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Abstract

As a frontal node in the primate social brain, the medial prefrontal cortex
(MPFC) plays a critical role in coordinating one’s own behavior with re-
spect to that of others. Current literature demonstrates that single neurons
in the MPFC encode behavior-related variables such as intentions, actions,
and rewards, specifically for self and other, and that the MPFC comes into
play when reflecting upon oneself and others. The social moderator account
of MPFC function can explain maladaptive social cognition in people with
autism spectrum disorder, which tips the balance in favor of self-centered
perspectives rather than taking into consideration the perspective of others.
Several strands of evidence suggest a hypothesis that the MPFC represents
different other mental models, depending on the context at hand, to better
predict others’ emotions and behaviors. This hypothesis also accounts for
aberrant MPFC activity in autistic individuals while they are mentalizing
others.
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INTRODUCTION

Primates, and especially humans, are social by nature. Their presence and fitness as social en-
tities depend on how well they can deal with others. In doing so, seeing the world solely from
self-centered perspectives is not adaptive; one also needs to consider what others think and feel
about the world. Thus, the key to survival from a long-term perspective is to coordinate one’s own
behavior with proper regard for others. This other-regarding social cognition is of vital impor-
tance for maintaining group cohesion, which eventually leads to success as a species in the animal
kingdom (Byrne & Whiten 1988, Dunbar 2003, Herrmann et al. 2007).

Which brain regions are involved in coordinating one’s own behavior with respect to that of
others so as to ensure productive social exchanges? Here, I review literature converging on the no-
tion that the medial prefrontal cortex (MPFC) plays such a moderator role. The MPFC refers to
midline cortical structures, including the dorsomedial prefrontal cortex [mainly Brodmann area
(BA)8 and BA9], the presupplementary motor area (pre-SMA; BA6), and the sulcus and gyrus
regions of the anterior cingulate cortex (ACC; BA24 and BA32) (Ninomiya et al. 2018). In the
following sections, I first describe how the MPFC originally attracted attention for its role in be-
havioral organization in nonsocial contexts but is now considered a critical node in what is termed
the social brain. The MPFC is consistently activated when people infer mental states of others
and predict their behavior, a cognitive process known as other-mentalizing. After reviewing how
self–other distinction is the basis of other-mentalizing, I highlight electrophysiological findings in
nonhuman primates showing that individual MPFC neurons encode a range of behavioral vari-
ables important for social decision-making—such as intentions, actions, and rewards—selectively
for the self and for others.The activity ofMPFC neurons encoding such behavioral variables from
others is diminished when interacting with nonsocial objects compared to social agents. I then dis-
cuss a hypothesis that the MPFC represents mental models that predict how others would behave
in a given context on the basis of other-specific behavioral variables. Finally, I provide a hypo-
thetical account of what aberrant MPFC activity in the brains of autism spectrum disorder (ASD)
patients might imply in the context of its role in moderating neural representations of self and
others.

THE MPFC AS A CRITICAL NODE IN THE PRIMATE SOCIAL BRAIN

Experimental work during the past few decades has documented that theMPFCplays diverse roles
in coordinating one’s own behavior. Specifically, theMPFChas evaluative roles for behavioral con-
trol, which are collectively referred to as performance monitoring (for reviews, see Ridderinkhof
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et al. 2004, Schall et al. 2002, Ullsperger et al. 2014). These roles include the detection of er-
ror commission (Falkenstein et al. 1990), external negative feedback indicating performance error
(Holroyd & Coles 2002), and conflict in information processing (Botvinick et al. 1999). In addi-
tion to these evaluative roles, the MPFC has executive roles for behavioral adjustment. First, the
MPFC plays an important role in the arrangement of multiple actions in an appropriate tempo-
ral order (Tanji 2001). Second, the MPFC is activated when switching from automatic actions to
nonautomatic actions (Isoda &Hikosaka 2007); this switching ability is impaired in a patient with
a focal lesion in the MPFC (Roberts & Husain 2015). Third, activation in the MPFC when facing
a choice is increased with increasing uncertainty in event prediction (Volz et al. 2003). Finally, the
MPFC encodes tactics for action selection, for example, reaching either toward or away from an
illuminated target, and tactic-selective activity is further transformed into choice-selective activ-
ity (Matsuzaka et al. 2016). Models of underlying neural computations in the MPFC generally
converge on principles of reinforcement learning. MPFC activity is correlated with errors in the
prediction of reward, expectancy violation such as surprise, and the weighting of individual events
for guiding future behavior (Alexander & Brown 2011, Behrens et al. 2007, Fischer & Ullsperger
2013, Holroyd & Coles 2002, Jocham et al. 2009, Matsumoto et al. 2007, McGuire et al. 2014).
With these proposed roles, the MPFC enables organisms to update the value of response options
and guide optimal behaviors in a constantly changing environment.

