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Abstract

The ability to interact effectively within social groups is essential to primate and human behavior.
Yet, understanding what neural processes underlie the interactive behavior of groups or by

which neurons solve the basic problem of coding for multiple agents has remained a challenge.
By tracking the interindividual dynamics of groups of three-interacting Rhesus macaques, we
discover detailed representations of the groups’ behavior by neurons in the dorsomedial prefrontal
cortex, reflecting the other agents’ identities, their unique interactions, social context, actions,
and outcomes. We show how these cells represent not only interaction between specific group
members, their reciprocation and retaliation but also their individual past behaviors. We also
show how they influence the animals’ upcoming decisions and their ability to form beneficial
agent-specific interactions. Together, these findings reveal prefrontal neurons that code for the
agency identity of others and a cellular mechanism that could support the interactive behavior of
social groups.

One Sentence Summary:

Prefrontal neurons in primates code for the agency identity and group behavior of others.

Main Text:

Social groups play a foundational role in the behavior of most animal species. To interact
effectively within social groups, individuals must be able to represent not only the
identities of other group members but also their specific behaviors (1, 2). Without such
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representations, it would not be possible to understand how the actions and outcomes of
specific individuals relate or how one’s actions affect specific group members (3). It would
also not be possible to develop mutually beneficial affiliations and avoid exploitation by
others (1, 4, 5). Understanding how neurons in the brain represent the behavior of specific
individuals or their interaction within groups, however, has remained a challenge. While
prior investigations have revealed neurons in temporal regions that respond to the specific
identities or facial features of others (6-9), they do not reveal how neurons encode another’s
behavior or their interaction. Other studies, by comparison, have identified neurons in
associative brain regions that respond to another’s behavior (10-15) but do not reveal how
neurons represent their specific identities or group interactions.

The majority of primates live within social groups in which an individual’s success relies
on their ability to interact effectively with their conspecifics (1, 4, 16). Rhesus macaques,
in particular, can recognize different individuals (6, 17), form non-kin interactions and
long-lasting alliances (18-20). They also engage in mutually beneficial behavior based on
reciprocation between specific individuals and keep track of others’ behavior (19, 20). By
studying the group behavior of Rhesus macaques, we can therefore begin to characterize
how neurons in the primate brain represent interactions within small social groups and to
explore how neurons code for the specific identities and behaviors of others.

Three-agent group interaction task in Rhesus macaques

We devised a three-agent task in which three adult male Rhesus macaques sit at a turntable,
each of which could offer a food reward to either of the other two monkeys over successive
trials (Fig. 1A-B). For each successive trial, one of the primates was assigned to be the
“actor” and could use a handle on the turntable apparatus to offer a food reward to one of the
other two agents (“recipient”). Further, the primate assigned to be the actor would alternate
in a pseudo-random fashion from trial to trial (Fig. 1C). Thus, for example, monkey 1 could
be the actor in one trial and may offer a reward to monkey 2. On the subsequent trial,
monkey 2 could be the actor and may reciprocate that same offer of a reward to monkey 1 or,
instead, offer a reward to monkey 3.

Next, to further dissociate the actor’s movements from the specific individual receiving

a reward, we set the apparatus such that either a clockwise or counterclockwise handle
movement allowed the actor to offer a reward to the same animal on different trials (Fig.

1D, left and Fig. S1). To further limit the possibility that animals used simple conditioned
responses, the trials also alternated such that the monkey receiving a reward may be different
from the monkey offering reward as the actor the following trial (Fig. 1D, middle). Finally,
to dissociate the location of reward from the specific monkey receiving it, we alternated the
physical locations of the primates in relation to one another halfway through the session
(Fig. 1D, right).

Therefore, taken together, the nature of this task aimed to mimic some of the basic
ethological features that define interactions between primates within groups (e.g., offering
and receiving reward or grooming and being groomed) but in a way that could be studied in
a neurophysiologic setting. More importantly, it allowed us to examine interactions between
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specific individuals within the group (e.g., did monkey 1 or 2 receive a reward and, if

so, was a reward given to them by monkey 2 or 3). All trial conditions were controlled

in an automated fashion, and all events were recorded and analyzed offline at millisecond
resolution (21). For each new session and day, a different triad of monkeys was selected
from a possible four communally housed adult male macaques. The group performed an
average of 105 + 8.7 (mean + standard error of the mean (SEM)) trials per session for a total
of 22 sessions.

