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Abstract

For almost a century, researchers have puzzled over how the orbitofrontal cortex (OFC)
contributes to behavior. Our understanding of the functions of this area have evolved as each

new finding and piece of information is added to complete the larger picture. Despite this, the full
picture of OFC function is incomplete. Here we begin by reviewing recent (and not so recent)
theories of how OFC contributes to behavior. We then go onto highlight emerging work that has
helped to broaden perspectives on the role that OFC plays in contingent learning, interoception,
and social behavior. How OFC contributes to these aspects of behavior is not well understood.
Here we argue that only by establishing where and how these and other functions fit within the
puzzle of OFC, either alone or as part of larger brain-wide circuits, will we be able to fully realize
the functions of this area.
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INTRODUCTION

The precise functions of the orbitofrontal cortex (OFC, a prefrontal cortical region
comprising Walker’s areas 11, 13, and 14) have been a puzzle for over a century. Initially,

it was thought that OFC was important for inhibitory control of responses. Damage to this
subregion of the prefrontal cortex is associated with impairments in foregoing prepotent
responses as well as striking changes in affect (Butter, 1969; Fellows and Farah, 2003;
Izquierdo and Murray, 2004). With the advent of more advanced methods, both behavioral
and interventional, the idea that OFC is central to generally inhibiting ongoing behavior has
faded, along with other ideas about somatic states. Instead a new set of ideas has emerged
which emphasize a role for OFC as either the site of value computation or the representation
of goal outcomes (Padoa-Schioppa and Schoenbaum, 2015).
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The hypothesis that OFC is central to computing value was based largely on insights from
neurophysiology studies that found that the activity of single neurons in OFC varied in step
with the subjective value of rewards (Thorpe et al., 1983; Padoa-Schioppa and Assad, 2006).
However, these findings are complicated by several factors. First, neurons selective for
subjective reward are not unique to OFC and appear in other areas such as medial prefrontal
cortex (MFC) and amygdala (Rudebeck et al., 2013a; Jezzini and Padoa-Schioppa, 2020).
This potentially indicates that rather than being the site of reward valuation in the brain,
OFC is part of a larger reward network (Baxter et al., 2000; Wellman et al., 2005; West

et al., 2011). Second, there are questions about whether OFC is specifically involved in
computing value per se or whether a role in value occurs as a result of signaling specific
stimulus- or action-outcome associations (Holland and Gallagher, 2004).

A role for signaling outcomes has recently developed into the idea that OFC is a critical

site for representing a map of ‘task states’ for ongoing behavior (Wilson et al., 2014). In the
reinforcement learning literature, the underlying structure of a task is divided into multiple
states, each associated with a reward when reached, and where transitions between states
depend on actions (Niv, 2019; Bartolo and Averbeck, 2020). Information about future task
states becomes vital when a human or animal has to consider the values of actions and
conditioned associations during ongoing behavior. Notably, task states are hypothesized to
involve circuit-level interactions between hippocampus, striatum, and OFC (McKenzie et al.,
2016; Wikenheiser and Schoenbaum, 2016; Zhou et al., 2019). How state representations are
organized in OFC is an open question, but some have speculated that abstract cognitive maps
potentially use grid-like codes similar to what has been reported in entorhinal cortex and
medial prefrontal cortex (Constantinescu et al., 2016; Behrens et al., 2018).

As the prior discussion emphasizes, the past half-century has seen a systematic narrowing
of our understanding of what OFC does by ruling out what it does not do (for an excellent
review see Stalnaker et al., 2015). To use the puzzle analogy, in order to see the broader
picture of OFC functions, researchers have started to complete the borders of the OFC
puzzle (Figure 1). Filling in the center - that is, functions for which the OFC is affirmatively
involved in or required for — will be more complicated. In this review we discuss some
sections of the puzzle we believe are needed to complete the full picture of the functions of
OFC. In particular, we highlight areas of research on OFC that have received different levels
of attention: contingent learning, interoception, and social valuation (Figure 1). We finish by
speculating how these seemingly disparate functional pieces may actually interlock at the
level of OFC as well as the next steps that could lead to completing the OFC puzzle.