These studies have been performed using nonsocial task paradigms, in which a subject plans,
generates, andmonitors their own actions and the resulting consequences in the absence of others.
Under these isolated conditions, the subject’s action has no impact on others. In real life, however,
others are ubiquitous. Under such social conditions, what others think, feel, and do are critical
variables for decision-making.Moreover, what the subject does can affect others’ states, be it pos-
itively or negatively, directly or indirectly. If the role of the MPFC in behavioral coordination is
versatile, then one would expect that this cortical region also comes into play when coordinating
one’s own behavior while taking into consideration that of others. How then might the MPFC
monitor, evaluate, and predict the behavior of others?

Accumulating evidence indicates that the MPFC of primates, in both humans and macaques,
is implicated in a wide range of social cognitive functions (Ninomiya et al. 2018, Wittmann et al.
2018). First, the MPFC is involved in social valuation and learning (Apps & Ramnani 2014, Apps
et al. 2015, Behrens et al. 2008, Hampton et al. 2008, Rudebeck et al. 2006, Seid-Fatemi & Tobler
2015, Suzuki et al. 2012). Second, the MPFC is consistently activated during other-mentalizing in
humans (Amodio & Frith 2006, Gallagher & Frith 2003). This high-level cognition includes the
capacity to attend to, evaluate, and predict others’ behaviors, thereby adaptively coordinating one’s
own behavior.The foci of activation during such other-mentalizing range fromBA6, including the
pre-SMA (Baron-Cohen et al. 1999), to BA8 and BA9 (Fletcher et al. 1995, Gallagher et al. 2000,
Goel et al. 1995,Happe et al. 1996) and to areas that are even more anterior such as BA10 (Gilbert
et al. 2006). Activation of more anterior MPFC regions may occur when other-mentalizing re-
quires higher-order recursions (Coricelli &Nagel 2009,Hampton et al. 2008). Finally, theMPFC
is recruited when a social comparison is made (Bault et al. 2011, Kedia et al. 2014, Luo et al. 2018,
Swencionis & Fiske 2014, Takahashi et al. 2009). A social comparison helps people make sense of
themselves by looking to others for comparison standards (Festinger 1954). Although people high
in social comparison hierarchies tend to reflect on their own feelings and thoughts, they also have
a strong interest in what others feel, a strong empathy for others, and a general sensitivity to the
needs of others (Buunk & Gibbons 2006).

In addition to noninvasive neuroimaging methods, researchers have developed novel experi-
mental paradigms using two interactive macaques and investigated neuronal representations of
other-derived social signals in the MPFC (Isoda et al. 2018). These studies revealed that, in at
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least some species of monkeys, the MPFC is where self-related and other-related signals coexist
(see below). Importantly, macaques display self-recognition behaviors toward a mirror, although
this is controversial (Anderson &Gallup 2015), after training of visuo-somatosensory associations
(Chang et al. 2015, 2017).Moreover, macaques can display prosocial behaviors by considering the
welfare of their peers (Ballesta & Duhamel 2015, Basile et al. 2020, Chang et al. 2011). MPFC
lesions significantly reduce prosocial preferences as indexed by a greater tendency to give rewards
to others relative to no one (Basile et al. 2020). Furthermore, macaques can show false belief
attribution–like behavior (Hayashi et al. 2020). In this study, animals were presented with a video
in which a human actor observed where an object was hidden in one of two locations. The object
was then moved to the other location or removed in the absence of the actor. When the actor
returned to the scene to find the object, the animals looked at the false-belief location first, that is,
the location where the actor last saw the object, before the actor directed his gaze there. Critically,
deactivation of the MPFC eliminated the animals’ anticipatory looking at the false-belief location
(Hayashi et al. 2020).Together, these findings suggest that macaques have sophisticated social cog-
nitive capabilities and that the MPFC mediates these functions. From an anatomical viewpoint,
connectivity patterns of the frontal cortex, including the MPFC, with the rest of the brain are sur-
prisingly similar in humans and macaques, even for regions thought to perform uniquely human
functions (Sallet et al. 2013). Given these parallels, research in two closely related primate species,
humans and macaques, provides important insights into the functional organization of the MPFC
for moderating neural representations of self and others.

SELF–OTHER DISTINCTION FOR MODERATING THE SELF
AND OTHERS

The capacity to mentalize is thought to require the ability to form mental representations of oth-
ers’ mental states that are distinct from one’s own (Frith & Frith 1999). This claim makes great
sense if one considers ordinary experiences whereby different people can have different or even
opposing views of the same situation (Isoda 2016). Crucially, mindsets that afford a focus on self–
other differences facilitate taking the perspective of others, suggesting that self–other distinction
enables observers to look beyond the limits of their own perspective and provides a means to ef-
fectively reflect on others (Todd et al. 2011). The self–other distinction—the capacity to correctly
distinguish between the representations of one’s own actions, perceptions, and emotions and those
of others—is considered the basis of many aspects of social cognition (Lamm et al. 2015). In the
laboratory setting, the other-mentalizing capacity is assessed using false-belief tasks that require
a distinction between one’s own true beliefs and others’ false beliefs (Baron-Cohen et al. 1985).

