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ABSTRACT

Central to human social cognition is the ability to attribute mental states (e.g. beliefs and
intentions) to another individual with the understanding that those states may differ from one’s
own. This ability, termed “theory of mind” (ToM), is disrupted in a number of neurocognitive
disorders, most notably in autism spectrum disorder. Here, we studied the neuronal correlates
of ToM by obtaining single-neuronal recordings in the dorsal anterior cingulate cortex (dACC)
and frontal pole cortex (FPC) of rhesus macaques as they engaged in a canonical test for ToM:
the false belief task.

The false belief task assesses a subject’s ability to predict another agent’s behaviors based on
the other’s beliefs, which may be incongruent with reality. We trained a pair of macaques to
perform such a task. In each session, the animals were designated either “actor” or “observer”
roles. The actor is presented with a food item in one of two wells on a platform.

The experimenter then maintains or alters the position of the item while the actor’s view is
obscured, thus altering the veracity of the actor’s belief about the item location. The platform is
then covered, the actor’s vision unblocked, and his arm released, allowing him to select one of
the two well locations. Critically, the observer is able to watch these events, and therefore, can
attribute false beliefs to the actor. During the task, we simultaneously tracked the observer’s eye
movements and recorded neuronal activity from the observer's dACC and FPC.

We found that the observing primates behaved differently when their partners held a false belief.
The observer looked at the initial food location for a significantly longer duration in the moments
after the actor’'s arm was released, prior to the actor’s decision timepoint. This change in
behavior was not seen when the actor was aware of a food item switch, nor when the actor was
replaced with a non-conspecific actor. We discovered neuronal populations in the dACC and
FPC that increase their activity during the prediction of another agent’s incorrect decision based
on a false belief.

These findings suggest the presence of primitive ToM cognitive skills in rhesus macaques,
which correlate with the activity of populations of neurons in both the dACC and FPC. Our
results lay the groundwork for identifying specific, neurobiologically guided targets for the
treatment of social cognitive disorders.
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GLOSSARY

ToM Theory of mind

dACC Dorsal anterior cingulate cortex
FPC Frontal pole cortex

ASD Autism spectrum disorder

DBS Deep brain stimulation

GLM Generalized linear model

ROI Region of interest



INTRODUCTION

“Theory of mind” (ToM) refers to an agent’s ability to attribute mental states to other beings. In
humans, ToM has developed to a remarkable capacity, allowing individuals to infer the
intentions, beliefs, or desires of others while maintaining a critical understanding that these
mental states may differ from one’s own." As many complex social interactions (e.g.
cooperation, deceit) rely on ToM, its dysfunction, too, is notable. Impaired ToM is a prominent
feature of a number of neurocognitive disorders, including autism spectrum disorder (ASD).2
Over the past few decades, ToM has been studied widely in both humans and non-human
primates, with a focus on whether and how subjects behave in a manner that demonstrates

ToM. However, the basic neuronal mechanisms that facilitate ToM remain unknown.

While there are many tasks that assess different facets of ToM in humans (e.g. emotional
recognition using photographs of eyes, attribution of intention to videos of abstract shapes), the
classic task for ToM tests whether a subject can attribute a false belief to another individual.>*
Typically, the experimenter presents the subject with a vignette about a character who leaves
an object in a certain location, departing from the scene before another character moves it to a
different location: when Sally leaves the room, Anne moves the marble from the basket to the
box. Subjects are then asked where the first character will search for the object upon returning
to the scene. Solving the task requires the subject to recognize that Sally will act upon her own

belief about the marble’s location and, importantly, that Sally’s belief is false.

The classic false-belief task has become the canonical test for ToM because of the
computational challenge it represents: a subject must be able to coordinate or suppress his or
her own beliefs against the potentially conflicting beliefs of another agent. Children are able to
solve this task correctly starting between the ages of 4 and 5,* and thus false-belief
understanding has been viewed as a critical developmental milestone; autistic children with 1Q
within normal range demonstrate impaired performance in this task compared to clinically

normal pre-school aged children.?

However, one criticism is that the classic tasks require additional processing (e.g. language)
that may be extraneous to ToM.® Thus the classic false-belief task has also been adapted into
“implicit” and non-verbal tasks.®'" A common adaptation is to have a simplified version of the

vignette play out in real time in front of an experimental subject. The subject observes an actor



place or track an object into one of two discrete locations. Various manipulations alter the
veracity of the actor’s belief about the object’s location (e.g. unbeknownst to the actor, the
object is moved to the other location), while the experimental subject retains full visual access to
all the events. Finally, the actor searches for the object in one of the two locations. We will refer
to the location where the actor believes the object to be as the “target” and the other location as

the “decoy.”

