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Abstract

The primate orbitofrontal cortex (OFC) is often treated as a single entity, but architectonic and
connectional neuroanatomy indicates that it has distinguishable parts. Nevertheless, few studies
have attempted to dissociate the functions of its subregions. Here we review findings from recent
neuropsychological and neurophysiological studies that do so. The lateral OFC seems to be
important for learning, representing and updating specific object-reward associations. Medial
OFC seems to be important for value comparisons and choosing among objects on that basis.
Rather than viewing this dissociation of function in terms of learning versus choosing, however,
we suggest that it reflects the distinction between contrasts and comparisons: differences versus
similarities. Making use of high-dimensional representations that arise from the convergence of
several sensory modalities, the lateral OFC encodes contrasts among outcomes. The medial MFC
reduces these contrasting representations of value to a single dimension, a common currency, in
order to compare alternative choices.
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INTRODUCTION

The last twenty years have seen a dramatic shift in our understanding of the functions of the

orbitofrontal cortex (OFC). Two decades ago, the OFC was widely thought to function in
the inhibitory control of behavior [1-3]. This idea derived from the deficits displayed by
humans and other animals with OFC damage. They seemed to be unable to alter their
actions or emotions in a flexible manner, especially when faced with negative feedback.

A different picture has emerged from contemporary neuroscience. For example,
neurophysiological studies in monkeys and rats have shown that the activity of neurons
within the OFC is modulated by stimuli and the specific outcomes associated with them
[4-7]. Complementing these findings, studies of how OFC lesions affect behavior have
shown that this area is critical for the ability to learn and to update stimulus—outcome

associations in humans, monkeys and rats [8-12]. As a result, most neuroscientists accept the
idea that the OFC plays a critical role in learning, representing and updating the relationship

between stimuli and their specific outcomes [13, 14], although the older ideas about
behavioral inhibition remain.
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In addition to such stimulus—outcome associations, or perhaps through them, the OFC plays
a key role in emotion, emotion regulation, decision-making and reinforcement learning.
Given the importance of these functions, the intrinsic organization of the OFC is something
we would like to understand in some detail. With rare exceptions [15], however, the precise
parts of the OFC responsible for subserving its various functions have been largely ignored.
This omission is surprising given the anatomical heterogeneity of the OFC, which is
composed of distinct regions, each of which has different patterns of connections to other
cortical and subcortical structures [16-18]. Compared to the OFC as a whole, relatively little
is known about the specific functions of its anatomical subregions.

In this article, we review findings from recent studies that examined the functions of OFC's
subregions, with a focus on experimental studies in primates. We will first describe the
anatomy of these subregions in humans and monkeys. Next, drawing primarily from
neuropsychological and neurophysiological studies in monkeys, we will review recent
evidence regarding functional distinctions among the subregions of OFC. We will suggest
that the more lateral parts of the OFC function in learning, representing and updating
specific stimulus—reward associations by virtue of their connections to sensory and
structures and the amygdala. By contrast, more medial parts of the OFC function in
comparing the value of different options in order to make choices among them. Finally, we
will discuss some unresolved issues.

Anatomical subdivisions of OFC

In the first half of the 20t century, neuroanatomists divided the frontal cortex of the
macaque brain into areas on the basis of architectonic features. Published maps included
those of Brodmann [17], Vogt and Vogt [19], Walker [16], and von Bonin and Bailey [20],
among others. Walker's map has proven to be the most influential for studies of the OFC,
mainly because contemporary neuroanatomists have adopted it with modifications [21-25].
Carmichael and Price [22], for example, recognized several subdivisions of Walker's areas
11, 13, 14 and 10 based on a combination of anatomical methods. They recognized the small
agranular areas that make up the caudal portion of the OFC (Figure 1a), which Walker failed
to mark on his maps.