Role of OFC in contingent stimulus-reward learning

Contingent learning is the process of acquiring information to make predictions about

the outcomes, either aversive or rewarding, that will likely occur as a result of selecting

a particular course of action (Chudasama and Robbins, 2003; Schoenbaum et al., 2003;
Izquierdo et al., 2004; Hampton et al., 2007; Rygula et al., 2010; Sternberg and McClelland,
2012). The term contingent learning incorporates many forms of learning (Bindra, 1974;
Payne, 1982). Here we specifically focus on the process of learning whether a stimulus

is predictive of a reward, irrespective of the identity or sensory qualities of the reward.
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This process is sometimes referred to as model-free learning and is in contrast to outcome-
specific forms of learning, sometimes referred to as model-based learning, that incorporate
the sensory qualities of reward into associations. Consequently, we focus on results from
probabilistic reward-learning tasks as they have provided additional insight into contingent
stimulus-reward learning in non-human primates.

Ventral PFC and interconnected parts of the limbic system are essential for contingent
learning between stimuli and rewards. Lesions of OFC in humans, monkeys, mice, and other
species are associated with marked deficits in stimulus-reward learning, as well as emotional
responding (Rolls, 2000; Rudebeck et al., 2008). More recent studies exploring the effect

of aspiration lesions of the entire OFC (Walker’s Areas 11, 13, and 14) in humans and
macaques found that subjects were also impaired in a task where they had to learn and track
which of three stimuli was associated with the highest probability of receiving a food reward
(Walton et al., 2010; Noonan et al., 2017). These deficits were associated with an inability to
make contingent associations between stimulus choices and reward or non-reward. Without
an OFC, both humans and macaques rely on either their history of rewards or choices to
guide future choices in the task.

This role for OFC in stimulus-reward contingency learning has, however, been called into
question by a recent series of studies of macaques with excitotoxic lesions of the whole
OFC (Rudebeck et al., 2013b). Unlike aspiration lesions, excitotoxic lesions spare white
matter tracts adjacent to the lesion. In contrast to the effects of aspiration lesions, excitotoxic
OFC lesions do not affect either reversal learning or emotional responses to anxiogenic
stimuli, two of the classic effects associated with damage to OFC (lzquierdo et al., 2004,
2005). Similarly, excitotoxic lesions of OFC do not impact subjects’ performance in the
aforementioned probabilistic learning task (Rudebeck et al., 2017b). Instead, the laterally
adjacent ventrolateral PFC (Walker’s Areas 12, 45, and ventral 46), not OFC, appears to be
critical for contingent stimulus-reward learning.

The results discussed above indicate that OFC does not contribute to contingent stimulus-
reward learning and therefore the previously reported effects after aspiration lesions were
caused by damage to white matter fibers. One reason for thinking that such a conclusion
may not tell the whole story comes from a recent study showing that subtotal lesions

of OFC have different behavioral effects than lesions that encompass the whole OFC.
Specifically, Pujara and colleagues found that subtotal excitotoxic lesions of either medial
OFC (corresponding to Walkers area 14) or lateral OFC (corresponding to Walkers areas
11 and 13) heightened defensive emotional responses to snakes (Pujara et al., 2019).

This pattern of effects parallels what has been seen in marmosets after subtotal OFC
lesions (Shiba et al., 2015) and potentially helps to explain the link between ventral PFC
dysfunction and heightened emotional responding in clinical populations (Killgore et al.,
2014).

While altered affective responding after subtotal lesions of OFC may not seem relevant to
a discussion on contingent stimulus-reward learning, it is important to realize that nearly
every study that has reported deficits in stimulus-reward learning after OFC damage has
also reported alterations in emotional responding (for instance, Izquierdo et al., 2004, 2005;
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Rudebeck et al., 2006b, 2007). Indeed, in humans with damage to OFC there is a direct
relationship between impairment in stimulus-reward learning and changes in emotion (Rolls
et al., 1994). Note, that large excitotoxic OFC lesions are without effect on stimulus-reward
learning and emotional responding in macaques (Rudebeck et al., 2013b). If subtotal lesions
of OFC impact affective responding, then larger lesions must have obscured the effects of
smaller lesions. It also potentially indicates that subtotal lesions of OFC could differentially
contribute to contingent stimulus reward learning. Indeed, prior studies in rodents (Dalton
et al., 2016), macaques (Noonan et al., 2010b; Murray and Rudebeck, 2018), and humans
(Noonan et al., 2017) have reported that there are regional differences in OFC function.
Furthermore, the effects of subtotal lesions being masked by larger lesions is not without
precedent; the effects of infralimbic (IL) lesions on fear conditioning were often obscured by
larger lesions that included IL and prelimbic cortex (Giustino and Maren, 2015).