In this manner, prior studies have assessed differences in “looking time” and first-look locations
in false versus true belief scenarios.®"" One study in 15-month-old children approached ToM
through a violation-of-expectation method, directing the actor to search in the decoy location in
a subset of both the true- and false-belief trials. This study demonstrated that the infants looked
to the location 5-10 seconds longer when the search occurred in a location incongruous with the
actor’s belief."" Another study of 25-month-old children employed a predictive-looking paradigm
with a pre-recorded video of the different scenarios, and analyzed their subjects’ looking
behavior prior to the actor’s search for the object. Under false belief conditions, the children
looked twice as long (about 950 ms) to the target vs. the decoy.'? Recently, one group used the
same predictive-looking paradigm to investigate ToM in three species of apes. In the time period
prior to the actor’s search, the majority of the subjects direct their first-looks to the target rather

than the decoy.®

Although the ToM used by adult humans is likely distinct in terms of the extent of the ability to
represent beliefs and desires, " the implicit false belief studies have been pivotal for
demonstrating a level of ToM competency in both human infants and non-human primates.
While there is currently no evidence that rhesus macaques are represent the false beliefs of
actors (subject to the same violation-of-expectation paradigm used in infants, rhesus macaques
looked to both target and decoy locations equally, regardless of congruity with the actor’'s
belief), they are able to represent what other agents perceive and know.*'*"® Thus, rhesus
macaques understand certain psychological states of others which constitute the building blocks
for ToM and would provide a promising model for its study. Our study builds on the prior work
using the implicit false-belief task, with a critical change: the actor is another rhesus macaque,
rather than a human or a video depicting an actor. In this manner, we investigate ToM in a true

social setting at a mechanistic neuronal level.



Prior studies in human and rhesus macaques suggest that the dorsal anterior cingulate cortex
(dACC) may be critically involved in ToM. Human functional imaging studies demonstrate a
number of brain regions that activate during ToM use, with a core network that activates during
a wide range of ToM tasks. Many imaging and lesion studies propose the central involvement of
the medial pre-frontal cortex (MPFC), including the anterior cingulate cortex in ToM."®% Single-
neuronal studies in rhesus macaques have demonstrated the role of the dACC in predicting
another agent’s actions®' and monitoring another’s errors.?? The presence of neurons
distinguishing between the self and others in the dACC supports its putative role in ToM, which

encompasses the ability to distinguish another’s beliefs from one’s own.

The frontal pole cortex (FPC) is an additional area of interest regarding higher-order social
cognition. It is uniquely expanded in primate species, and activates under a great variety of
experimental cognitive tasks in human neuroimaging studies. While much remains unknown
about its mechanistic role in cognition, its proposed role in social inferential cognition is
supported by its broad reciprocal connections with areas involved in social cognition such as the
cingulate, insula, and superior temporal sulcus.? Neuroimaging studies in humans demonstrate
its activation when considering the intentions of others, specifically within a social context?*2°
and during false-belief stories."” Perhaps due to the technical challenge of accessing the frontal
brain region, scientists have only recently begun ablational and single-neuronal studies in
rhesus macaques, although these studies have been limited to non-social cognition such as
decision monitoring and flexibility of learning in changing task demands.?*-?® Here, we aim to
evaluate whether individual neurons in the primate dJACC and FPC respond to variations in

another’s beliefs and could prospectively support ToM.

Beyond elucidating the neurobiology of an important component of social cognition, an additional
impetus for studying ToM is its impairment in a number of neurocognitive disorders including
ASD? and schizophrenia.? In addition to posing less quantifiable obstacles in daily living, these
disorders result in enormous monetary cost, with the cost of ASD alone exceeding $236 billion a
year in the United States.*® The lack of information regarding the neuronal basis of social
behavior in general presents a major obstacle to the development of neural circuit-based
therapies for disorders in which social interactions are impaired. An improved understanding of
the basis of ToM will contribute to the development of neurobiologically-guided therapeutic

techniques, particularly within the framework of DBS.