Tracking agent-specific interactions within the primate groups

Behaviorally, the primates reciprocated past offers of reward, suggesting that they kept

track of their interaction with specific individuals in their group. Because the actors had

to choose between two possible agents, we could examine the interaction between specific
group members. Here, we find that the animals were significantly more likely than chance to
reciprocate an offer of reward from another animal (9.2% + 4.0% above chance; signed-rank
test, Z = 2.3, P = 0.01; Fig. 1E, left; Fig. S2A). Therefore, if monkey 1 gave a reward to
monkey 2 on a particular trial, for example, monkey 2 would be more likely to offer reward
to monkey 1 on a subsequent trial (16, 22).

The animal’s behavior also reflected the specific type of interaction with the other

group members. Whereas reciprocation of reward reflects a mutually positive interaction,
retaliation reflects a negative one. For example, if monkey 1 gave reward to monkey 2 in
the previous trial, monkey 3 retaliated against monkey 1 by offering a reward to monkey 2
in the following trial (Fig 1E, middle). Here, we find that the primates were significantly
more likely to retaliate than expected by chance (10.2% + 4.2%; signed-rank test, Z =

2.30, P =0.01; Fig. 1E, middle; Fig. S2A). Moreover, when considering both positive and
negative interactions together (i.e., ‘Tit-for-Tat’ strategy in which the current actor gives
back to the previous actor if it received reward and withholds reward if they had not received
reward) (16), we find that the animals were more likely than chance to display this behavior
(6.1% + 3.0%; signed-rank test, Z = 1.98, P = 0.023; Fig. 1E, right and Fig. S2A). All
animals showed similar reciprocity and retribution across groups (all tests: Z>1.65, P<0.04;
(21)). These results therefore suggested that the animals kept track not only of whom they
interacted with but also how.

The monkeys’ behavior did not reflect simple conditioned responses. An important feature
of the task was that either a clockwise or counterclockwise movement by the actor could
deliver the reward to the same individual on different trials (Fig. S1; (21)). Moreover, the
pseudorandom sequence in which the role of actor was assigned meant that there was no
guarantee that the reward recipient would be the actor on the following trial (Fig. 1C, (21)).
Here, we find that the animals were significantly more likely to reciprocate past offers of
reward to a specific individual both when the offer occurred one or two trials back (7.1%

+ 3.2%; signed-rank test, Z = 2.04, P = 0.02). By contrast, the monkeys displayed no
evidence of “Win-Stay-Lose-Switch” behavior (i.e., simply responding to receipt of reward
independently of the specific agent offering it; signed-rank test, Z = 0.4, P = 0.68); together
suggesting that the animals responded to the past actions of specific individuals within the
group rather than simply the last location from which they received a reward.
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Social context dependency and specificity of group interactions

To further confirm that the monkeys kept track of their interactions with specific individuals
in the group, we switched their physical seating positions in relation to one-another halfway
through the session. Using this manipulation, we found that none of the primates displayed

a systematic reward assignment preference to a particular location either before or after

the switch (signed-rank test, Z = 0.32, P = 0.74). More notably, they continued to display
reciprocity with specific animals that had offered them reward on past interactions regardless
of seating arrangement (signed-rank test, Z = —-0.89, P = 0.37; before vs. after change).

Next, we examined the influence that the history of past interactions and social context
played in the animal’s behavior. Prior studies have shown that the past behavior or
‘reputation’ of specific individuals and their social dominance status can markedly influence
how group members interact with them (23-25). Here, we find that difference in the other’s
reputation based on past interactions (i.e., how likely they were to reciprocate over the past
20 trials) had a significant effect on the animal’s choices (Odds Ratio (OR) = 1.54; t =

9.2, p = 3.5x10720; Fig. S2C). Furthermore, all animals developed transient duopolies (i.e.,
consistent runs of reciprocation) at probabilities that were significantly higher than expected
from chance (permutation test; P <0.05; Fig. 1F). While social dominance did not have

an independent effect on the animal’s choices (i.e., on the current trial; reciprocity, Z =
0.41, P = 0.68; retaliation, Z = —=0.061, P = 0.95; tit-for-tat, Z = 0.68, P = 0.49; Wilcoxon
rank-sum test, Fig. S2B), it did play a role when considering the animals’ past interactions
(i.e., whether past interactions were with a more dominant or subordinate animal; OR =
1.14; t=2.1, p=0.035; Fig. S2C).