These cognitive requirements of the self–other distinction, as well as its consistent activation
during other-mentalizing, raise the possibility that the MPFC is equipped with neural machinery
capable of separating observed aspects of others from those of oneself. Such separation at the
neural level helps to avoid self–other confusion, to see the world from others’ perspectives (often
by inhibiting prepotent self-perspectives), and to better predict others’ future behavior. Lower
levels of this ability to distinguish between the self and others, in both cognitive and neural terms,
may be associated with the difficulties that children with ASD have performing false-belief tasks
compared to those without ASD (Lee & Hobson 2006, Lombardo et al. 2010).

What thenmight be the neuronal substrate of the self–other distinction? It is unknownwhether
the self–other distinction is underpinned by a unitary or distinct mechanism across cognitive,
affective, and motor domains (Lamm et al. 2015). As outlined in the following sections, however,
the form of neuronal representations of agent-specific information seems similar at least in the
coding of intentions, actions, and rewards. In the coding of actions, the so-called mirror neuron
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theory of social cognition has been based on the unique property of mirror neurons to encode both
the actions of oneself and those of others (Rizzolatti & Craighero 2004, Rizzolatti & Sinigaglia
2016). Specifically, this class of neurons, originally identified in the macaque ventral premotor
cortex (PMv), fires when an animal both performs a motor action and observes the same action
being performed by another agent (di Pellegrino et al. 1992). Because of this firing property, it
seems that the brain’s mirror neuron system alone cannot discriminate reliably between oneself
and others. To prevent possible self–other confusion, a neural mechanism must exist that can keep
others’ behavioral signals separate from one’s own. Despite ample evidence for the existence of
shared coding, the neuronal substrate for distinctly encoding aspects of self and other is much less
clear.

AGENT-SELECTIVE BEHAVIORAL SIGNALS IN THE MPFC

To explore a single-neuron substrate of agent-selective behavioral signals in the MPFC, Yoshida
et al. (2011) devised a role-reversal choice task in which two macaques sitting face-to-face moni-
tored each other’s actions to guide their own optimal actions (Figure 1a). In each trial, one animal
was assigned the role of actor and the other the role of observer; these two roles alternated every
two trials. The actor was required to choose between a yellow or green button. If the actor made
a correct choice, both animals received a reward; if the actor made a wrong choice, neither animal
was rewarded. Thus, reward expectation was constant across the two roles in each trial, and the
examiners were able to identify agent-selective and action-related neuronal signals.

Yoshida et al. (2011) found that a group of MPFC neurons responded selectively or prefer-
entially to the other’s action (partner-type neurons; Figure 1b), while another group of neurons
responded selectively or preferentially to the self-action (self-type neurons; Figure 1c). In ad-
dition to these agent-selective populations, neurons exhibiting agent-nonselective coding were
also identified (mirror-type neurons). These findings demonstrate that the MPFC can distinguish
between self-actions and other-actions at the single-neuron level.

The recording sites in these experiments encompassed the pre-SMA, area 9m (Miyachi et al.
2005) in the dorsomedial convexity region, and area 24c (Dum & Strick 1991, Matelli et al. 1991)
in the cingulate sulcus region. Within these MPFC regions, the partner-type neurons were sig-
nificantly more prevalent in the dorsomedial convexity region than in the cingulate sulcus region,
whereas the self-type neurons were significantly more frequent in the cingulate sulcus region than
in the dorsomedial convexity region (Yoshida et al. 2011). Furthermore, the partner-type neurons
not only exhibited agent-specific response properties but also encoded the direction (Yoshida et al.
2011) and correctness (Yoshida et al. 2012) of the other-actions.

The role of MPFC neurons in the self–other distinction extends beyond observable actions
and can also include covert intentions and beliefs. Haroush &Williams (2015) devised a strategic
game between two macaques in which essential elements of the prisoner’s dilemma (Rilling et al.
2002) were incorporated.Here, each animal chose between cooperating and defecting by pressing
one of two buttons.When both animals cooperated, the highest mutual reward was delivered, but
when one of them defected, the highest individual reward was delivered to the defector. When
neither animal cooperated, a smaller reward was given to each animal compared to when they
both cooperated. A critical point was that the animals were unable to see each other’s choices until
they had made their final choices. The investigators found that the animals were most likely to
cooperate if both of them chose cooperating in the preceding trial, whereas they were less likely
to cooperate if the other animal previously defected. Thus, the macaques took into account the
other’s past action when selecting their own. The investigators further found that neurons in
the dorsal ACC cofluctuated with the other’s yet unknown choice. Specifically, about one-third
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Figure 1 (Figure appears on preceding page)