METHODS

Animals

Two adult male rhesus macaques (Macaca mulatta, weighing 12 kg at the start of the
experiment) were trained to perform the behavioral task. The animals were housed individually
in the same room as other adult male macaques. All experimental procedures were approved

by the Massachusetts General Hospital Institutional Animal Care and Use Committee.

Social Cognition Testing Apparatus

We trained a pair of adult male rhesus macaques (Monkey T and Monkey 1) to perform a food
retrieval task. The task requires the animals to sit across each other at a rotary platform
apparatus (Figure 1). The rotating platform is attached to a handle and contains four equidistant
food wells. A transparent panel is fixed in position over the rotating platform; this panel has two
openings separated by 180 degrees. Both animals can observe which food wells are baited and
which are not. By turning the rotating platform, two opposing food wells can be aligned with the
openings in the transparent panel, allowing access to the contents of the wells. At the start of
each trial, the platform is positioned such that two wells are in front of each animal and the
handle is centered on the side of the actor; the actor will later rotate the platform in either a
clockwise or counterclockwise direction to select a food well. The testing apparatus includes a
set of manually-operated opaque barriers to control the animals’ visual and physical access to

the food items: “visual occluders,” “arm barriers,” and a “platform cover” (Figure 1).

Implicit False Belief Task

In each session, one animal was designated “actor” while its conspecific was designated
“‘observer.” The animals alternated roles in different sessions. We trained the animals on an
implicit false belief task by introducing a number of manipulations to alter the accuracy of the

actor’s belief regarding the location of a food morsel.

Prior to the start of each trial, one food morsel is placed in either the left or right well on the
actor’s side of the platform. Both wells on the observer’s side are baited; therefore, regardless of
the actor’s actions the observer would receive a reward. In this manner, the observer’'s reward is
dissociated from the accuracy of the actor’s belief. The visual occluders and arm barriers are in

position for both animals. The first stage of the task is the belief induction phase (Figure 1). The



trial begins with the removal of the observer’s visual occluder followed 0.5 seconds (s) later by
removing the actor’s visual occluder. In this period, both animals were free to gaze at the baited

platform and to each other. After 1 s, the actor’s visual occluder was replaced.

The next stage of the task is the manipulation phase, during which the veracity of the actor’s
belief about the food location is modified. The observer retains visual access to the platform
throughout the manipulation. In each session, we presented two main types of trials, as evident
during the manipulation phase. For “standard” trials, the manipulation consisted of lifting the
actor’s food item out of the well and replacing it in the same well; thus, the actor’s belief of the
item location remained true. For “switch” trials, however, the manipulation consisted of lifting the
food item out of the well and placing it in the actor’s other well, rendering the actor’s belief of the
item location false (Figure 1). Regardless of trial condition, at the end of the manipulation phase,
the opaque platform cover is placed over the platform apparatus, obscuring the wells. Thus,

later in the trial, the actor must rely on the remembered location of the food item to collect it.

Once the platform is covered, the actor’s visual occluder is removed, marking the beginning of
the anticipation phase. Then, 1 s later, the actor’'s arm barrier is removed, allowing the actor to
reach the platform handle. The anticipation phase ends once the handle deviates from its
midline position. Finally, the actor accesses the content of the selected well. Following the
actor’s well selection, the actor’'s arm barrier is replaced and the observer’s is removed. The
observer is then able to retrieve a food item from the observer side of the platform before the
arm barrier is replaced. The trial ends with the sequential replacement of the actor’s and

observer’s visual occluders.

Controls for reward presence, actor awareness, and social identity of actor

To account for the possibility that the observer’s gaze simply followed the location of the salient
food reward, we also included “switch-remove” trials in which the item was first moved to the
actor’s other well before being removed from the platform entirely. This manipulation also
renders the actor’s belief false, while preventing the observer from primarily attending to the
food item. To control for the possibility that the observer’s behavior was influenced by the
environment (e.g. the movement of the food item from its original well) rather than the actor’s
belief state, we introduced an additional “aware” condition to both the switch and switch-remove
trial types. In the “aware-switch” or “aware-switch-remove” trials, the visual occluder was not

placed in front of the actor prior to the manipulation phase. Thus, both animals retained full



visual access, and the actor had a true belief about the item’s new location or removal from the
platform. Finally, as ToM is most pertinent to social situations, we also ran non-social control
sessions for both observers, replacing the conspecific actor animal with a non-social actor. The
non-social actor is a human whose face and body remain out of view, except to turn the platform
or retrieve a food reward. Otherwise, the sequence of events remained the same for all trial

types.