We also confirmed the social-context dependency of the animals behavior by replacing the
other two primates with distinct inanimate totems while yoking trials from past sessions
(Fig. S2E; (21)). Here, we find that replacing the other group members with totems led to a
loss of reciprocation (signed-rank test, Z = 0.42, P = 0.34; Fig. S2F) and tit-for-tat behavior
(signed-rank test, Z = 1.05, P = 0.15). Together, these results suggest that the animals kept
track of who they previously interacted with and that their choices were dependent on the
social context of their interaction.

Finally, we used two additional ethological metrics to evaluate the animals’ interactions
(Fig. S3A-E). Consistent with prior field studies demonstrating that primates are more likely
to look at the individuals they interact with (25-29), we find that the monkeys look first
(58.9% + 4.4% vs. 50% chance; Xz(l) =5.35, P =0.021) and longer (42.6% + 3.4%

vs. 57.3% + 3.5%, recipient vs. non-recipient; t(17) = 2.12, P = 0.049, paired t-test) at

the monkey receiving reward (Fig. S3C). We also examined whether differences in facial
expressions may have affected the animals’ choices. Of the trials tested (n = 450), we

find that the most common facial expression displayed by the animals (when they were
potential recipients of reward) prior to the actor’s choice was affiliative (83.8%, n = 78; Fig.
S3D). These expressions, however, did not alter the overall likelihood that the actor would
reciprocate with reward to the expressing monkey (Xz(l) =1.36, P = 0.24), that the actor
would retaliate (Xz(l) =0.53, P = 0.46) or engage in Tit-for-Tat strategy (Xz(l) =0.004,P =
0.94, Fig. S3E).
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Single neuronal representations of group behavior and receipt of reward

Based on these findings, we next investigated the relationship between neuronal activity and
the real-time interaction dynamics between animals in these groups. Together, we recorded
from 521 neurons in the primates’ dorsomedial prefrontal cortex (dmPFC; Brodmann’s area
24) along the dorsal anterior cingulate sulcus (Fig. S4A) — an area previously implicated in
social cognition in both monkeys (10, 30-32) and humans (33-35). Only units with a high
degree of signal-to-noise, adequate refractory period, and stable waveform morphology were
used (Fig. 2A, inset, S4B). Here, for neuronal analysis, we defined the primate from which
neuronal activity was recorded as “Self’” and the other two agents as ‘Other Monkey 1’ and
‘Other Monkey 2’ (Fig. 2A).

We first asked whether certain neurons in the population responded to the reward outcome
of specific individuals within the group. Because each recorded animal interacted with two
other agents, we could importantly examine not only whether another monkey received a
reward, but also which specific monkey received it. Focusing on the reward period, we
found that 19.9% (n = 104) of the neurons displayed a change in their activity when any

of the other animals received a reward (two-way ANOVA with post-hoc testing corrected
for repeated comparison across the three agents, P < 0.01; (21)). More notably, 9.6% (n =
50) of neurons displayed a significant change in their activity only when a specific other
individual received reward (i.e., the neurons “preferred’ other monkey; Fig. 2D top, Fig.
S5A); a proportion that was significantly higher than expected by chance given the number
of neurons recorded (permutation test, P < 0.0001; Fig. 2B bottom). Figure 2B,C illustrates
representative neurons recorded from the same animal that responded uniquely to reward
received by oneself, any other agent, or a specific-other agent as well as their population
dynamic.