How might excitotoxic lesions of either medial (Walker’s area 14) or lateral (Walker’s
areas 11 and 13) OFC impact contingent stimulus-reward learning? Because aspiration

and excitotoxic lesions of OFC have such different effects on behavior, it is questionable

as to whether subtotal aspiration lesions of OFC will provide useful pointers (Noonan et
al., 2010b). Neurophysiology studies indicate that there are marked differences in stimulus-
reward encoding between the two areas (Rich and Wallis, 2014). However, the vast majority
of these studies assessed single neuron responses after learning and those that did assess
responding during learning only recorded within lateral OFC (for instance, Rudebeck et
al., 2017a). Given the lack of available data, differences in anatomical connectivity might
provide a clue. One prominent distinction between medial and lateral OFC is that each
receives different levels of input from hippocampus and amygdala; medial OFC receives
more input from hippocampus (Barbas and Blatt, 1995) whereas lateral OFC, especially
caudo-lateral OFC, receives stronger input from amygdala (Aggleton et al., 2015). This
difference between amygdala and hippocampal connections to OFC is largely conserved
across humans, macaques, and rodents (McDonald, 1987; Jay and Witter, 1991; Neubert et
al., 2014, 2015; Murphy and Deutch, 2018).

Recently, Costa and colleagues showed that lesions of amygdala are associated with

deficits in learning probabilistic stimulus-reward associations (Costa et al., 2016). Similar
deficits are apparent in deterministic learning settings as well (Schoenbaum et al., 2003;
Rudebeck et al., 2017a). Following this, studies in rodents reported that interaction between
amygdala and OFC is necessary during reward-related learning. In particular, Groman and
colleagues probed the role of the connections between amygdala and whole OFC using
diphtheria toxin to specifically lesion OFC projections to and from amygdala (Groman et
al., 2019). Destruction of projections from amygdala to OFC caused a deficit in probabilistic
learning, whereas destruction of projections from OFC to amygdala was associated with
improved performance, especially after reversals. Thus, contingent learning between stimuli
and rewards appears to be dependent on communication between OFC and amygdala in
rodents. Within this circuit, projections from the amygdala to OFC are necessary for forming
contingent associations between stimuli and rewards, while the projection from the OFC to
amygdala is involved in maintaining previously learned value associations.
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How Groman and colleagues’ findings from rodents translate to non-human primates is
unclear as the ventral PFC in primates is expanded and differentiated compared to rodents
(Preuss, 1995). fMRI studies in non-human primates indicate that interaction between
amygdala and ventrolateral PFC, (specifically Walkers area 12) and not lateral OFC, is
engaged during contingent stimulus-reward learning (Chau et al., 2015). Integrating these
two findings indicates that interaction between non-human primate ventrolateral PFC and
amygdala is required for contingent stimulus-reward learning, whereas lateral OFC is not.
Thus, lesions of lateral OFC should be without effect on contingent learning. Instead, lateral
OFC in non-human primates (Walkers areas 11 and 13) may be specialized for representing
the specific sensory qualities of the reward that will follow a stimulus (Rudebeck and
Murray, 2011; West et al., 2011; Murray et al., 2015), representations that are known to
depend on interaction with amygdala (Baxter et al., 2000; Fiuzat et al., 2017).

Also unknown is how lesions of medial OFC, which receives a prominent input from
hippocampus, might impact stimulus-reward learning in macaques. Recently, using a
combination of neural recordings and closed-loop electrical stimulation Knudsen and Wallis
(2020) showed the importance of functional interaction between OFC and hippocampus for
stimulus-reward learning. Neural activity was recorded in both structures simultaneously
while macaques performed a probabilistic learning task. Using a generalized partial
directed coherence analysis, they found that that learning-related theta oscillations in OFC
are driven by input from hippocampus. Further, disrupting theta oscillations in either

OFC or hippocampus impacted learning. Thus, hippocampal-OFC functional interactions
are essential for normal patterns of contingent learning. However, in this study micro-
stimulation was largely targeted to parts of lateral, not medial OFC. This points to a general
mechanism being engaged between all of OFC and hippocampus during learning, but leaves
open the question of what role specifically medial OFC plays.