The experimental apparatus was fitted with a number of infrared sensors (IR break beam 5mm,
Adafruit Inc., New York, NY) that output transistor-transistor logic (TTL) pulses to a behavioral
and neuronal data acquisition system (MAP system, Plexon Inc., Dallas, TX). There were
sensors located in the platform top (through which the animals reached into their wells) and also
at in frame containing the visual occluders and arm barriers. In this manner, we collected the
time stamps for the experimenter’'s manipulation of the food reward, each animal’s reward
receipt, and each animal’s visual and physical access to the platform. The eye position of both
the observer and the actor was tracked throughout the task and time-aligned to each event at
millisecond resolution (ISCAN Inc., Woburn, MA).

Gaze behavior analysis

We evaluated for differences in the observer’s behavior across trial types by examining the
observer’s eye position within the platform. For each session, the region of interest (ROI)
corresponding to the platform was defined by plotting the gaze density and selecting as its
boundaries: the opening on the actor’s side of the platform (from which the animal retrieves the
reward once the well is aligned to the opening), the opening on the observer’s side of the
platform, and the right and left extremes of the gaze density cloud. On a session by session
basis, the platform ROl is further divided by a vertical line through the actor’s platform opening
to generate left and right ROIs (Figure 2B). We will refer to the side of the platform initially
containing the food item as the “target” ROI and the other side as the “decoy,” from the point of
view of the acting animal. We compared the gaze behavior within the target between the
standard and switch trials, particularly during the anticipatory phase (Figure 1) leading up to the
actor’s decision time point. We then compared the gaze behavior in the ROls against our control

conditions.
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Neuronal recording

Floating microelectrode arrays consisting of 36 microelectrodes (MicroProbes for Life Sciences,
MD) were surgically implanted in the dACC and FPC of each monkey through a wide
craniotomy under stereotactic guidance (David Kopf Instruments, CA). The location of the
arrays was confirmed by direct visual inspection of the sulcal and gyral anatomy. Electrode
leads were secured to the skull and attached to Omnetics connectors with the aid of surgical-
grade stainless steel screws and dental acrylic. A plastic cap was embedded in the dental

cement to keep the connectors free of debris.

Recordings began two weeks after surgical recovery. We used a Plexon multichannel
acquisition processor to amplify and band-pass filter the signals (150 Hz — 8 kHz; 1 pole low-cut
and 3 poles high-cut with 1000x gain; MAP system, Plexon Inc., Dallas, TX). Only neurons with
a high degree of signal-to-noise and stable waveform morphology were included in the final

analysis.

Single neuronal data analysis

We focused our preliminary single-neuronal data analysis on the epoch around release of the
actor’s arm barrier. To assess the relationship between single neuron activity of each recorded
neuron and belief (true vs. false) as well as reward position (left vs. right well), these variables
were used as parameters on a generalized linear model (GLM) with a normal distribution as a
link function. Only significant fits (Deviance test, p < 0.01) are reported as neuronal
modulations. We tested significance for each regression coefficient using Wald’s t-test (p <
0.01). We used sliding-window GLM analyses with a 500 ms window that we moved in steps of

250 ms across a time window of 2 s before the event of interest until 2 s after.

All null-hypothesis statistical tests on behavioral and neuronal data were two-tailed unless

otherwise noted. All analyses were performed in MATLAB (Mathworks Inc., USA).

RESULTS

Behavioral results
After training Monkey T and Monkey | on the food retrieval task, we ran the false belief task with
the pair, obtaining 1313 trials across 15 sessions. The majority of the trials (57.1%, n = 750)

were standard trials, 17.3% were false belief trials (n = 227, comprised of 111 switch and 116
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switch-remove trials), and 25.6% were aware trials (n = 336, comprised of 226 aware-switch
and 110 aware-switch-remove trials). As actors, the animals together performed correctly on
75.4 + 1.5% (mean + standard error of mean) of the standard trials, 83.8 + 3.5% of the switch
trials, 80.1 + 3.7% of the switch-remove trials, and 96.9 + 1.2% of the aware-switch trials (see
Figure 2A).