Agent-selective neuronal coding. (a) A role-reversal choice task is used to study agent-selective action coding. The two roles (actor and
observer) alternate every two trials. (b) Charts show the activity of a single partner-type neuron (top and middle) and the population of
partner-type neurons (bottom). For constructing population activity, firing rates of individual neurons are normalized using their
maximum and minimum values and then averaged. (c) Charts show the activity of a single self-type neuron (top and middle) and the
population of self-type neurons (bottom). (d) A social Pavlovian conditioning procedure is used to study agent-selective reward coding.
The presentation of a conditioned stimulus (1 s) is followed by reward outcomes (water or nothing), first to the partner and then to the
self (left). A low-pitched and high-pitched tone occurred together with the reward delivery to the partner and to self, respectively. The
stimulus-reward association for the self and partner is also shown (right). P(self-reward) and P(partner-reward) denote the probability of
self-rewards and partner-rewards, respectively. (e) Charts show the activity of a single partner-type neuron (top) and the population of
partner-type neurons (bottom). Neuronal activity was differential only for partner-reward probabilities. ( f ) Charts show the activity of a
single self-type neuron (top) and the population of self-type neurons (bottom). Neuronal activity was differential only for self-reward
probabilities. Panels a–c adapted with permission from Yoshida et al. (2011) and panels d–f adapted with permission from Noritake et al.
(2018).

of the recorded neurons demonstrated significant differences in activity when the other animal
selected cooperation versus defection. This finding implies that dorsal ACC neurons encode pre-
dictions of others’ actions or others’ covert intentions.Neurons with similar functional properties
were later identified in the amygdala (Grabenhorst et al. 2019), a subcortical region with which
the ACC and other MPFC regions interact both anatomically (Ishida et al. 2018) and functionally
(Dal Monte et al. 2020, Klavir et al. 2013, Rudebeck et al. 2017). Agent-specific anticipatory activ-
ity before the initiation of actions is also reported in the dorsomedial convexity region, including
BA9 and pre-SMA (Falcone et al. 2017). The existence of neuronal responses to other-related
intentions is reinforced by the finding that the inactivation of MPFC activity can eliminate a
spontaneous gaze bias reflecting others’ false beliefs (Hayashi et al. 2020). Most critically, Jamali
et al. (2021) have very recently identified single neurons in the human dorsal MPFC that encode
information about others’ beliefs during a verbal false-belief task and that distinguish between
representations of beliefs for self and others.

Livi et al. (2019) reported a novel aspect of agent coding in the MPFC. They showed that
the mirror-type neurons in the pre-SMA [their self- and other-type (SOT) action-related neu-
rons] conveyed more detailed information about self-actions than about other-actions, suggesting
that MPFC neurons with mirror-like properties may also contribute to the self–other distinction.
Moreover, the pre-SMA has an agent-based representation of graspable objects in the observer’s
peripersonal, but not extrapersonal, space. Most interestingly, despite the apparent similarity be-
tween neuronal coding of objects grasped by the self and by others, agent information is still
embedded in, and thus decodable from, the activity of SOT object-related neurons.

In addition to motor actions and intentions, the activity of MPFC neurons is agent selective
with respect to reward coding. Chang et al. (2011, 2013) devised a social reward–allocation task
for two macaques. In this task, one of the animals chose between different options, each of which
resulted in one of the following outcomes: self-reward only, other-reward only, or neither-reward.
They found that neurons in the AC sulcus preferentially encoded reward allocations to nonself
(i.e., another animal or neither), while neurons in the AC gyrus preferentially encoded reward
allocations to the self, another animal, or both. AC gyrus neurons may encode reward signals in
frames of reference for both the self and others (Chang 2013, Chang et al. 2013). By affecting
activity in the AC gyrus, oxytocin and vasopressin can affect other-regarding behavior ( Jiang &
Platt 2018).

To study agent-selective reward coding, Noritake et al. (2018) devised a Pavlovian condition-
ing procedure within a social framework. Two macaques sat face-to-face and were conditioned
with different visual stimuli (see the left side of Figure 1d), each of which predicted their reward
outcomes with different probabilities. Specifically, two blocks of trials were run alternately. In one
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block, the probability of self-rewards changed depending on the stimulus presented, but the proba-
bility of partner-rewards remained unchanged (self-variable block; see the top right of Figure 1d).
In the other block, the probability of partner-rewards changed depending on the stimulus, but the
probability of self-rewards remained unchanged (partner-variable block; see the bottom right of
Figure 1d). In the partner-variable block, the subjective value of upcoming self-rewards, as indexed
by both anticipatory licking and choice behavior during a stimulus presentation period, decreased
as the probability of partner-rewards increased. During this conditioning, individual neurons in
the dorsal MPFC (area 9m and pre-SMA) specifically tracked the probabilities of partner-rewards
(partner-type neurons; Figure 1e) or self-rewards (self-type neurons; Figure 1f ). Thus, in addi-
tion to information about who gets a reward (reward allocation),MPFC neurons also encoded the
likelihood of rewards in an agent-selective manner.