At present, no single neuron recordings in medial OFC and hippocampus during stimulus-
reward learning exist in macaques, but here results from rodents and lesion studies provide
insight. Emerging research suggests that interaction between OFC and hippocampus is
essential for reward-guided behavior by allowing representations of task states and task
structure to be integrated into on-going reward-guided behavior and guide learning (Farovik
et al., 2015; Wikenheiser et al., 2017). Hippocampal lesions in macaques disrupt the use of
task structure during stimulus-reward reversal learning; in particular, macaques with lesions
of hippocampus require more trials than controls after a reversal before switching their
choices to the now rewarded option (Jang et al., 2015). While the same analysis failed to
find any effect of medial OFC lesions, it is possible that ceiling effects obscured the impact
of the lesion on the use of task structure to guide choices. Based on these results and our
understanding of the underlying neuroanatomy, medial OFC lesions would be expected to
impair macaques’ ability to switch to choosing a new option following a reversal.

In summary, it is currently unclear how distinct parts of OFC contribute to the different
processes engaged during contingent stimulus reward-learning. While direct experiments
testing their unique functions are required, extant data indicate that ventrolateral PFC,
through interaction with amygdala, is the circuit that is essential for learning contingent
relationships between stimuli and rewards (model-free learning; Murray and Rudebeck,
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2018). The contributions of OFC areas are less clear, but we hypothesize that medial

OFC through connections from hippocampus may be vital for representing task structure,
representations that are critical for shaping future learning (Wikenheiser and Schoenbaum,
2016). By contrast, we speculate that lateral OFC is not required for contingent stimulus
reward learning. Instead through interaction with amygdala lateral OFC may be specialized
for learning and representing specific stimulus-outcome associations (i.e. model-based
learning; Baxter et al., 2000; Fiuzat et al., 2017). Put another way, ventrolateral PFC- and
lateral OFC-amygdala circuits are engaged to represent information about the end state of
an action or association, whereas medial OFC-hippocampal pathways represent the structure
of the environment, essentially how to transition to different states (Rushworth et al., 2011,
Bradfield and Hart, 2020).

Interoception and the OFC

Interoception is the sensation and representation of internal bodily states (Craig et al., 2000;
Craig, 2002). While insula cortex is seen as the central hub for interoception in the brain,

a growing literature shows that OFC also plays a key role in integrating bodily states such
as satiety and bodily arousal into ongoing behavior (Garcia-Cordero et al., 2016). In healthy
individuals, hemodynamic activity in OFC reflects current bodily arousal, as indexed by
heart rate, as well as cortisol level during stressful tasks (Wang et al., 2005). Maladaptive
processing of interoceptive states such as bodily arousal is a key symptom of anxiety
disorders and has been linked to dysfunction within OFC (for a review see Paulus and Stein,
2010). Similarly, altered OFC representations of bodily state are speculated to contribute to
major depressive disorder (Cusi et al., 2012).

Maladaptive processing of bodily states has also been reported in people and animals
with OFC damage and indicate that OFC is a modulator, not a driver, of affective
responding (Stalnaker et al., 2015). For instance, excitotoxic lesions of OFC in marmosets
alters the relationship between overt behavior and cardiovascular arousal during reward
guided behavior (Reekie et al., 2008). People with damage to OFC have diminished skin-
conductance responses (SCR) in response to emotionally charged images (Damasio et al.,
1990). In addition, electrical stimulation of OFC is associated with changes in heart rate,
pupil dilation, and breathing rate (Kaada et al., 1949). Thus, OFC potentially has dual
functions; it represents the current bodily state, but may also influence it.

Despite the known role for OFC in interoception, few studies have explored the single-
neuron level mechanisms underlying representations of bodily arousal in OFC. This is

in part due to the challenging nature of recording neural activity as well as monitoring
measures of bodily arousal such as heart rate from awake animals during ongoing behaviors.
Recently, we recorded the activity of single neurons in lateral OFC (specifically, Walker’s
areas 11 and 13) and dorsal anterior cingulate cortex (1ACC; Walker’s areas 9/24) while we
also monitored heart rate (HR) in macaque monkeys. Recordings were made while monkeys
made reward-guided decisions between stimuli that they had extensively-learned would lead
to different amounts of reward (Fujimoto et al., 2021). To track the spontaneous changes

in bodily arousal during the task, we specifically analyzed HR during the fixation period

on each trial when monkeys were waiting for cues to be presented. In this period, HR is
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not influenced by anticipated reward, choice direction, or breath holding associated with
consuming rewards and therefore is a proxy of spontaneous fluctuations in bodily arousal.