A two-way analysis of variance of actor identity and trial condition on task performance
demonstrated a significant main effect of trial condition (F3119s = 18.14, p < 0.001). The actors
did not perform significantly differently on switch trials compared to standard trials (x2 = 1.79, p
= 0.181 for Monkey | and 2 = 1.91, p = 0.166 for Monkey T, chi-square tests), suggesting there
was no recognizable difference between the manipulations in the two trial types. (Correctness
for the switch and switch-remove trials is defined as selecting the empty well, that is, the well
where the food item was initially located.) As expected, the actors were able to improve their
performance when they were able to view the manipulation: they performed significantly better
on the aware-switch trials compared to all other trial types. There was otherwise no significant
difference in performance between trial types. The main effect of actor identity was also
significant (F1,119s = 8.57, p = 0.003). Monkey | performed 70.9 + 2.6% of standard trials
correctly and Monkey T performed 78.7 + 2.0% correctly (32 = 5.98, p = 0.015, chi-square test).

The actors did not perform significantly differently on any other trial type.

The observers were more likely to look at the target in which the food item was placed at the
beginning of the trial during the observer induction phase (from the time the observer’s visual
occluder is removed until the time that the actor’s visual occluder is replaced, mean ~3500 ms
time window, see Figure 1). Across all standard, switch, and switch-remove trials (n = 977), the
observers looked to the target 10.9 =+ 0.4% (mean + standard error of mean) of the observer
induction phase versus to the distractor 8.5 + 0.4% of the time (p < 0.001, Wilcoxon rank-sum
test). This suggests that the observers tracked the location of the food item prior to the

manipulation phase.

The observers directed their gaze differently during the anticipation phase in the false belief
trials (after the manipulation phase, from the time the actor’s visual occluder is removed,
allowing him to see the opaque platform cover, until the actor contacts the handle prior to

making a selection). On average, once the actor’s arm barrier was released, it took the actor

12



1500 ms to contact the handle. Within the 250 ms following the release of the actor’s arm
barrier, the observers look to the target a significantly greater proportion under the switch
condition (23.6 + 3.2% of the time window vs. 17.7 + 1.1% for the standard trials, p = 0.018,
Wilcoxon rank-sum test, Figure 2D). At this time point in the anticipation phase, the target
contains the food reward during the standard trials but is empty during the switch trials. Thus, in
the switch trials, in the time period when the actor was physically able to select a well but prior
to the selection, the observers spent longer looking to the target which no longer contained the
food reward. The increased looking towards the target persists when comparing all false belief
trials (both switch and switch-remove trials) to the switch trials (22.8 +2.3% of the 250 ms

window versus 17.7 + 1.1% for the standard trials, p = 0.043, Wilcoxon rank-sum test).

A potential confound is that the observer may simply be attending to the manipulation itself or
some other unexpected event: creating a false belief for the actor necessitated moving the
platform and the reward item. To control for this, we compared the switch to the aware-switch
trials, in which the actor retained full view of platform during the manipulation phase. In the
aware-switch trials, while the item is moved to the other well, the actor’s belief is not false. Here,
we find persistent increased gaze to the target during the switch trials (22.8 + 2.3% of the 250

ms time window vs. 15.7 + 2.0% for the aware-switch trials, p = 0.005, Wilcoxon rank-sum test).

Finally, we examined the differences in gaze with respect to the social context of the actor’s
beliefs. For example, it could be argued that the changes in the observer's gaze were indicative
of a more general predictive signal rather than a signal that specifically reflected variations in
the belief of a social agent. We conducted the experiments again, with the observer viewing the
same conditions and sequences of events with a non-social actor. However, unlike the
conspecific social condition, the observers displayed no difference in eye position between
standard and switch trials (21.4 + 2.6% of the 250 ms time window vs. 17.6 + 5.0%, p = 0.919,
Wilcoxon rank-sum test), or standard and all false belief trials (p = 0.539, Wilcoxon rank-sum
test). Together, these results suggest that the observer’s gaze reflects an understanding of an

actor’s belief and how awareness can affect belief in relevant social circumstances.

Neuronal results
We recorded a total of 551 neurons from the dACC and 857 neurons from the FPC in the two
animals, across four hemispheres. We focused our analyses on the activity of these neurons

directly before and after the actor’'s arm barrier was released. It is in this epoch that we

13



observed an increase in looking time to the ROI during false belief trials and it is also the epoch
in which, if the observer formulated a hypothesis about the actor’s chosen action based on a

false belief, this hypothesis is resolved.