Neurons that responded to receipt of reward by specific other agents were largely distinct
from those that responded to the animal’s own receipt of reward. Overall, 26.4% (n = 138)
of the neurons displayed a change in their firing activity when reward was received by

the recorded animal itself. However, most of these displayed little response to the other’s
reward, with only 14 neurons displaying a change in their activity to both self-reward and
specific-other reward (Xz(l) =9.7, P = 0.001; Fig. 2B bottom); results that were largely
consistent across statistical analyses (Table S1). The responses of these neurons to receipt
of reward, by comparison, did not reflect more generalized processes such as a negative
reward prediction error. Because any of the three agents could function as actors, we

could dissociate signals that reflected another agent’s observed receipt of reward from its
expectancy (i.e., the animals had no expectancy of reward and therefore held no reward
prediction error when they were the actor) (36). Consistently, we found that neurons which
responded to another specific agent’s reward displayed no difference in response based on
whether a putative negative reward prediction error was present (n = 50; rank-sum test, Z =
0.86, P = 0.38; Fig. 2D bottom), confirming that they responded selectively to the specific
agents receiving reward.
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Specificity of neuronal responses to social context and identity

The responses of these neurons to receipt of reward by other specific agents were also robust
to differences in their physical locations. It could be argued, for example, that neurons that
responded to the other agents may have simply encoded the location of reward rather than
the specific agents receiving it. Therefore, to control for this possibility, we switched the
locations of the other two animals halfway through the sessions as the primates continued

to perform the task. However, we find that only 4 of the neurons which displayed selectivity
to the agents receiving reward also displayed selectivity to reward location (x?(1) = 23.7,

P = 1.13 x 1075). More notably, the neurons that displayed selective responses to particular
agents before the switch continued to show similar responses to those same agents afterward
(rank-sum test, Z = 2.86, P = 0.004; Fig. 2E right, Fig. S3B). Figure 2E left illustrates the
responses of one such neuron before vs. after the switch, with the vertex of the triangle
representing maximal neuronal activity for a specific monkey.

We also considered the possibility that these neurons may have responded to lower-level
sensory features such as the others’ faces (7, 37) independently of their social interaction.
For example, simply looking at the other agents may have elicited similar responses.
Therefore, to test for this, we examined a separate inter-trial control period in which no
task was performed but in which the primates were allowed to gaze freely at the other two
monkeys (21). We find, however, that even when directly viewing the other animals under
this control, only 6.1% (n =15 of 244) of the neurons distinguished between which specific
agent the primates were looking at (i.e., based on the recorded animal’s eye positions; Fig.
2F). More notably, only 2 of these neurons overlapped with those that responded to the
specific agents receiving reward (Xz(l) =21.6, P = 3.4 x 1075), and the degree to which
the recorded animal’s gaze modulated these neurons’ activities was negligible (rank-sum
test, Z = —4.89, P = 9.7 x 107 Fig. 2F). Therefore, unlike interconnected areas such as the
temporal lobe (8, 9, 38, 39), neurons in this area did not reflect information about the others’
face.

Finally, to confirm that neuronal responses to the other agents reflected the social context of
their interaction, we recorded from an additional 403 neurons while the recorded primates
performed the non-social control (12). As before, the two other animals were replaced with
distinct inanimate totems while we yoked the distribution of reward from a past session (Fig.
S2E). Unlike the main task, however, we find that 0.6% (n = 3) of the neurons changed

their activity based on which specific totem was given reward and at a proportion was
significantly lower from that observed before (Xz(l) =40.6, P = 1.8 x 1075; Fig. 2G, inset).
Moreover, these differences in neuronal response were not associated with a change in mean
neuronal activity (rank-sum test, P > 0.5) and, as noted above, we observed no change in
behavioral reaction and movement times to suggest a difference in engagement or attention.
Lastly, 0% (n = 0 of 83) of neurons were modulated when a specific other monkey received
reward, but when no actor offered it (Reward Dissociation Control; Methods), together
suggesting that the activities of these neurons were indeed dependent on the social context of
the animals’ interactions.
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Neuronal representations of agent-specific actions and group interaction

In order for the primates to effectively interact within these groups, it was necessary for
them not only to know who received the reward but also who was the actor that offered

it. In our task, any of the three primates could be the actor on a given trial (if they were
not the actor on the previous trial) and, in turn, could offer a reward to either of the other
two agents. Thus, for example, Other Monkey 1 may be the actor in one trial and could
choose to offer a reward to Other Monkey 2, or Other Monkey 2 may be the actor and
could choose to offer a reward to Other Monkey 1. Here, we find that 8.8% (h = 46) of
the neurons distinguished between whether Other Monkey 1 or Other Monkey 2 was the
actor (Fig. 2C, 3A), meaning that they responded differently based on which agent offered
reward. Moreover, when considering their group interactions, we find 11.1% (n = 58) of
neurons changed their activity based on which specific animal the actor offered reward to
(Fig. S5B-C). Figure 3A bottom illustrates such a representative cell; displaying a difference
in activity based on whether Other Monkey 1 or Other Monkey 2 offered reward to the
recorded animal but displaying little or no difference in activity for any other interaction.