Orbital cortex is a descriptive term for the parts of the frontal cortex overlying the orbit in
primates and for their presumptive homologues in other species. To say the least, its
boundaries are indistinct in any species and often include small parts of the medial surface
of the hemisphere in addition to the orbital surface. As an operational definition, we
consider OFC of the macaque to extend from the fundus of the lateral orbital sulcus,
laterally, to the fundus of the rostral sulcus, medially (Figure 1a). It extends from the rostral
end of the medial orbital sulcus, rostrally, to the junction of the frontal lobe and temporal
lobe, caudally. Accordingly, the OFC includes the small cortical fields that make up the
rostral part of the insula, all the subdivisions of areas 11, 13 and 14, as well as the ventral
part of what Carmichael and Price called area 10m (not illustrated). Our operational
definition excludes area 100, which we consider to be part of the frontal polar cortex, as well
as area 120, the part of area 12 that lies lateral to the lateral orbital sulcus (Figure 1a).
Importantly, this definition of OFC is the one used most often in neuropsychological studies
of macague monkeys.

Most of the anatomical subdivisions of OFC identified by Carmichael and Price [22] fall
into what they considered to be a lateral, sensory network, which is characterized by
connections with gustatory, olfactory and visual cortex. In addition, however, the most
medial portion of OFC falls into a medial, visceromotor network, which is characterized by
connections with autonomic control nuclei in the hypothalamus and periaqueductal gray [18,
26]. A few orbital areas contribute fairly equally to both networks (Figure 1b). The section
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entitled Functional specialization within the OFC explains how these affiliations informed
our experiments.

The dramatic balkanization of the OFC, to the trained anatomical eyes of Carmichael and
Price, and their subsequent grouping of these areas into networks on the basis of
connections, might seem like an exercise in splitting hairs. But we think that these
subdivisions reflect something about the evolutionary history of the OFC. Preuss and
Goldman-Rakic [24] were the first to show that primates have more OFC areas than do rats
and other mammals. They concluded that primates share several caudal agranular areas with
other mammals, but early primates evolved new granular areas that are located more
rostrally (Figure 1a). Interestingly, most of the sensory inputs arrive in areas specific to
primates, namely, the granular fields of the sensory network: areas 13m, 13l, 13b, 11m and
111 of Carmichael and Price. Areas 13 and 11 appear to be the earliest sites at which visual
information about objects converges with olfactory, gustatory and visceral inputs. Object-
related information comes from the perirhinal cortex to the granular OFC and the
chemovisceral inputs are relayed to these areas via the agranular orbitofrontal cortex.
Murray and colleagues [27] have proposed that this visual-chemovisceral convergence
permits enhanced flexibility in evaluating and responding to rewards. The sight of a
particular food, a fruit at a particular stage of ripeness, for example, might evoke its taste
and smell, along with the pleasant sensations and positive affect that follow its consumption.

Macaque monkeys have most of the cytoarchitectonic subdivisions of frontal cortex
observed in humans [28], including all of the subdivisions of areas 11 and 13. Thus, we can
expect that the functional organization of the macaque brain will inform us about the
functional organization of the human brain. Other cross-species comparisons are more
difficult. One consequence of the elaboration of the frontal cortex in primates, compared to
other mammalian orders, is that it imposes important limitations in cross-species
comparisons. If, as we have said, the granular parts of the OFC evolved in primates, then
these parts of the OFC cannot be studied in other mammals, including rodents [29]. The
areas common to both primates and other mammals, such as the agranular parts of the
insular cortex, can be studied in any mammal, but there is no guarantee that they maintained
the same function in primates once new areas appeared.

Similar to the study of rodent OFC, research on the OFC of humans is not without its
limitations. Although neuropsychological studies in humans with stroke, tumor excision or
arterial rupture have yielded important findings regarding broad swaths of OFC, the brain
damage resulting from these and other insults is not restricted to any of its subregions or,
indeed, to OFC as defined here [30, 31]. Signal dropout, distortion and susceptibility
artifacts from nearby air sinuses mean that functional imaging of the human OFC also has its
challenges [32]. Of course, all neuroscience research has limitations, and
neuropsychological research on monkeys has its share, as well. Yet in view of the
difficulties just mentioned for OFC research in humans and rats, it seems to us that studies in
macaqgue monkeys will be essential for elucidating the functions of the different parts of the
primate OFC. One cannot study OFC subregions in rats that they do not have, and one
cannot study the effects of well-defined lesions in humans because they do not occur
commonly enough.