In our initial analyses, we focused on describing the neuronal responses to all false belief trials
vs. normal prediction as well as the food morsel position at the start of the trial. In Fig. 3A we
show a single neuron with a significant modulation in its activity between false belief and true
belief trials. Similarly, in Fig 3B we show a single neuron with a significant modulation in its

activity when the food morsel for the actor was in the left well vs. when it was in the right well.

At the population level, we found that 83 neurons from the dACC (15.06%) and 147 neurons
from FPC (17.15%) differentiated between standard and all false belief (switch and switch-
remove) conditions. The actor’s food position was also well-represented in the number of
encoding neurons from both dACC (n = 57 of 551, 10.34%) and FPC (n = 150 of 857, 17.5%).
Interestingly, there was negligible overlap in the coding of both of these variables within the
same neurons (n = 8 and 24, 1.45% and 2.8%, respectively), suggesting little to non-existent
multiplexing of these variables by the same neurons. The difference in neurons coding these
variables across these two pre-frontal areas was not significant (y2 = 4.37, p = 0.11, chi-square
test).

DISCUSSION

As a cornerstone of social cognition, ToM allows agents to make sense of another’s observed
behaviors and anticipate their future actions. Much of our current understanding of the
neurobiology of human social cognition comes from the developmental psychology literature
using functional imaging. Here, we use single-neuronal recording techniques in rhesus
macaques engaged in an implicit false belief task. We demonstrate a potential population of
neurons in the frontal lobe including the dACC and FPC that can represent another agent’s false
beliefs. The neuronal response in the false belief condition correlates with a change in the
observer’'s gaze behavior. Recent studies demonstrate that great apes may represent false

beliefs in a rudimentary manner,®*'

and we demonstrate this behavior in rhesus macaques for
the first time. Moreover, to our knowledge, no prior studies have recorded single-neuronal
activity during performance of the false-belief task. We believe that our study will contribute to a

mechanistic understanding of ToM as a fundamental social ability.
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We found that rhesus macaques looked longer to the location where a conspecific actor
believed a food item to be based on outdated information. This difference in gaze behavior
disappeared when the observer witnessed the same switching manipulation in the presence of
an aware actor. Thus, the increased looking time predicted that the actor would behave based
on a false belief. This behavior coincides with a remarkable modulation of single neuronal
activity in the dACC and FPC. Furthermore, separate populations of neurons in both of these
areas represented the initial food location (left vs. right). In other words, a group of neurons
distinct from those representing the actor’s belief state encoded the original, now outdated
information upon which the actor would act. Interestingly, we did not find a significant difference

in the number of neurons representing these two variables in the dACC vs. FPC.

We prioritized the study of ToM in a social setting, forgoing a directable human actor or the
predictability of a pre-recorded video. One potential source of concern is that the actors did not
reliably choose the correct well in the basic “standard” trials. Since the standard trials accounted
for 76.8% of all actor-unaware trials (standard, switch, and switch-remove conditions), it is
natural for an actor to recognize that selecting the target well for every trial would incur a loss of
reward in a noticeable subset of trials. While Monkey | performed significantly worse than
Monkey T (71.0% vs. 78.8% correct) on the standard trials, it is not unusual for animals to
perform differently on tasks. Rather than reflecting a misunderstanding of the food-retrieval task,
their combined performance of 76.7% correct on standard trials most likely reflects that both
animals adapted to the probability of receiving a reward when selecting only the target, a

documented behavioral phenomenon known as matching.

In theory, the task requires no learning on the part of the observing animal. The observer
receives reward regardless of the actor’s behavior or outcome, and there is no extrinsic
motivation for predicting what the actor will do. Nevertheless, the observer represents the
actor’s belief state. The differences in gaze behavior and neuronal activity during the
anticipation phase occur prior to the actor’s choice, and should not be influenced by the actor’s
correctness. However, since the actors do not reliably perform the standard trials correctly, the
question is whether fluctuations in the actor’s performance destabilize the observer’'s conception
of the actor’s beliefs. To explore this concern, we plan to stratify each session into quantiles of

actor performance, and to regress the neuronal activity to the performance based on these tiers.
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Since the animals are exposed to both roles, it is possible that any learning that occurred while
playing the actor role also influenced the animals as observers. For example, the observers may
predict matching behavior on the part of the actors, which may confound the understanding of
the actor’s belief states in this task. While the current results are limited to two animals, we have
preliminary sessions with both Monkey | and Monkey T observing a third animal as actor. To
account for any unanticipated learning that may occur during the actor-observer crossover, we
are planning to implant a fourth animal who will serve solely as an observer. Both the additional
animals are male, and we acknowledge that further studies using female macaques will improve

generalizability.