Next, given these observations, we asked whether and to what degree these neural
populations were predictive of interactions within the group and the identities of the
specific agents involved on a per-trial basis. Here, we trained multi-class decoders on

the neuronal responses of 80% of matched-trials from all recorded cells and tested the
model’s performance in the held-out sample (performed in 1-second windows advanced in
0.1-second intervals; (21)). We find that the identity of the specific actor could be decoded
with an accuracy of 81.7% + 2.9% (mean + 95% CI) prior to choice selection (Fig. 3B, left),
meaning that these neurons could be used to predict which specific agent offered reward.
As the trial progressed, however, prediction accuracy increased for the specific identity

of the reward recipient; with a decoding accuracy of 70.1% + 2.8% once the actor made
their choice. More notably, both the actor (72.8% + 3.1%) and recipient of reward (72.75%
+ 3.3%) could be accurately decoded even when confining our analyses to interactions
between Other Monkey 1 and Other Monkey 2 (i.e., excluding the recorded animal as the
agent; Fig. S6A).

Collectively, the activities of these neurons held detailed representations about specific
interactions within the group. Peak decoding accuracy for agent-specific interactions was
40.4% = 0.78% and significantly higher than chance shortly before reward was acquired
(chance = 16.6% given the number of possible actor-recipient combinations, P < 0.01,
permutation test; Fig. 3B right). The highest decoding performances were for interactions
that specifically resulted in reward for the recorded animals (52%); meaning that they
were predictive of who specifically offered a reward to them. Decoding accuracy for the
agent to whom the recorded animals offered reward was slightly lower at 44%. Similar
decoding performances were also observed for ‘mixed-selectivity’ neurons (40) that encoded
information about both the specific actor and recipient of reward (Fig. S6B-C; (21)) as
well as when comparing decoding performances across spatial locations (Fig. S7A and
Supplemental Material). Decoding accuracy for more basic sensorimotor variables such as
movement direction (p > 0.2 permutation test; Fig. S7B) or the direction of gaze (p >

0.2 permutation test), on the other hand, was at chance. The activities of these neurons,
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therefore, appeared to hold detailed information about which specific individuals in the
group interacted with whom.

Effect of past interactions on neuronal response and upcoming decisions

Last, we asked how the neural population responses may relate to the animal’s own
decisions. To interact effectively, the actor had to take into consideration past interactions
with other agents when making their decisions. Here, we find that 15.2% (n = 79) of the
neurons displayed a difference in response on the current trial (t) based on who was the
specific actor on the prior trial (t-1; P < 0.01) whereas 6.7% (n = 35) displayed a difference
in response based on the past trials’ specific recipient of reward (Fig. 3C right). From all
population neurons, we could decode information about past (t-1) interactions within the
group on trials (t) in which the monkey was the current actor with an accuracy of 52.8% =+
1.9% (Hg = 25% chance; P < 0.01, permutation test; Fig. 3C left). When further accounting
for the actor’s own current decisions, these neural populations could predict the animal’s
upcoming choices contingent on the other agent’s past actions with an accuracy of up to
49.5 + 1.0% (Hg = 25% chance, permutation test, p = 0.005; Fig. 4A). In other words,

the activities of these neurons could be used to accurately predict whether the recorded
animal will reciprocate or retaliate in response to the other’s past choices (i.e., rather than
simply based on any receipt of reward; irrespective of which social agent offered it). Overall,
peak decoding accuracy for whom the recorded animals will offer a reward before their
motor responses was 74.3 + 1.4% and significantly higher than chance (Hy = 50% chance,
Fig. 4B). Figure 4C further illustrates these decoding performances across the different
group interactions and how they relate the animal’s own choices. Taken together, these
dmPFC neurons therefore appeared to predict the animal’s upcoming decisions based on
past interactions with specific agents in their group.