In social life, people care deeply about rewards to both themselves and others. Such informa-
tion about self-rewards and other-rewards and their comparisons is a key determinant in inducing
positive other-regarding responses, such as empathy (Buunk & Gibbons 2006) and vicarious re-
ward (Mobbs et al. 2009), or negative other-regarding responses, such as envy and schadenfreude
(Ben-Ze’es 2000,Dvash et al. 2010, Takahashi et al. 2009). The social reward signals in the MPFC
are conveyed to subcortical reward motivation centers such as the dopaminergic midbrain nuclei
(Noritake et al. 2018), amygdala (Dal Monte et al. 2020), and lateral hypothalamus (Noritake et al.
2020). The MPFC might play a role in switching other-regarding responses, depending on social
contexts, via specific coordination with subcortical regions.

SOCIAL PREFERENCE OF MPFC NEURONS

To what extent is the activity of MPFC neurons in response to the behavior of others selective
for, or influenced by, their social nature? This question is fundamental to understanding the or-
ganizing principles of the primate social brain. In the mirror neuron system of both humans and
macaques, some studies showed that mirror neurons exhibited activity preferences for the action
of biological agents over similar movements of nonbiological objects (di Pellegrino et al. 1992,
Gallese et al. 1996, Rizzolatti et al. 1996, Tai et al. 2004), while others reported no such social
preference (Caggiano et al. 2016, Oberman et al. 2007). In the MPFC, neuroimaging studies in
humans identified strong activation in response tomoving geometric shapes that evoke attribution
of intentions (Castelli et al. 2000, Wheatley et al. 2007). Neuroimaging of the macaque MPFC,
however, demonstrated higher levels of activation in response to the actions made by biological
agents compared to nonbiological objects (Sliwa & Freiwald 2017). This issue has never been
addressed at the single-neuron level in the MPFC.

To study the extent to which action-related activity in theMPFC is socially oriented,Ninomiya
et al. (2020) devised a behavioral procedure in which essential components of the Yoshida et al.
(2011) task were incorporated, but in which the partner’s social nature was manipulated instead.
Specifically, the subject macaques were faced with either a real macaque, a filmed macaque, or a
filmed object (stick) and performed a turn-taking choice task. At the level of individual neurons,
many of the self-, partner-, and mirror-type neurons in the MPFC exhibited different action-
related activity depending on the partner condition. At a population level, however, only the
partner-type neurons exhibited a systematic bias in favor of the partner with a higher social nature
(i.e., real macaque > filmed macaque > filmed object). Such a population-level bias in favor of the
social partner was much less evident in the PMv.

The authors also analyzed local field potentials to clarify the nature of mu suppres-
sion, a decrease in neural signals in the alpha band over the human sensorimotor cortex
(Muthukumaraswamy et al. 2004, Oberman et al. 2005) and in the high beta band in the macaque
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PMv (Bimbi et al. 2018, Caggiano et al. 2015, Kilner et al. 2014,Waldert et al. 2015), during both
action execution and action observation.Mu suppression has attracted attention as a neural marker
of mirror neuron activity (Muthukumaraswamy et al. 2004) and as a potential diagnostic tool for
ASD (Oberman et al. 2005). In the new study (Ninomiya et al. 2020), two notable findings were
obtained. First, mu suppression also occurred in the MPFC. Second, the magnitude of mu sup-
pression in the MPFC, but not in the PMv, increased as the target’s social nature increased. These
electrophysiological findings obtained at both single-neuron and field potential levels support the
social nature of MPFC activity, which is consistent with a previous study using neuroimaging
methods (Sliwa & Freiwald 2017).

The social nature of macaqueMPFC activity was also demonstrated in behavioral aspects other
than action. Specifically, regarding motor-intention coding, significantly fewer other-choice pre-
dictive neurons in the dorsal ACC fired when a partner animal was in a separate room compared
to when the partner was directly in front of the subject (Haroush & Williams 2015). Regarding
reward coding, the activity of MPFC neurons selective for others’ reward probability was signifi-
cantly lower when a partner animal was replaced with a nonsocial object such as a water-collecting
bottle (Noritake et al. 2018).