Functional specialization within the OFC

Evidence from object reversal learning—In a seminal paper, Butter (1969) reported
that lesions of the entire orbital surface in macaques, including Walker's areas 11, 12, 13 and
14, produced “perseverative” type impairments in behavior. Butter used three tasks intended
to assess monkey's ability to alter behavior in the face of changing reward contingencies:
object reversal learning, spatial reversal learning, and response extinction. Macaques with
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damage to the entire orbital surface (i.e., OFC as defined here plus the part of area 12 on the
orbital surface) exhibited deficits on object reversal learning and response extinction, but not
spatial reversal learning tasks [1], suggesting that the OFC is critical for altering reward
associations. The same study also revealed that ventral prefrontal cortex (Walker's area 12;
labeled lateral OFC in his Figure 1a), was functionally distinct from areas 11, 13 and 14.
Lesions of the ventral prefrontal cortex, including the parts of area 12 on both the orbital
surface and inferior convexity, affected spatial as well as object reversal learning but not
response extinction.

It is often overlooked, however, that Butter's study went further, and provided evidence for
functional specialization within the OFC. Based on Walker's (1940) and von Bonin and
Bailey's (1947) anatomical maps of the macaque frontal lobe Butter made lesions in the
anterior and posterior portions of the OFC. His lesions did not correspond to precisely
defined anatomical regions, but the anterior OFC lesions preferentially damaged Walker's
area 11 and the more posterior lesions did more damage to Walker's area 13. Macaques with
lesions of the anterior OFC were unimpaired on any of the three tasks. Animals with
ablation of the posterior portion of the OFC, by contrast, exhibited an inability to extinguish
responding of a previously rewarded response, similar to that seen in the group of macaques
with lesions of the whole orbital surface. Despite this profound deficit, monkeys with
posterior OFC lesions were unimpaired on spatial and object reversal tasks.

Butter found that the functions of OFC are distinct from those of the ventral prefrontal
cortex (area 12), a result that has been replicated repeatedly [3, 33, 34]. Whereas lesions of
ventral prefrontal cortex impair monkey's performance in the initial stages of object reversal
learning, OFC lesions lead to a more pervasive deficit in this task, pointing to a key role in
using reward outcomes to guide choices among objects [33-35]. Butter's findings on the
different effects of anterior and posterior OFC lesions have not been replicated, however,
despite their obvious significance. So while this early work had a profound and lasting
influence over how we view the function of the OFC in contrast to that of the ventral
prefrontal cortex (area 12), it had less impact on understanding the subregions of OFC.

A 2009 study by Kazama and Bachevalier was one of the first to tackle this problem
recently. Their study probed one of the more puzzling results of Butter's earlier work.
Despite the fact that lesions of the entire orbital surface led to deficits on object reversal
learning, neither lesions of anterior OFC nor posterior OFC affected macaque's performance
on this task [1]. It is important to appreciate that, in the decades since Butter's study,
impairments in object reversal learning have been viewed as the hallmark of OFC
dysfunction [2, 3, 9, 14, 36, 37]. To test whether Walker's areas 11 and 13, collectively, are
necessary for altering object-reward associations, Kazama and Bachevalier made lesions that
included both of these subregions. Macaques with these combined lesions were unimpaired
on an object reversal learning task similar to the one used by Butter. The combined lesions
were not without effect on other tasks; social behavior was altered and their ability to update
specific object—reward associations was impaired relative to controls, as assessed by the
devaluation task [38, 39]. Because lesions of the entire OFC (areas 11, 13, and 14) produced
deficits on reversal learning, but lesions restricted to areas 11 and 13 did not, Kazama and
Bachevalier concluded that medial parts of OFC, including Walker's area 14, must be the
critical part of the OFC for mediating object reversal learning.