In this setting we found that the firing rate of a substantial proportion of lateral OFC neurons
and similar proportion of dACC neurons tracked trial-to-trial fluctuations in HR. Because we
explicitly dissociated HR from other task components, such as reward-value and movement
direction, the encoding of HR within lateral OFC and dACC directly reflects bodily arousal,
independent of other factors. It is important to note that we found a significant proportion

of HR coding neurons in these parts of frontal cortex even during the fixation period. Based
on current data, interoceptive representations in OFC likely incorporate multiple factors
which contribute to HR including reward, satiety, and fatigue during ongoing behavior. We
conclude that interoceptive representations in OFC as well as dACC reflect spontaneous
fluctuations of bodily arousal regardless of task context. A role for OFC in interoception
would be consistent with ideas about OFC as representing a cognitive map of task space,
since interoceptive representations would provide internal state information during a task.

In addition, we were able to assess how representations of HR in lateral OFC and dACC are
impacted when bodily arousal is tonically increased. This was possible as recordings were
made both before and after bilateral amygdala lesions, which cause a tonic increase in HR
(Mitz et al., 2017; Fujimoto et al., 2021). Bilateral amygdala lesions significantly reduced
HR coding within lateral OFC, as well as reward value coding. This effect was unique to
lateral OFC as HR coding in dACC was actually increased after lesions. Because bilateral
amygdala lesions enhanced HR both at rest and during the task, this suggests that the effects
seen in lateral OFC are the direct consequence of eliminating amygdala input to the OFC.
In this view, OFC representations of bodily arousal are dependent on input from amygdala.
Thus, dysfunctional interoceptive mechanisms in OFC seen in psychiatric disorders may be
related to larger network-level dysfunction including amygdala-to-OFC projections (Paulus
and Stein, 2010).

Of course, these initial insights into how HR is encoded in lateral OFC lead to further
questions; how is the encoding of bodily arousal in OFC associated or integrated with

(or not) other forms of affect-related representations? As discussed above, lateral OFC
receives the majority of amygdala-OFC projections (Aggleton et al., 2015); is HR encoding
localized to lateral OFC or do medial OFC neurons show similar functions? How do
interoceptive signals in OFC bias representations of outcomes or costs that might be used to
guide decision-making? While we found that single neuron encoding of bodily arousal and
other variables were largely separate, we speculate that interoceptive representations may
come to bias other representations such as rewards and punishments in OFC when bodily
arousal profoundly fluctuates in response to affective events. This is because there is a
non-linear relationship between arousal and performance (Yerkes and Dodson, 1908; Hebb,
1955), and thus interoceptive representations in OFC may influence the encoding of other
variables in non-linear manner. In this view, interaction between the reward-value coding
and interoceptive representation in OFC may bias decisions toward emotionally-charged
objects, stimuli, or outcomes. Ultimately, to reveal the full picture of how OFC represents
and contributes to bodily arousal and how this influences decision-making will require
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examining OFC activity in a variety of task settings that incorporate aspects of both learning
and risk.

Role of OFC in valuation beyond the economic: social influences and social behavior

As discussed above, our current understanding of OFC places it firmly as a piece within

the broader picture of valuation - minimally as providing estimates of future states that
could enhance an organism’s fitness. OFC’s communication with amygdala, as well as other
aspects of limbic circuitry, makes it an important contributor to affective responding but also
to understanding associations between stimuli and outcomes as well as adjusting to different
environments. In both human and non-human primates, social interactions are essential

to survival, and appropriate social behaviors can enhance fitness. Thus, determinations

of social value, such as assessing the face of a stranger as part of an approach-avoid
determination, likely falls under the purview of OFC.

Lesion studies in humans were some of the first investigations into the role of OFC in social
behaviors. Patients with damage to ventromedial frontal cortex (VMPFC), including medial
parts of OFC, show impairment in social behavior, but no deficits in executive function
such as objective problem-solving (Bechara et al., 2000; Rolls et al., 1994). At the time,
these impairments in social decision making, including an inability to identify and respond
appropriately to others’ emaotions, were interpreted as a result of the OFC’s influence on
somatic states (Damasio et al., 1990). Damasio and colleagues suggest that these patients
possess all the knowledge about the social situation they might need to effectively navigate
it, but they are unable to either apply the knowledge of the broader social landscape to the
specific interaction in order to respond appropriately, or they are unable to effectively choose
the socially appropriate response.