Particularly with multiple animals, dominance hierarchy becomes an important factor that could
influence measurable behavior. Prior studies report instances of female chimpanzees avoiding
producing copulation calls when mating with a subordinate male while a more dominant male is
nearby.**=* Another study demonstrates that subordinate chimpanzees are more likely to
access food that was hidden without the knowledge of a dominant chimpanzee.*® Thus, non-
human primates can strategically suppress their explicit actions when faced with potential
consequences from a dominant animal. However, in our task, the observer’s reward has been
dissociated from the actor’s reward. Regardless of dominance, there is no motivation to
suppress looking behavior for either agent. Nonetheless, to fully account for this possibility, we
will determine the hierarchy of the animals by testing which animal reaches first for a

36,37

monopolizable food morsel over multiple iterations, and assess any differences in their gaze

behavior with respect to this hierarchy.

With regards to the gaze behavior findings, further analyses will provide a more comprehensive
understanding of the anticipatory looking behavior. In the recent study of ToM in great apes, the
primary finding was that the majority of subjects directed their first looks to the target during the
task’s corresponding anticipation phase.® In our task, a preliminary analysis of first-look location
during the anticipation phase of switch trials finds no difference in the number of first looks to

the target vs. decoy. The next step is to assess differences in a number of other gaze behavior

metrics, including first fixation location and number of saccades to the target.
Our initial analysis suggests that single neurons in dACC and FPC can represent another

agent’s belief state as well as the information these beliefs are based on. However, there are a

series of pending analyses that are necessary for understanding the single neuronal activity
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during our task. While belief state (true vs. false) and original food position (left vs. right) are two
important variables in representing the actor’s beliefs, we need to incorporate a number of
others: reward presence (no removal of the food item vs. removal from the platform entirely),
awareness (actor view occluded during the manipulation vs. actor aware), and location switch
(food item remained in original well vs. moved to the actor’s other well). Furthermore, while our
behavioral results suggest that the animals only represent the actor’s belief state as necessary
in a social setting, we have yet to explore the neuronal activity when the conspecific is replaced

with the non-social actor.

We will also need to assess a number of other factors that may be confounding the belief-
encoding activity we find in our preliminary studies. The FPC is not included in the network of

brain areas involved in eye movement planning and execution,?-°

nor do previous
neurophysiological studies of the FPC find a correlation between its activity and task-related eye
movement.*® Nevertheless, we must fully account for saccade direction-related activity and gaze
location-related activity in its single-neuronal activity. For example, It is possible that the
neuronal responses in the dACC and FPC are related to simply acquiring social information
(e.g. increase activity when watching another agent vs. when observing an event such as the

false belief manipulation which does not directly include a social stimulus).

Relatedly, another important ROI for future investigation is the actor’s face. The actor’'s gaze is
another potential confounding factor. The observer’s increased looking time under false belief
conditions could merely be a result of tracking the actor’s gaze rather than a result of inferring
the actor’s belief state. Additionally, while neither the dACC nor FPC have been implicated in

eye and gaze processing,*'?

we need to explore the possibility that such external cues from the
actor are driving the differences in the observer's gaze behavior and neuronal activity. Beyond
our interest in the actor’s face as a potential confounding factor, the observer’s gaze behavior to
the actor’s face in itself could provide a signal indicative of ToM. While prior studies have
focused on the subject’s anticipatory looking behavior to the target and decoy locations, it is
possible that an agent with ToM capacity behaves differently towards the actor when the actor
harbors a false belief; it is a short leap towards applying ToM to tactical deception. We plan on
analyzing gaze behavior to the actor’s face as well as the corresponding neuronal activity at

different time windows during the anticipation phase.
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If we conceptualize representing another agent’s false belief as generating a hypothesis about
how the other agent will act based on their beliefs, there likely exists a mechanism that
reassesses this hypothesis once the other agent completes its action. This is the basis for the
violation-of-prediction paradigm that was used in an infant ToM study with positive behavioral
results.” Thus, we also plan to test whether single neurons contain prediction error signals with
respect to the actor’s choice.*® Typically, the actors selected the target in both normal and false
belief trials. Yet, as discussed above, they also selected the decoy in subset of both conditions.
We will stratify the trials into four categories: standard-correct, standard-incorrect, false-belief-
correct (selected the empty target), and false-belief-incorrect (selected the decoy). In the
incorrect trials, we expect we may find an “other’s-action” prediction error. This signal might be

more pronounced in the false belief trials and could be modulated by the actor’s performance.