Our recent studies of OFC have revisited this problem. We reasoned that, given the
anatomical connections of medial OFC, it was unlikely that this region would be critical for
object reversal learning. Specifically, medial parts of OFC receive relatively few projections
from sensory cortical areas, which would presumably be important for linking visual object
information with reward outcomes. In contrast, lateral OFC, especially area 13 and the
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agranular insula cortex, receive much stronger inputs from sensory cortical areas [40, 41].
Accordingly, we prepared two groups of monkeys, one with excitotoxic lesions limited to
areas 11 and 13, roughly corresponding to Carmichael and Price's [18] lateral sensory
network, and another with excitotoxic lesions limited to areas 14 and 10m, corresponding to
a portion of the medial, visceromotor network (Figures 1b, 2a). We said above that their
anatomical analysis informed our neuropsychological studies, and the lesion placement is
one of the ways it did so. The ability of these two groups of monkeys to perform object
reversal learning was directly compared to unoperated controls. We were surprised to find
that neither lesion affected macaque's performance on this task.

Our findings thus confirm the result reported by Kazama and Bachevalier, who showed that
areas 11 and 13, together, are not essential for object reversal learning. However, our results
extend their findings and lead to a different conclusion. Our results showed that areas 14 and
10m, collectively, are likewise not essential for performing the object reversal task. Taken
together, the results suggest that all parts of the OFC must be damaged to disrupt object
reversal learning. Such a conclusion would be hasty, however, because the pattern of results
might reflect differences in lesion methods. Total OFC lesions have been made with ablation
methods, but our partial lesions have used excitotoxins. This methodological difference
could explain the null effect of partial lesions if one assumes that ablation methods damage
axons passing near the OFC on the way to or from more anterior or medial parts of the
prefrontal cortex. This issue is open to empirical investigation.

Evidence beyond object reversal learning—One of the weaknesses of the object
reversal learning paradigm is that monkeys can apply a simple strategy to perform it. For
example, they can adopt a win-stay/lose shift strategy. If they perform the task in this way,
then they do not need to keep track of the history of previous choices or rewards, at least not
beyond the immediately preceding trial, and they do not need to remember the specific
outcome associated with particular objects. Improvements in behavioral methods are needed
to overcome the confounded factors of strategies, choice—outcome associations, and object—
outcome associations.

One task that has elucidated the function of OFC subregions is the reinforcer devaluation
task [42]. In a standard version, monkeys learn that specific objects are paired with one of
two different foods (food 1 and food 2). In series of test sessions, objects associated with
food 1 and food 2 are presented together and the monkeys can choose between them to
obtain the food they value most. Prior to some test sessions, monkeys are allowed to eat one
of the two foods to satiety in order to devalue that food. In test sessions given after selective
satiation, unoperated control monkeys rarely choose objects associated with the devalued
food. Monkeys with complete lesions of OFC, by contrast, continue to select objects
associated with the sated food [10]. Recently we have assessed the effects of subtotal OFC
lesions on the devaluation task [43]. Monkeys with lesions of areas 11 and 13, but not those
with lesions of area 14, were impaired in shifting their choices of objects to avoid the
devalued food (Figure 2b). In addition, the magnitude of the impairment after the selective,
excitotoxic lesions of areas 11 and 13 was roughly equivalent to that seen after complete
aspiration lesions of OFC. Thus, areas 11 and 13 appear to be the critical site for updating
the value of food rewards based on current biological needs.

These same groups of monkeys were also tested on an object extinction task. The task has
two phases: acquisition and extinction. In the acquisition phase, monkeys learned to displace
an object to obtain a food reward. Once monkeys were routinely displacing the object to
earn food rewards, the extinction phase was initiated. During extinction, food reward was no
longer available. We recorded the number of unrewarded object displacements, a measure
that reflects how long it took for monkeys to stop responding to the unrewarded object.
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The extinction task yielded the converse pattern of results from the reinforcer devaluation
task. Monkeys with lesions of area 14, but not those with lesions of areas 11 and 13, were
impaired on the extinction task, i.e. they were slow to stop responding to the previously
rewarded object (Figure 2c¢). This deficit was milder than that seen after complete OFC
lesions [44] indicating that other areas also contribute to this kind of learning. Alternatively,
differences in lesion method may be a factor.

We also developed a new task to examine the transitivity of value judgments, which has
been proposed as a key OFC function [45]. To test this idea, our monkeys were allowed to
choose between objects that had been associated with different familiar foods, among which
the monkeys had an ordered preference. After the monkeys had learned to discriminate the
objects from each other and had also learned which food was associated with each object,
they were allowed to choose between two objects associated with different foods that had
never been paired together before. If the OFC is important for value-based transitivity, then
monkeys with OFC lesions should have difficulty in choosing objects based on their food
preferences. We found that monkeys with lesions of area 14 made slightly more choices that
were inconsistent with their overall food preferences than did controls. Monkeys with
lesions of the areas 11/13 did not differ from controls on this task [43].