As our techniques have advanced, investigations of the OFC have been extended via
neuroimaging and neurostimulation. Imaging studies have revealed that humans possess
face-sensitive patches in OFC (Tsao et al., 2008a; Troiani et al., 2016). These regions
have been defined as those that during functional MRI show increased activation when
faces are presented as opposed to non-face objects. Accordingly, part of the difficulty that
patients with OFC lesions may have in responding appropriately to social situations is
that they have difficulty identifying facial expressions (Hornak et al., 2003; Heberlein et
al., 2008). OFC lesion patients also appear to rely on “first judgments’ about a person
rather than integrating different sources of information when making social decisions. For
instance, people with lesions of lateral OFC made choices on politicians based only on
facial attractiveness, as compared to controls who took into account both attractiveness
and judgments of competency (Xia et al., 2015). This indicates a specific role of OFC in
integrating different sources of information to provide accurate estimates of value.

Imaging studies in intact participants have further confirmed the vital role of OFC

in discriminating between the value of different faces. For example, OFC responds
preferentially to infant faces over adult faces (for review see Parsons et al., 2013) and to
attractive adult faces over average-rated faces (Aharon et al., 2001; Ishai, 2007; Winston et
al., 2007). Knowledge about other individual’s emotional state can help to guide choices
or contribute to socially appropriate behavior. OFC seems to play a role in holding onto
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information about facial expression in working memory (LoPresti et al., 2008; Ross et al.,
2013). Conversely, stimulation of OFC via tDCS can increase efficiency and speed of facial
expression recognition (Willis et al., 2015). Total OFC volume predicts, in humans, both
social network size and subjective rating of social well-being, a scale of values including
social integration, contribution, actualization, and coherence (Powell et al., 2012; Kong et
al., 2019). Taken together, these findings suggest a key role for OFC in recognition and
subjective valuation of faces.

Similar findings have been reported in neuroimaging studies in macaques: three face-
sensitive patches (prefrontal orbital, lateral, and anterior; PO, PL, PA, Figure 2) have been
identified in the frontal cortex, and six in the temporal cortex (Tsao et al., 2003, 2008b;
Janssens et al., 2014; Haile et al., 2019; Taubert et al., 2020). However, few studies have
focused on face patches in frontal cortex or specifically OFC (Patch PO) (O Scalaidhe et al.,
1999; Tsao et al., 2008b; Russ and Leopold, 2015). A functional connectivity study of face
patches in macaques showed that area PO had strong functional connectivity with several
temporal face patches, including areas MF (middle fundus), ML (middle lateral), and AM
(anterior medial), as well as with broader regions like prefrontal, premotor, inferior parietal,
temporal, and visual cortices (Schwiedrzik et al., 2015). That all face patches identified in
this study were functionally connected to amygdala, OFC, insula, and hippocampus suggests
a broader functional network for emotional responses to faces and facial expression which
incorporates the OFC value networks.

Neurophysiology recordings in macaques corroborate, and expand on, the findings from
neuroimaging studies. Individual neurons within OFC have been observed to respond
preferentially to socially-relevant visual stimuli such as unfamiliar conspecific faces (Thorpe
etal., 1983; Rolls et al., 2005; Watson and Platt, 2012). A recent study in macaques
recorded neural activity from OFC neurons in the presumed location of the face patch area
PO observed in neuroimaging studies (Barat et al., 2018). This study only recorded from
neurons that changed firing rate when the monkeys were presented with a face. These face-
sensitive cells responded differentially to social categories and features such as eyes/body

vs face, female vs male, and threat/grin expression vs neutral face. The neurons’ responses
were not influenced by either vocal stimuli, pairing of facial and vocal stimuli, or associating
faces with reward or punishments. Although other areas in OFC may respond to both of
these types of inputs, it appears that the majority of face responsive neurons within PO are
selective only for faces under the conditions tested. This finding is important as it means that
face representations in PO and potentially other parts of OFC may not be integrated with
other modalities, setting up a dedicated module for face related valuation. Notably, the site
selected for recording in the study by Barat, and indeed the location of PO as described in
many imaging studies is within lateral OFC. This potentially suggests that the valuation of
face is localized to lateral OFC. Against this, other neural recording studies have reported no
differences in response to social valuation across medial or lateral OFC neurons, suggesting
this valuation function is integrated across the whole OFC (Watson and Platt, 2012).