MENTAL MODELS IN THE MPFC: EVIDENCE AND HYPOTHESIS

Together, the above findings obtained in macaques indicate that individual MPFC neurons can
selectively encode behavioral variables for the self and others.As discussed, such self–other distinc-
tion helps individuals to reflect efficiently on others and to predict their emotions and actions. To
accomplish this mentalizing role and thereby moderate brain representations of the self and oth-
ers, I hypothesize that a set of mental models, similar to simulation functions, exist in the MPFC
(Figure 2). I conjecture that other-mentalizing is implemented bymental models that predict oth-
ers’ behavior using other-specific behavioral variables. The mental model processes in the MPFC
may require functional coordination with other brain regions such as the temporoparietal junc-
tion (Denny et al. 2012, Hill et al. 2017), another key region in the human mentalizing networks
(Van Overwalle & Baetens 2009).

Van Overwalle & Baetens (2009) performed a meta-analysis of neuroimaging studies in hu-
mans, demonstrating that other-mentalizing preferentially recruits more dorsal divisions of the
MPFC, whereas self-mentalizing preferentially recruits more ventral MPFC divisions. In support
of this finding, another meta-analysis conducted by a different research group demonstrated that
whether subjects performed self-mentalizing or other-mentalizing was predictable on the basis of
the z-coordinate of activation foci in the ventral or dorsal MPFC, respectively, in humans (Denny
et al. 2012). The spatial segregation or, more precisely, the spatial gradient along the dorsoventral
axis in the human MPFC is consistent with the macaque study, reporting a biased distribution of
the partner-type neurons and the self-type neurons in the dorsal MPFC and the ventral MPFC,
respectively (Yoshida et al. 2011). This spatial gradient was also observed when human subjects
monitored the welfare (Sul et al. 2015) and performance ability (Wittmann et al. 2016) of the self
and others, and it provides a critical viewpoint when interpreting aberrant MPFC activity seen in
people with ASD (see below).

It should be noted that the activation foci in the above-mentioned human studies are not de-
termined solely by a categorical dichotomy of the self versus others. They are also affected by a
perceived overlap between self and other. For example, mentalizing a similar other, in terms of
sociopolitical views, activated the ventral MPFC, while mentalizing a dissimilar other activated
the dorsal MPFC (Mitchell et al. 2005, 2006). Thus, which MPFC division is activated during
other-mentalizing can be influenced by the psychological distance between self and other.
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Figure 2

Schematic illustration of mental models in the MPFC. The dorsal MPFC is shown in blue and the ventral
MPFC in pink on the medial surface of the macaque brain. Other mental models are formed in the dorsal
MPFC and self mental models in the ventral MPFC. Individual MPFC neurons selectively encode behavioral
variables for others (left), which are used for different mental models (middle). These models predict how
others would feel and behave in a given context (right). Note that others’ behavioral variables can be used for
the self mental model (dashed arrow) when a subject has prior knowledge that a target individual shares the
subject’s perspective or when the subject cannot form other mental models. Abbreviations: CC, corpus
callosum; CS, cingulate sulcus; MPFC, medial prefrontal cortex; SFG, superior frontal gyrus; var, variable.

Inspired by the above findings and discussion, I propose a speculative working hypothesis that
the MPFC encodes a mental model that is most adaptive for reflecting on a target individual
under a given context. If the subject is asked to reflect on an unfamiliar or anonymous target,
the MPFC operates a general-other mental model (see the top of Figure 2). By referencing
other-specific behavioral variables represented in MPFC neurons, this model outputs how others
in general might feel and behave in a given context. The general-other mental model is acquired
and updated based on others’ default behavioral characteristics via social experiences. Alternately,
if the subject is asked to reflect on a quite familiar target such as close relatives, friends, and
colleagues, the MPFC encodes specific-other mental models, each of which is uniquely recruited
for the corresponding individual (see the middle of Figure 2). Developed via a long-term, inti-
mate relationship, the specific-other mental model outputs how the target in question might feel
and behave given the behavioral variables encoded in MPFC neurons. Use of the specific-other
mental model, instead of the general-other mental model, enables more accurate prediction of the
target’s future behavior. Finally, if the subject is asked to reflect on an unfamiliar or anonymous
target, but is informed that psychobehavioral characteristics of the target are similar to those
of the subject, the MPFC encodes a self mental model (see the bottom of Figure 2). The self

304 Isoda



mental model outputs how I (as the subject) might feel and behave if I were the target with the
given behavioral variables. In preschool children whose other-mentalizing ability is not fully
developed (Callaghan et al. 2005, Wellman et al. 2001), use of the self mental model might be a
default mechanism, owing to privileged access to self-related processing (Lockwood et al. 2018,
Sui & Humphreys 2015). Considering the spatial gradient highlighted above, the general-other
and specific-other mental models are likely to be formed mainly in the dorsal MPFC, while the
self mental model is mainly in the ventral MPFC.