Effect of micro-stimulation on group decisions and agent-specific
interactions

Next, based on these observations, we asked whether and what causal role the dmPFC

may have played in the animal’s decisions during these group interactions. As noted above,
the primates reciprocated past offers of reward from specific individuals to enact mutually
beneficial interactions. They also displayed evidence of retaliation against individuals who
did not; behaviors that are often naturally seen within primates’ groups (41-43). Therefore,
to further study this question, we used event-triggered stimulation delivered bilaterally to the
dmPFC (200 Hz, 0.1 mA over 2 seconds; from lock on to trial start; Fig. 5A) as the primates
performed the same task as before. To allow for control comparison, stimulation was given
to the animals on randomly interleaved trials divided equally between those in which the
stimulated primate was the actor and observer (21).

Before proceeding with the main task, we confirmed that stimulation did not have
nonspecific effects on the animal’s motoric behavior. Overall, we find that the animals
displayed similar reaction times (sign rank test, Z = 0.07, P = 0.94) and a similar likelihood
of selecting one direction over another (sign rank test, Z = 0.04, P = 0.96) when comparing
stimulated vs. non-stimulated trials. We also confirmed that stimulation did not disrupt
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the monkey’s ability to make appropriate choices. Here, in a separate control task, we
allowed the animals to deliver reward to themselves by moving the turntable handle (i.e.,
without other agents; Fig. S1D; (21)), but find that stimulation did not affect the animals’
performances (100% correct performance for both stimulated, n = 27, and non-stimulated, n
= 24, trials). Next, we considered the possibility that stimulation might affect their memory
of past events or more complex strategic behaviors by evaluating the animal’s likelihood of
enacting ‘Win-Stay-Lose-Switch’ strategies. These canonical strategies represent decisions
in which the animal repeated the last choice made on the prior trial if they received a reward
irrespective of who offered it (21). However, we again find that stimulation did not affect the
animals’ likelihood of enacting this strategy (F(2,15) = 0.67, P = 0.52; Fig. S8A). Lastly, we
verified that stimulation did not affect the animals likelihood of looking at particular animals
after receiving reward (F(2,119) = 0.145, P = 0.86, for stimulation condition; Fig. S8B);
together confirming that the effect of stimulation was specific.

Finally, based on these findings, we considered the primates’ interactions with the other
group members. Evaluating the primates’ behavior on trials in which they were the actor
during the main task, we find that stimulation led to an 11.8% drop in their likelihood

of reciprocating past offers of reward from another specific agent (F(2,15) = 4.8, P =

0.02). In other words, stimulation diminished their propensity to offer reward to the specific
agent from which they received a reward on a previous trial, an effect that was consistent
when examined across the different agents (post-hoc test, P = 0.013; Fig. 5B). By contrast,
stimulation had little effect on the animal’s likelihood of retaliating in response to past
negative interactions or use tit-for-tat strategy (F(2,15) = 0.43, P = 0.65; F(2,15) =0.91, P =
0.42; respectively, Fig. 5B) and had no effect on response variability (rank-sum, P > 0.2 for
reciprocity, retaliation and both strategies) to suggest a generalized disruption of behavior.
More notably, stimulating when the animal observed the other’s choices did not affect the
animal’s likelihood of reciprocating past offers of reward (post-hoc test, P = 0.80); together
suggesting that stimulation had a temporally selective effect on the primates’ ability to enact
mutually positive interactions with specific agents in their groups.

Discussion

Most animals, including humans, live within social groups in which they interact with many
other group members. The basic cellular processes that precisely underlie group behavior
or by which neurons represent specific group interactions, however, have remained poorly
understood. Here, we identify neurons in the primate dmPFC that responded selectively to
the actions and outcomes of specific group members. By recruiting different subsets of cells
to represent the specific actions and outcomes of each individual, these neural populations
encoded information not only about the behavior of individuals but also the directionality
of the interactions between them, even when the recorded animals themselves were not
involved. Together, these findings identify cells in the primate dmPFC that encode the
‘agency identity’ of others, meaning that they encode information about the behavior of
specific individuals. Such computations are essential for effective social behavior.