OFC contains cells sensitive to faces, but what role does it play in social behavior? As
discussed previously, OFC is anatomically connected to many cortical areas across the brain
(most heavily to temporal and frontal cortex) as well as to the amygdala, hippocampus,
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thalamus, and other subcortical areas (Cavada et al., 2000). The anterior cingulate cortex
(ACC) is a region of particular interest given the role of both OFC and ACC in rewarded
behaviors (Rushworth et al., 2007; Khani, 2014). Aspiration lesions of ACC gyrus (ACCg)
produce deficits in social behavior; ACCg lesion animals spent less time looking at social
videos of other macaques and were faster to retrieve food items in the presence of social
stimuli (Rudebeck et al., 2006a). Interestingly, lesions containing both lateral orbital and
ventral prefrontal cortex, or lesions of medial OFC, produced no change in responsiveness to
social stimuli, although they were associated with increased aggressive behaviors (Rudebeck
et al., 2006a; Noonan et al., 2010a). This would appear to indicate that OFC alone, or at least
not medial OFC, is not essential for the valuation of social stimuli, although it may form a
part of a larger social valuation network. In some ways, these results are reminiscent of early
OFC lesion studies in humans; perhaps, like human lesion patients, monkeys with medial
OFC lesions still recognize and value social stimuli but respond inappropriately, i.e. with
increased aggression.

The question of whether OFC itself contributes to social behavior has been further probed
using novel paradigms where monkeys decide whether to give rewards to themselves, a
conspecific, or both. In these so called vicarious reward tasks, OFC neurons respond most
strongly when the animal chooses to reward only itself, not a conspecific (Azzi et al., 2012).
This initial study by Azzi and colleagues additionally documented activity in lateral OFC in
response to different facial identities among conspecifics, with a stronger response to more
highly-ranked social partners. A later study by Chang and colleagues that used a similar
design also found that OFC neurons, both medial and lateral, appear to respond to stimuli
that predict self-reward rather than to partner alone or to an empty chair (Chang et al.,
2013). In contrast, ACC sulcus (ACCs) neurons responded only to reward to the partner
alone or to no one, while ACCqg neurons responded to all three stimuli. Thus, evidence
from neurophysiology studies indicate that although OFC neurons are primarily concerned
with rewards as they pertain to the self, they also track the social environment, including
hierarchical information about a group, and information about the value of outcomes to
others.

OFC appears to integrate information about facial identity and expression, a function that
gives it a role in making judgments about social interactions. The weight of evidence
suggests that rather than being the sole site for social value computation itself, OFC is an
important component of larger social valuation networks and may feed forward information
to other regions, such as ACC, that integrate and produce responses to social information.
Consistent with this idea, a neuroimaging study in humans examined the relationship
between OFC and ACC during immersive social interactions (Beyer et al., 2015). The
design examined neural activity in both regions in response to punishments (in the form of
loud noises) from virtual partners with neutral or angry expressions. OFC responses to the
partner’s angry expression correlated negatively with the expression of aggressive behavior,
while ACC activation to the same stimulus correlated positively with aggressive behavior.
This indicates that OFC and ACC work in concert to identify social information and produce
appropriate responses. In macaques, free-viewing of naturalistic social interactions indicated
that OFC, and specifically face patch PO, responded to videos of animals interacting with
objects in their environments or to videos of two animals socially interacting (Sliwa and
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Freiwald, 2017). The amygdala and ACC were also strongly responsive to videos of social
interaction, suggesting a functional interaction among these regions.

In summary, OFC is an important component of social valuation. However, we have yet

to determine what OFC is necessary for, rather than to what it contributes. OFC clearly
plays a role in conceiving and navigating complex social hierarchies and changing social
environments to enable the most advantageous action to be taken, but what its specific role
is remains an outstanding question. By following up on these issues, we can determine how
OFC plays a role in the computation of value beyond appetitive and aversive outcomes.
What is needed now are answers to a number of key questions. For example, is the
information about social identity and context that OFC provides to downstream areas such
as ACC necessary for appropriate social behaviors? Lesions of OFC indicate that this is the
case, but clear evidence is still lacking, especially now that there are questions about how
lateral parts of OFC, where PO is located, contribute to affective behavior (Pujara et al.,
2019).

Integration of OFC functions and conclusions

Our understanding of the functions of the orbitofrontal cortex has changed over the years,

as more sophisticated and precise methods have debunked previously held ideas and made
way for new theories (Stalnaker et al., 2015). Nonetheless, the complete picture of all its
functions remains obscured. In this review we have focused on three areas of research
related to OFC function about which we believe the field still has much to discover,

namely contingent stimulus-reward learning, interoception, and social valuation. While these
processes may appear to be disparate, we believe that these parts of the OFC puzzle are
heavily interlinked.