The finding that macaques with lesions of lateral OFC were unable to update sensory-
specific object-reward associations, as assessed by the devaluation task, fits well with the
idea that the sensory network is “important for the assessment of foods” [46]. The inability
of macaques with lesions of medial OFC to extinguish responding to a previously rewarded
object at a normal rate may be related to altered visceral control mechanisms. The medial
OFC is part of what Carmichael and Price called the visceromotor network, and a deficit in
visceral or autonomic control might affect extinction behavior. Alternatively the deficit
could be related to this area's proposed role in value comparison [43, 47], as explained later.
The deficit on the value-based transitivity test is consistent with either idea. This test
involves comparisons between objects, but if an object evokes a visceral or autonomic
response that reflects the value of the associated food, and such ‘somatic markers’ influence
monkeys’ choices, then both ideas can be combined. The same account could apply to the
extinction test.

Another useful paradigm was recently developed by Rushworth and colleagues and was
directly applied to the problem of dissociating the functions of OFC subregions [8, 47, 48].
Macaques performed a three-arm bandit task for food reward. On each trial of this task,
monkeys chose among three different stimuli. Over the course of a session they could learn
which of the three stimuli was associated with the highest probability of receiving a food
reward. Unoperated control monkeys quickly learned the best stimulus—reward association
(Figure 3a). By contrast, macaques with lesions largely restricted to areas 11 and 13 were
markedly slower to learn this relationship [8, 48]. By analyzing the trial-by-trial choices of
each monkey, it was shown that damage predominantly in but not limited to the more lateral
parts of OFC (corresponding to areas 11 and 13) alters credit assignment, the process by
which outcomes are assigned to the specific choices or actions that led to them [8].

During learning, monkeys presumably build up a representation of the value of each of the
available options based on the history of outcomes (rewards or non-rewards) received when
that option was chosen. Only by correctly crediting an outcome to the particular stimulus
chosen on that trial will a monkey be able to accurately represent the value of the available
options. Walton et al. (2010) showed that monkeys with damage mainly affecting the lateral
OFC areas 11 and 13 are unable to correctly assign outcomes to the choices that led to them;
instead, the monkeys choose on the basis of an average of recent choices and outcomes. This
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deficit is especially prominent when the difference in value between the available options is
small (Figure 3b).

The findings from the devaluation and three-arm bandit tasks are, in a sense,
complementary. The results from the three-arm bandit task suggest that lateral parts of the
OFC (areas 11 and 13) assign reward to particular objects or, alternatively, to a choice
among objects. This experiment does not reveal anything about the current value of the
reward in relation to the monkeys’ internal state. By contrast, the findings from the
devaluation task show that the lateral OFC is important for assessing the current value of
particular reward outcomes. Put simply, the three-arm bandit task shows that the lateral OFC
learns that the choice of a given object is likely to yield a reward. In addition, the
devaluation task shows that the lateral OFC learns the specific reward associated with an
object and evaluates that reward in terms of the monkeys’ current state. Interestingly, despite
impairments in credit assignment and value updating, monkeys with lateral OFC lesions are
still able, eventually, to learn which of a number of available options is associated with the
highest probability of reward [8] and to display distinct object and food preferences[43].
Theories of lateral OFC function will have to take into account not only the impairments but
also the spared abilities.

It is possible that an inability to correctly assign distinct outcomes to specific stimuli or
objects is the cause of the deficits on the devaluation task observed following damage to
lateral OFC [38, 43]. On this view, the disruption of reinforcer devaluation effects would
occur because the monkeys with lateral OFC lesions learn that some objects are generally
associated with rewards, as opposed to learning the association between objects and the
sensory properties of particular rewards. Without representations of specific object-reward
associations it is impossible to update the value of the specific reward outcomes. An
alternative possibility is that macaques are able to learn the associations between particular
objects and the sensory properties of specific reward outcomes, but that they are unable to
update or hold online the value of the rewards following selective satiation [49]. Thus we
view the lesion effects on the devaluation task as adding to those on the three-arm bandit
task. Future research will be needed to resolve this issue, including the possibility that the
credit assignment and value updating functions are subserved by distinct parts of the lateral
OFC.