Another notable finding was that many of the neurons encoded information not only
about the actions and outcomes of specific individuals within the group but also their
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past behaviors. Moreover, neural predictions of the animal’s own upcoming decisions were
modulated by the other agent’s past actions; suggesting that animal’s upcoming decisions
to reciprocate or retaliate were influenced by their past interactions with specific group
members. Consistent with these observations, stimulation of the dmPFC had a selective
effect on the animal’s ability to reciprocate past favorable interactions with specific
individuals while having little effect on other aspects of their decisions, social viewing
preferences, or motoric responses. These observations that stimulation of the dmPFC
impacted social choices but not social orienting behaviors indicate potentially different
parallel systems underlying these behaviors. Together, they also suggest that neuronal
activity in this area is necessary for mediating mutually beneficial interactions with specific
individuals within these social groups.

Collectively, these findings begin to elucidate the neuronal computations that underlie

social group interactions and the role that the dmPFC may play in this process. They

also identify neurons capable of encoding the actions, outcomes, and past behavior of
specific agents. Given its broad connectivity with temporal regions such as the fusiform
gyrus, amygdala that are known to respond to the identities and facial features of others

(6, 37, 44), the dmPFC may be particularly well suited for holding representations of
specific group members and mediating mutually favorable interactions. Moreover, the rich
representation of agency-specific action and reward recipient in dmPFC could be potentially
used for monitoring the consequence of social actions between specific group members, a
hypothesized function of the medial prefrontal cortex (36, 45, 46). Together with other areas
proposed to be involved in social cognition (47, 48), the dmPFC may play a core role in
orchestrating the interactive social behavior of groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Three-agent social interaction task B. Trial timing example E. Social agent-specific interactions
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Fig. 1. Three-agent task for testing partner-specific interactionsin Rhesus macaques.
(A) Groups of three monkeys sat around a custom-made turntable apparatus that allowed

them to interact with each other through food allocation. All monkeys could observe the
initial food location through a transparent cover (shown in green), the actor’s choice, and
the reward recipient. Turntable movement, together with food location, determined the
reward recipient (Fig. S1). (B) Example timing of events for trial shown in A. In this

trial, monkey 3 (referred to here as ‘Choice by 3”) offered a reward to monkey 2 (referred
to here as ‘Food to 2’). (C) The animals interacted with each other over multiple trials,
with the actor on each trial being selected in a pseudo-random fashion. The actor could
engage in reciprocity or retaliation based on what the previous actor chose. (D) Control
measures were used to dissociate the identities of the different agents from variables such
as the direction of movement (left panel), the role of each agent (center panel), or the
monkeys’ spatial locations (right panel). (E). Illustration of trial combinations in which
the animals displayed reciprocation, retaliation, and tit-for-tat behavior. Arrows show who
the actor offered a reward. The animals displayed reciprocation, retaliation, and tit-for-

tat behavior with specific individuals at probabilities that were significantly higher than
expected from chance (* P < 0.05, ** P < 0.01; Coefficient of Variation (CV)). Bars are
the probability of reciprocating compared to not reciprocating + SEM. Each point depicts an
individual’s probability within a particular session (Fig. S2). (F) Gini coefficient illustrates
the distribution of reward (dark orange) during a representative session. The highlighted
horizontal lines illustrate transient duopolies (permutation test, p < 0.05). For comparison,
the distribution of reward expected from chance (gray) and in a representative non-social
session (light orange) are displayed separately.
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Fig. 2. Selectivity of neuronsto specific social agents during group interactions.
(A). The monkey undergoing neuronal recordings from the dmPFC within each session was

referred to as “Self’, and the two other monkeys as ‘Other Monkey 1’ and ‘Other Monkey
2’. Recorded neurons displayed stable waveform morphology (inset; Fig. S4). (B) Peri-event
time histogram and raster examples of neurons that displayed changes in their activities
when particular agents within the group received a reward. The inverted black triangles
mark when the actor chose. Venn diagram of neurons that displayed response selectivity

to reward recipient agency. (C). Heatmap of single neurons’ response to reward recipient
(top, red) and actor (bottom, blue) aligned to the timing of reward acquisition. Only neurons
with significant modulation are shown (ANOVA, P < 0.01). (D) Top, normalized population
activity of neurons encoding “specific-other-reward’ to the preferred and the non-preferred
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other monkey. Bottom, the same neuronal population as above but parsed by the absence