Our current understanding of contingent stimulus-reward learning is based primarily on
studies of whole OFC lesions, which indicate that OFC may not be required for this
process. As we discuss above, the role of OFC may be more nuanced. We highlight

two OFC centered pathways, one that incorporates medial OFC and hippocampus which
we hypothesize may contribute to stimulus reward learning through representing task
structure. We conclude that contingent stimulus-reward learning, forming predictive links
between stimuli and rewards, is likely the purview of circuits involving the ventrolateral
PFC and amygdala. We note, however, that during contingent learning, choices and their
correlated rewards are used not only to form contingent associations but also spread in
time to influence temporally adjacent choices and their outcomes. Thorndike termed this
non-contingent learning the “spread of effect” (Thorndike, 1933).

In a recent paper, Wittmann and colleagues showed that these non-contingent learning
mechanisms may be dependent on anterior insula, potentially extending into parts of
posterior lateral OFC (Wittmann et al., 2020). They found that during probabilistic reward
learning, the recent history of rewards which they termed the ‘global reward state’ impacts
contingent learning through an insula-linked mechanism. In this setting, global reward state
approximates non-contingent learning. Through a combination of modeling and behavioral
analysis, Wittman and colleagues showed that the global reward state directly impacts
trial-unique prediction errors that are used to drive contingent stimulus-reward learning.
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While insula cortex has primarily been linked with interoceptive processing (Craig, 2002),
we have recently found that neurons in the lateral OFC also track the current state of bodily
arousal (Fujimoto et al., 2021). Based on this finding, tracking of global reward state could
be related to the state of arousal that results from the history of reward. Disentangling
representations of bodily states from centrally-mediated tracking of reward history will be an
important question for future research. This question also highlights the potential interplay
between contingent stimulus-reward learning and interoception at the level of OFC.

How might interactions between contingent learning and interoception relate to social
processing in OFC? Notably, people and animals with damage to ventral PFC have
impairments in social behavior, as well as contingent learning and arousal processing
(Damasio et al., 1990; Bechara et al., 1999; Fellows and Farah, 2003). One possibility is
that social impairments could in part be caused by disruption to OFC-linked functions;

for instance, difficulty in updating values in rapidly changing social situations or a loss of
interoceptive feedback during interpersonal communication could drive inappropriate social
behavior. Aside from the effects of other functions of the OFC being disrupted, neurons
within the OFC are also sensitive to faces and respond to facial identity or facial expression
(Tsao et al., 2003; Barat et al., 2018). Still other neurons are sensitive to value within the
context of a social interaction (Azzi et al., 2012; Chang et al., 2013; Barat et al., 2018).
Because lesions of medial OFC in macaques do not alter social valuation (Noonan et al.,
2010a), this again suggests that amygdala-lateral OFC interactions may, like contingent
learning and interoception, be central to social valuations. Teasing apart how this shared
circuitry mediates the interactions (or not) between these processes at the level of OFC is

a key question and highlights the need for more investigation between social valuation and
OFC function.

In summary, after decades of research, the broader functions of OFC are starting to come
into focus. As we highlight above, progress in teasing apart the fine grain functionality

of OFC will depend on understanding both the functions and connectivity of individual
segments of the region, as well as the role of OFC as a whole in more global circuits.

Thus, rather than seeing OFC as an isolated set of pieces to be fit together all on its

own, we should see it as a section of a larger puzzle that connects to multiple systems
through connectivity with areas such as amygdala, hippocampus, insula, and ACC. Only by
determining the form, shape, and function of these connections will we be able to complete
the OFC puzzle.
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Figure 1. The orbitofrontal puzzle.
Whereas some edge pieces of the orbitofrontal puzzle are firmly in place; others remain to

be placed correctly. Others are still undiscovered and thus are missing from the final picture.
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Figure 2. Temporal and frontal lobe face patchesin the macaque brain.
Schematic lateral view of the macaque brain showing the location of frontal face patches PA,

PL, and PO in red (dark grey), and temporal face patches PL, ML, MF, AL, AF, and AM
in orange (light gray). Inset figure shows a coronal section the macaque brain depicting the
frontal face patches PL and PO in red. PO is located within the orbitofrontal cortex.
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