfactual reasoning [1]. Obviously one cannot suffer regret or
consider the implications of a path not taken if one cannot integrate information about how the
world works to create estimates of likely outcomes for these options. Indeed we would argue
that this functions place a premium on the ability to create novel combinations of information,
since often these alternatives have not been experienced. Similarly the preferential involvement
of orbitofrontal cortex in signaling what might be called ambiguity (uncertain uncertainty)
versus risk (certain uncertainty) [2,53,54] would be expected if this area was particularly
necessary for formulating estimates in situations where experience alone is insufficient.
Interestingly this function is selectively impaired in patients with obsessive-compulsive
disorder [6], a disorder thought to involve orbitofrontal cortex, whereas the opposite
dissociation is observed in Parkinson’s patients [55], which is not thought to directly impact
this region. And finally, willingness to pay, which has been linked to orbitofrontal signaling
[3], clearly involves a general if somewhat unspecified integration of existing knowledge and
desires in order to imagine some future outcome (e.g. satisfaction). Of course this is only one
possible explanation for the role of orbitofrontal cortex in these behavioral phenomena, but it
is an explanation most consistent with data from paradigms in which behavior can be more
rigorously constrained.

Of course serious questions remain. In addition to questions about effects of training and the
role of orbitofrontal cortex in signaling general value, noted above, it is also unclear to what
extent there is correspondence between rats and primates. Devaluation and reversal effects
appear similar across species. However there is at least one report that even these functions
may be topographically segregated in primate orbitofrontal cortex in a manner that would
require changes in the specifics of the model we have presented [56]. Further many of the other
effects we have highlighted in rat work have not been directly replicated in primates.

Another serious question concerns how closely the role of orbitofrontal cortex in integrating
information to estimate likely outcomes is related to its role in signaling outcome specific
information. Effects of orbitofrontal inactivation on over-expectation, described above,
highlight this issue since the outcomes predicted by the two cues are nominally the same.
However although the two outcomes seem similar, they are not identical because they differ
in their context and antecedents. Thus they may be perceived and coded by non-overlapping
neural circuits or populations in the rat. This suggestion should not be too surprising; context
clearly influences the qualities of outcomes. This is apparent when you experience an expensive
meal in a novel location versus the same meal in your own kitchen and also in so-called framing
effects. Similarly a banana food pellet predicted by a light may be perceived differently – and
represented by different neural populations - than the same banana food pellet predicted by a
tone. Indeed summation may depend on the extent to which training procedures emphasize or
discourage such non-overlapping representations of different outcomes. In other words, if two
cues activate precisely the same neural population to represent the outcome, it may be much
more difficult to get summation effects than if the cues activate different or even partially
different populations. If this testable prediction is true, then the role of orbitofrontal cortex in
producing summation would be essentially a by-product of its importance in integrating
presentations of unique outcomes, whether those outcomes are unique due to their innate
features or due to any other factor causing them to be uniquely represented.
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Of course as famously noted by George Box, all models are wrong in some regard. This surely
is true here. However, as Dr Box also noted, some models can be useful to the extent they
frame existing data in a manner that makes testable predictions. We believe this is the case for
this model. It provides testable predictions regarding other situations in which the orbitofrontal
cortex and related brain regions should be critical. In testing these predictions, we may come
closer to identifying the true functions of this important brain region.
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Figure 1.
The role of orbitofrontal cortex in changing conditioned responding as a result of reinforcer
devaluation. A. Changes in Pavlovian conditioned responding in sham and orbitofrontal-
lesioned rats after reinforcer devaluation. Rats were trained to associate a light cue with food.
Subsequently the food was devalued by pairing it with illness, then responding to the cue was
assessed in a final probe session. Orbitofrontal-lesioned rats showed normal conditioning to
the cues and stopped eating the food when it was paired with illness but, as shown in the figure,
failed to change conditioned responding as a result of devaluation in the final probe test. B.
Changes in discriminative responding in sham and orbitofrontal lesioned monkeys after
reinforcer devaluation. Monkeys were trained to associate different objects with different food
rewards. Subsequently one food was devalued by over-feeding, then discrimination
performance was assessed in a probe test. As illustrated in the figure by a difference score
comparing pre- and post-satiation bias, orbitofrontal-lesioned monkeys failed to bias their
choices away from objects associated with the satiated food. C. Changes in BOLD signal in
human orbitofrontal cortex after reinforcer devaluation. Subjects were scanned during
presentation of odors of different foods. Subsequently one food was devalued by over-feeding,
then subjects were re-scanned. As illustrated in the figure, appetive ratings of the odor and
BOLD response in orbitofrontal cortex declined to odors of satiated (Tgt CS/US) but not non-
satiated (nTgt CS/US) foods. Adapted from Gallagher et al., Journal of Neuroscience, 1999,
Izquierdo et al, Journal of Neuroscience, 2004, and Gottfried et al, Science, 2003.
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Figure 2.
Effect of inactivation of bilateral inactivation of ventral tegmental area or contralateral
inactivation orbitofrontal cortex + ventral tegmental area on changes in behavior after over-
expectation. Rats in all groups conditioned normally and maintained responding during
compound training (though only controls showed summation to the compound cue). Shown is
food cup responding to the auditory cues during the critical probe test. As in Figure 13, controls
(A) exhibited weaker responding in this probe test to the cue that had been compounded. This
decline in responding was not observed if ventral tegmental area had been inactivated
bilaterally (B) during prior compound training or if ventral tegmental area and orbitofrontal
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cortex were disconnected via contralateral inactivation (C). Adapted from Takahashi et al,
Neuron, 2009.
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