This working hypothesis invites two critical questions. The first question concerns how dif-
ferent specific-other mental models are represented in the dorsal MPFC. Suppose a person has
three close friends, each of whom has unique traits, and the person is asked to mentalize each of
them. One possibility is that each mental model is represented at a unique subregion, and there-
fore different subregions are activated. Another possibility is that a shared region is activated, but
spatiotemporal activation patterns are different within the region, which may be distinguishable
using multivoxel pattern analysis (Norman et al. 2006). These two possibilities are testable using
functional neuroimaging. A related question in macaques is whether the activity of partner/other-
type neurons is selective for the behavior of a particular individual, and if so, how such neurons
encoding different individuals are distributed in the MPFC. The second question concerns the
neural circuitry and computation underlying the formation and updating of other mental mod-
els. Here, cortical microcircuits for predictive coding (Bastos et al. 2012) may serve as a refer-
ence. A proposed mechanism for predictive coding is that top-down predictions are compared
with bottom-up sensory information, which generates a prediction error if there is a mismatch
(Bastos et al. 2012, Rao & Ballard 1999). The prediction error is then used to update higher-level
representations on which predictions are based. Whether a similar mechanism can apply to the
prediction of others’ behavior is an interesting question.One possibility is that other mental mod-
els are updated on the basis of error in the prediction of others’ behavior. The neural signature
of other-action prediction errors is identified in the dorsal MPFC in both humans (Suzuki et al.
2012) and macaques (Ninomiya et al. 2020, Yoshida et al. 2012).MPFC regions involved in other-
mentalizing, that is, mainly BA8 and BA9, are granular cortex, just like visual cortical areas for
which predictive coding was originally developed. A neurobiologically plausible account of how
other mental models are formed and updated could be provided by combining layer-specific lo-
cal field potential analysis (Sajad et al. 2019), pathway-selective intervention (Inoue et al. 2015,
Kinoshita et al. 2012, Ninomiya et al. 2020), and computational modeling in the macaque. A rare
opportunity to record neuronal activity from neurosurgical patients performing a theory-of-mind
task ( Jamali et al. 2021) will also help us understand the representation of other mental models in
the human brain.

CLINICAL CONSIDERATIONS ON THE SOCIAL MODERATOR ROLE:
EVIDENCE AND HYPOTHESIS

ASD is a neurodevelopmental disorder caused by complex associations between genetic and en-
vironmental factors (Kim & Leventhal 2015). Individuals with ASD show persistent deficits in
social communication and interactions (APA 2013) and exhibit deficient performance in other-
mentalizing as assessed using false-belief tasks (Baron-Cohen et al. 1985). These signs suggest
that ASD can be considered a representative clinical condition exhibiting difficulty in moderating
brain representations of self and others.

Happé et al. (1996) were the first to report aberrant activation patterns in the autistic brain
during other-mentalizing. They conducted positron emission tomography imaging and observed
that people with Asperger’s syndrome, a mild subtype of ASD, exhibited a lack of activation in
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the dorsal MPFC, the border between BA8 and BA9, whereas normal volunteers showed clear
activation. Instead, there was an increase in activity in more ventral MPFC regions (Figure 3a).
Later work reported consistent findings; the ventralMPFC andmiddle ACC (regions with greater
responses during self-mentalizing than during other-mentalizing in normal control subjects) re-
sponded preferentially during other-mentalizing in people with ASD (Lombardo et al. 2010). The
authors hypothesized that the neural circuitry that processes self-information is atypically orga-
nized in people with ASD.

While several studies suggest deficient self-referential processing in ASD, known as the
absent-self hypothesis (Gillespie-Smith et al. 2018, Nijhof & Bird 2019), a possible alterna-
tive view posits that aberrant activation in the ventral MPFC during other-mentalizing is a
consequence of malfunctioning within the dorsal MPFC (Figure 3b). I hypothesize that the
dorsal MPFC is faulty in two respects. First, individual neurons in the dorsal MPFC are not
capable of selectively encoding others’ behavioral variables. In support of this view, partner-type
neurons were virtually absent in a macaque with a spontaneous autistic phenotype (Yoshida et al.
2016). In this autistic-like macaque, loss-of-function mutations were identified in two genes
linked to human psychiatric disorders (Yoshida et al. 2016), and cortical-layer construction was
disorganized (Iritani et al. 2018). Second, the dorsal MPFC is not capable of developing other
mental models. Deficits in performing theory-of-mind tasks were consistently reported to be
the cardinal clinical sign in ASD (Baron-Cohen et al. 1985, Frith 2001, Velikonja et al. 2019).
Under these conditions, the dorsal MPFC cannot come into play when other-mentalizing is
required. Instead, only the self mental models in the ventral MPFC are available (Figure 3b).
In this scheme, aberrant activation in the ventral MPFC during other-mentalizing reflects a
compensatory mechanism. As a consequence, individuals with ASD may have self-centered
perspectives and may experience difficulty separating aspects of others from themselves (Lee &
Hobson 2006, Lombardo et al. 2010, Mitchell & O’Keefe 2008). I tentatively refer to this idea of
deficient other-related processing in the dorsal MPFC as the broken other hypothesis.