A deficit in credit assignment is, by contrast, unable to explain the effects of lesions to areas
14 and 10m: the medial OFC as defined here. Noonan et al., (2010) revealed that, unlike
lateral OFC (area 11 and 13), the medial OFC is important for appropriately contrasting the
value of alternative choices. Similar to the aforementioned studies, monkeys performed a
three-arm bandit task and had to learn which one of three stimuli was associated with the
highest probability of receiving a food reward. Whereas monkeys with lesions of medial
OFC were able to learn at a similar rate to controls, their ability to choose the most valuable
option was affected by the value of the alternatives. A role for medial OFC in value
comparison as opposed to value learning is consistent with reports from both humans and
monkeys that lesions within medial OFC are associated with inconsistent choices between
different options [43, 50].

Thus it appears that the function of medial OFC is distinct from that of lateral OFC. As we
have argued, lateral OFC is important primarily for learning and flexibly updating stimulus-
reward associations. In this summary statement, we use the term updating in two senses:
updating the relationship between an object and reward probability when this relationship
changes and updating the valuation of that reward based on a current motivational state.
Indeed it may be that when making a decision, more lateral parts of OFC provide the current
valuation of the available options to the medial OFC, where the values are compared before
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making a choice [43, 47]. The difference in function between the lateral and medial OFC
could thus be described in terms of contrasts and comparisons. The lateral OFC learns about
the contrasts among outcomes, in part by constructing high-dimensional representations of
specific foods and fluids. The connectional anatomy reviewed above shows that the lateral
OFC, but not the medial OFC, is in a good position to form such feature conjunctions
because of its inputs from chemosensory and visual areas of sensory cortex. In contrast to
lateral OFC's learning about contrasts, the medial OFC learns about comparisons,
constructing a unidimensional representation of value amenable to making choices. This is
the kind of value representation often called a common currency.

Evidence from neurophysiology—Early recording studies of OFC in honhuman
primates reported that single unit activity in this area responded to both rewarding and
aversive events as well as stimuli that predicted them [7, 51]. More recently, investigators
have shown that the activity of single cells in the OFC is correlated with numerous aspects
of rewarding or aversive outcomes including the size of reward, probability of reward, the
costs associated with a reward, the previous action associated with a reward, the relative or
economic value of both offered and chosen outcomes and even hypothetical or unobtained
rewards [5, 6, 52-58]. Researchers typically record the activity of neurons located between
the lateral and medial orbital sulci. Thus, they are likely sampling from areas 11 and 13, but
possibly also 100, and 120. Few studies of the properties of neurons within areas 14 or 10m
have been reported.

A distinction between the functional properties of neurons within the lateral and medial parts
of the OFC has recently been reported. Bouret and Richmond (2010) recorded the activity of
single neurons either within lateral OFC (areas 11/13) or medial OFC (areas 14 and 10m)
together with adjacent parts of the medial frontal cortex (areas 25 and 32), while macaques
performed two reward-guided tasks. Both tasks required the monkeys to hold and then
release a bar to earn fluid reward. In one task monkeys were cued to hold and release in
response to visual stimuli, whereas in the other they were free to initiate trials at their own
pace. Although the activity of neurons in both parts of OFC was correlated with the amount
of reward that the monkey would receive on a given trial, encoding of reward quantity was
more prevalent in lateral OFC than in medial OFC when monkeys were performing the cued
version of the task (Figure 4a). This result was reversed in the self-initiated task.