The implicit false belief task has allowed us to demonstrate elementary ToM capacity in rhesus
macaques and study its basic neuronal processing. However, the current study is very much a
starting point in studying the neurobiology of ToM. We record neuronal activity from the dACC
because of its role in encoding social features and in error- and reward-monitoring, and from the
FPC in part because of its unique expansion in primates. ToM is likely a broadly distributed
process, and future neurophysiological studies should investigate other brain areas implicated
by functional imaging studies, including the temporal-parietal junction (or the superior temporal
cortex in macaques, which has a similar connectivity profile)."®#*4® The implicit false belief task
is sensitive to a more rudimentary ToM than the classical task. More broadly, human ToM is not
solely encompassed by the ability to distinguish another’s false beliefs from one’s own beliefs,
and in its full richness includes the ability to infer cognitive and emotional states. Nonetheless,
for the first time, we describe a population of neurons that may function to support basic theory
of mind as well as its building blocks. We believe the current line of study will lead to an

improved understanding of the cellular mechanisms and circuitry that underlie theory of mind.

SUMMARY

Theory of mind is a central component of human social cognition. Over the past few decades,
ToM has been studied widely in both humans and non-human primates; however, little is known
about its neurobiological basis. Here, we studied the neuronal correlates of theory of mind by
obtaining single-neuronal recordings in the dACC and FPC of rhesus macaques as they

engaged in an adaptation of the canonical test for ToM. We find that the observing primates
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behaved differently when their partners held a false belief. This change in behavior was not
seen when the actor was aware of its changing surrounding, or when the conspecific actor was
replaced with a non-social actor. The increased looking time behavior coincides with a
remarkable modulation of single-neuronal activity in the dACC and FPC. While further neuronal
analyses are needed to address a number of variables and potentially confounding factors, the
current line of study will lead to an improved understanding of the cellular mechanisms and
circuitry that underlie theory of mind. Our results lay the groundwork for identifying specific,

neurobiologically-guided targets for the treatment of social cognitive disorders.
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Figure 1. Implicit false belief task schematic. The food items are loaded prior to the start of the trial;
the removal of the observer’s visual occluder marks the beginning of the trial, and is followed shortly by
the removal of the actor’s (not pictured). The illustrated manipulation phase demonstrates the food switch
under the false belief condition. In the standard condition the food item is lifted from and replaced in its
original well. In switch-remove condition, the food item is moved and then removed from the platform
entirely. In the aware-switch and aware-switch-remove conditions, the actor’s visual occluder is not
replaced after the induction phase and the manipulations occur in full view of both the actor and observer.
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Figure 2. Behavioral results. A) Performance for each actor under different task conditions. The aware-
switch-remove task has no “correct” choice and is not included in the plot. B) The experimental set-up
from the observer’s perspective with example gaze density plot overlain for illustration. The thick black
lines demonstrate the platform ROI and its division through the actor’s center well-position to create left-
and right-sided ROIs (corresponding to target and decoy ROIs depending on the original food item
location). C) Gaze density plot demonstrating example of gaze to target ROl during the anticipation
window of a switch trial. D) Mean looking time in the target for experimental trials (left) and non-social
trials (right). Here, looking time is described as a fraction of the 250 ms window after the actor’'s arm
barrier is removed. The observers looked to the target a significantly greater proportion of the window
under the switch condition (23.6 = 3.2% vs. 17.7 + 1.1% for the standard trials, p = 0.018, Wilcoxon rank-
sum test). The increased looking time persists when all false belief trials are compared to standard trials,
and when switch trials are compared to aware-switch trials. This difference in behavior between
conditions is not seen with a non-social actor (right).
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Figure 3. Preliminary neuronal results. Single neurons with belief-related activity (A) and food position
(B) aligned to the actor’s arm barrier release event. In (A), blue indicates activity during all false belief
trials (switch and switch-remove) while red indicates activity during standard trials. In (B), blue indicates
trials when the food item was initially in the actor’s left well, and red indicates initially in the right well.
(Top) Average firing rate (+ standard error of the mean), Gaussian smoothing with sigma = 150 ms.
(Bottom) Each dot represents a single action potential and each row a single trial.
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