One might ask whether this broken other hypothesis can coexist with the so-called broken
mirror hypothesis. The broken mirror hypothesis posits that people with ASD have a dysfunc-
tional mirror neuron system (Ramachandran & Oberman 2006). Two lines of studies in macaques
suggest that the two hypotheses are not mutually exclusive. First, in the MPFC of the autistic
macaque described above, mirror-type neurons were also rarely observed (Yoshida et al. 2016).
Second, selective blockade of the pathway from the PMv to the dorsal MPFC (including BA9
and pre-SMA), using a double viral vector infection technique (Kinoshita et al. 2012), caused se-
vere performance errors only after the partner’s turn in the above-mentioned turn-taking choice
task, suggesting the emergence of deficits in monitoring and in utilizing behavioral signals derived
from observed, but not executed, actions (Ninomiya et al. 2020). The degree of this deficit was
most pronounced when the task was performed with a real macaque compared to when the task
was performed with a filmed macaque or a filmed object. The animals in both studies developed
a self-centered behavioral strategy—either spontaneously (Yoshida et al. 2016) or after interven-
tion (Ninomiya et al. 2020)—relying only on the information about one’s own actions and the
resulting consequences. These findings raise an interesting possibility: What might be broken in
the autistic brain is the functional coordination between the dorsal MPFC and PMv. These two
cortical regions have rich anatomical connections in macaques (Albertini et al. 2020, Bruni et al.
2018). In neurotypical subjects, coherent activity between the dorsal MPFC and PMv is markedly
enhanced in response to observed actions, and causal information flow increases from the PMv
to the dorsal MPFC, especially when the biological nature of observed actions is high (Ninomiya
et al. 2020). These findings lead to the fascinating hypothesis that the social moderator role of the
MPFC is underpinned by and strengthened via functional coordination with the PMv.

306 Isoda



Other-mentalizing

Use of
other 

mental
models

Use of
self

mental
models

Use of
self 

mental
models

Use of
self 

mental
models

(aberrant
activation)

Self-mentalizing

Other-mentalizing

Self-mentalizing

Other mental 
models

a

b

Self mental 
models

Other mental 
models

Self mental 
models

SFGCS

CC

SFGCS

CC

Neurotypical

Neurotypical

Autistic

Autistic

Sagittal

Transverse Transverse

SagittalCoronal Coronal

Figure 3

Aberrant activation of the ventral MPFC in the autistic brain during other-mentalizing. (a) In neurotypical
subjects, the dorsal MPFC is activated during other-mentalizing (left three panels), while in autistic subjects,
the ventral MPFC is activated during other-mentalizing (right three panels). Red crosshairs denote the
location of the peak activation in neurotypical (coordinates −12, 36, 36) and autistic (coordinates −10, 44,
16) subjects, respectively. Panel a adapted from Happe et al. (1996) with permission from Wolters Kluwer
Health, Inc. (b) Schematic illustration of MPFC activation during other-mentalizing and self-mentalizing. In
neurotypical subjects (top), other mental models in the dorsal MPFC and self mental models in the ventral
MPFC are both functional. In autistic subjects (bottom), the dorsal MPFC is dysfunctional, which induces
compensatory recruitment of the ventral MPFC during other-mentalizing (aberrant activation).
Abbreviations: CC, corpus callosum; CS, cingulate sulcus; MPFC, medial prefrontal cortex; SFG, superior
frontal gyrus.
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CONCLUDING REMARKS

Although research into the role of the MPFC in behavioral coordination originally started in
nonsocial contexts, it is now widely accepted that the MPFC constitutes a critical node in the
primate social brain. As the cortical crossroad where self-specific and other-specific signals meet,
the MPFC organizes the behavior of oneself with proper consideration of the behavior of others.
The social nature of MPFC neurons is demonstrated by their selective or preferential responses
toward the behavior of real biological agents compared to nonbiological objects. These observa-
tions validate the view that the MPFC plays a pivotal role in moderating brain representations
of self and other, thereby facilitating productive social exchanges. This social moderator account
of MPFC function is backed by cognitive-behavioral manifestations in people with ASD, a clini-
cal condition characterized by inferior other-mentalizing capacities and heightened self-centered
perspectives. This shift from other-regarding to self-regarding cognition occurs in parallel with
aberrant activation in the ventral MPFC during other-mentalizing. In my view, such aberrant ac-
tivation emerges as a consequence of, and compensation for, malfunctioning within the dorsal
MPFC, in which other mental models are normally formed. Despite being a challenging issue
to study, future studies should explore the way in which mental models in the MPFC are imple-
mented by ensembles of neural activities and how other brain regions might contribute to such
mental model operations.
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