Bouret and Richmond also analyzed how reward related activity changed across the course
of a session, as monkeys became increasingly sated. Intriguingly, the activity of most
neurons in lateral OFC was consistent across the course of a session, being well correlated
with the amount of reward available on a given trial irrespective of whether the monkey was
at the start or end of a session. By contrast, as the session progressed, fewer cells in medial
OFC encoded the amount of reward, paralleling changes in behavior (Figure 4b, inset).
These data suggest that the medial part of the OFC (and nearby parts of the medial frontal
cortex) tracks the internal motivational state of the animal or the current value of available
rewards. A control experiment demonstrated that this change in encoding was not related to
fatigue or increased work demands. Part way through a cued testing session macaques were
given a large quantity of water and were then put back onto the task. Following this
manipulation there was little or no change in the responses of neurons in lateral OFC that
encoded the amount of reward. Reward related responses of neurons in medial OFC, by
contrast, were dramatically decreased (figure 4c).

The finding that activity of neurons in lateral OFC was not as correlated with the state of
satiety, compared to medial OFC, seems to be at odds with our results. Lesions of lateral,
and not medial, OFC disrupt the ability to update the value of outcomes following selective
satiation [43]. But it is important to understand that lesion studies allow conclusions about
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whether a brain structure is necessary for a particular function, whereas neurophysiological
studies reveal correlations of neuronal activity with behavior. The correlations thus revealed
might, for example, simply monitor signals coming from other brain areas without playing
any necessary role in the behavior underway. Thus there are several possible explanations
for the apparent discrepancies, and we recognize that neurophysiological and
neuropsychological data cannot be genuinely contradictory: merely interpreted differently.

While it may seem difficult to reconcile the conclusions of Bouret and Richmond with our
own and Noonan el al.'s findings it is worth noting that Bouret and Richmond found that a
substantial proportion of lateral OFC cells showed decrementing value coding after satiation
(4c). So their result is not at all inconsistent with our findings. Furthermore, a previous
report also documented satiety related alterations in neuronal firing within lateral OFC [59].
We also need to understand what factors in their task produced their results. Among the
possibilities is attention. It may be the case that as monkeys become sated they will devote
less attention to the stimuli that flash on and off during the task, paralleling decrements in
task performance associated with satiety. These issues emphasize the need for future
neurophysiological studies that include experimental control of attention as a variable
distinct from motivation.

Balkanizing the OFC: Conclusions and future directions

Our review has highlighted differences in the function of the medial and lateral sectors of
the OFC. That such medial versus lateral differences in function were found is in large part
due to the perspective provided by neuroanatomists [16, 18]. The experimental findings we
have discussed answer some questions and raise others. We have concentrated on the
mediolateral dimension of OFC. Yet the differences in cytoarchitecture and connections
between anterior and posterior parts of primate OFC are, if anything, more pronounced [22,
40, 41, 60]. A posterior to anterior hierarchical organization of reward encoding has been
proposed within OFC, with more abstract or higher order aspects encoded in more anterior
regions [15, 61]. Perhaps the learning and updating of specific object-reward associations
depends on the interaction between the anteriorly situated area 11 and the posteriorly located
area 13. Even more posteriorly, the agranular parts of the OFC, including the agranular
insular cortex, have received scant attention. These more posterior portions of the OFC have
dense interconnections with the amygdala and other parts of the limbic system, as well as
inputs from primary sensory areas for taste, touch and smell [40, 41, 62, 63]. Given the idea
that these posterior parts of the OFC are homologous in all mammals, examination of its
specific functions has important implications about the ancestral functions of the OFC and
its common functions in rats, monkeys and humans.

Although we recognize that many questions remain, we can provide some provisional
answers to questions about what lateral and medial parts of OFC do. One way of looking at
the results reviewed here is to view the lateral OFC as learning about, representing and
updating the associations between objects and the value of specific outcomes, with the
medial OFC viewed as contributing to choices among objects based on value comparisons.
This distinction is, to a first approximation, one between learning and choosing. Another
way to summarize these results places the two subregions with a more similar conceptual
framework. According to this idea, both the orbital and medial OFC learn about, represent
and update the associations between objects and value. Lateral OFC does so for contrasts
among specific outcomes, whereas medial OFC does so for comparisons among outcomes in
a common currency, i.e., a unidimensional representation of value. In the sense used here,
contrasts deal with differences and comparisons deal with similarities, much like the
distinction between discrimination and generalization commonly recognized in cognitive

psychology.
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Figure 1.

Anatomy of the macaque orbitofrontal cortex (OFC). A) Architectonic map of the orbital
surface of the macaque brain based on Carmichael and Price's (1994) parcellation of the
orbitofrontal cortex (adapted from Wise, 2008, with permission). Colored shading (red-
yellow) has been added to indicate the different types of cortex present within each
subdivision. The medial and lateral orbital sulci are marked by dotted lines. B) Sensory and
visceromotor orbitofrontal networks described by Carmichael and Price (1996). Lines
indicate connections between cortical areas and arrows indicate projections into or out of the
OFC. Areas shaded in dark grey are intermediate, in that they share connections with both
the sensory and visceromotor networks. Abbreviations: AON, anterior olfactory nucleus; G,
gustatory cortex; lapl, posterior lateral agranular insula cortex; lal, lateral agranular insula
cortex; lai, inferior agranular insula cortex; lapm, posterior medial agranular insula cortex;
lam, medial agranular insula cortex; Pir, Piriform cortex.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2014 March 13.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Rudebeck and Murray

Page 14

Area 11/13 Area 14

[ Reinforcer devaluation test 1

ZZ1 Reinforcer devaluation test 2
30
O 20 A %
Q
o
a
8 /
e 101
(J]
[}
b=
S
-10

CON Area 11/13 Area 14

@

-~ CON

11 - Area11/13
—A— Area 14

0 i . , ) .
1 2 3 4 5

Number of displacements (out of 6)
w

Figure2.

The effect of lesions of lateral OFC (areas 11 and 13) or medial OFC (area 14) on reward-
guided behavior. A) Images from T2-weighted MRI scans obtained from monkeys that had
received injections of excitotoxin targeting either areas 11 and 13 (left) or area 14 (right).
White hypersignal is associated with edema and likely reflects the extent of the lesion. B)
Performance (mean + SEM difference score) of monkeys on a reinforcer devaluation task.
Two reinforcer devaluation tests are conducted approximately one month apart. Difference
score provides a measure of adaptive behavior following selective satiety. The higher the
difference score, the greater the shift in responses away from objects overlying the devalued
food. The difference scores for individual monkeys in each group are represented by
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different symbols; unfilled circles CON group; light grey filled squares, area 11/13 group;
dark grey filled triangles, area 14 group. C) Performance (mean £ SEM number of object
displacements) of monkeys during the first extinction session of an object extinction task.
Adapted from Rudebeck and Murray, 2008, with permission.
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Figure 3.

Lesions encompassing areas 11 and 13 disrupt credit assignment. A) Monkeys perform a
three-arm bandit task with changing probabilities. Colored points represent the stimulus
(stimulus A-C) associated with the highest probability of reward on a given trial. Curves
show mean probability of selecting the stimulus associated with the highest probability of
reward (H Choice) where the probability of reward associated with the three options
changed within a session. Shaded regions represent the SEM for each group. OFC group:
dashed line and blue shaded region; unoperated controls: solid line and grey shaded region.
B) Mean probability of selecting the stimulus associated with the highest probability of
reward (H choice) when the difference in probability of reward between options is large
(left) and small (right). Shaded regions represent the SEM associated with each group. OFC
group: dashed line and blue shaded region; unoperated controls: solid line and grey shaded
region. Colored points in the Task Schedule above each graph show reward probabilities
associated with each stimulus (stimulus A-C). A) adapted from Rudebeck et al. (2008) and
B) adapted from Walton et al. (2010), with permission.
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Differential responses to reward in lateral and medial orbitofrontal cortex. A) The proportion
of medial (light grey) and lateral (dark grey) OFC neurons that represent the quantity of
reward in cued and self-initiated tasks. B) Neural and behavioral (error rate and lipping
responses) responses over the course of a session where monkeys are shown cues associated
with different quantities of reward. Behavioral and neural responses in medial OFC track the
decreasing value of reward across the course of a session. C) The relative effect of satiation
on the neuronal responses:increase (light gray), decrease (black) or non-specific change,
obtained in populations of single neurons within lateral (top) and medial (bottom) OFC. The
activity of neurons within medial OFC, but not lateral OFC, decreases following
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consumption of a large quantity of water. Adapted from Bouret and Richmond (2010), with
permission.
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