or presence of a possible reward prediction error for “self’. (E) The locations of Other
Monkey 1 and Other Monkey 2 were switched halfway in the session to test the selectivity
of neuronal responses to specific agents independently of their spatial locations. Heatmap of
neuronal activities on a ternary plot before and after the switch of a representative neuron.
Here, each vertex represents maximal neuronal activity for a particular monkey. The color
code provides the density of activity across trials. The particular neuron displayed here
responded almost exclusively to receipt of a reward by Other Monkey 2 both before and
after switching its location relative to the recorded animal. Right, histogram of neurons that
retained a preferential response to a specific agent (n = 34, orange), and neurons (n = 4,

red) that signaled both reward receipt and location. (F) To test that neuronal responses were
not explained by looking at others’ faces, we tracked the recorded animals’ eye positions
during an inter-trial period. Middle, distribution of neurons’ activity displaying social agent-
specific reward responses based on whether others received reward (top, orange) or the
recorded animal looked at others during the inter-trial period (bottom, blue; normalized

to the preferred animal). Right, proportion of cells (***, P < 0.0001). (G) The primates
performed the same task but in the absence of social agents to test the effect of social context
on neuronal responses. Middle, distribution of the absolute normalized difference in firing
rates of individual-specific reward neurons based on social agents (orange), or non-social
agents (green). Right, the proportion of neurons relative to the total number of recorded
neurons on each task.
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Fig. 3. Neural population predictions of specific interactions within the group.

(A) Top, a neuron that displayed a change in its activity based on whether Other Monkey

1 or Other Monkey 2 was the actor. Bottom, a neuron that displayed a change in its
activity based on whether Other Monkey 1 or Other Monkey 2 were the actor but only

when they specifically offered a reward to the recorded. Insets, average firing rate for each
condition during a 1s time window centered at 0.3 s before the reward was acquired. Lower
inset, proportions of neurons encoding specific agent receiving a reward, the specific actor
offering a reward and the combination of the specific actor and recipient across all possible
interaction types. (B) Left, decoding performance for specific actor and recipient, separately.
Right, decoding performance for specific interactions in which both the actor and recipient
of reward were decoded on a trial-by-trial basis. Multi-class one-vs-all decoders were
trained with 80% of trials and tested on the remainder 20% trials (1 s window advanced

in 0.1 s intervals). The colored curves indicate mean prediction accuracy on test trials (+
95% confidence interval). (C) Left, decoding performance for the combination of specific
actor and reward recipient in the previous trial when the recorded animal is the actor in the
current trial and, therefore, planning their choice. Right, Venn diagram of the number of
neurons displaying selectivity for the specific actor (blue) and the specific recipient (orange)
in the past trial (* P < 0.05, ** P < 0.01).
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Fig. 4. Dependency between past interactions and predictions of upcoming choices.
(A) Neuronal responses accurately predicted the animal’s own upcoming choices before

making their motor selection. (B) The animal’s past interactions modulated neuronal
predictions of the animal’s upcoming choice. By considering both the other monkeys’
choices and the recorded animals’ current choice combinations, the curves here reflect
neuronal population predictions contingent on the other’s past actions. (C) Summary of
decoding results. Each column corresponds to one distinct epoch and each row to the
relevant information decoded. The arrows reflect the actor (circle) offering a reward to
another agent. Each set of arrows reflects the possible combinations of current/past behavior,
predicted/observed behavior, and the relative strengths of decoding. Thus, for example, thick
arrows indicate that those specific interactions could be highly accurately decoded from
neural population response whereas thin arrows indicate that decoding accuracy for those
interactions was poor when compared to chance. The relevant figures for each panel are
shown on the right to allow for ease of comparison.
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Fig. 5. Effect of stimulation in the dmPFC on group interactions and its selectivity.
(A) Brief event-triggered electrical stimulation was delivered bilaterally to the dmPFC (200

Hz, 0.1 mA over 2 seconds, given between locking of the apparatus and trial start) as

the primates performed the same task as before. Stimulation was given either when the
animal was the actor (blue background) or when they were the observer (green background)
for control comparison. (B) The bar plot provides the mean difference in probability of
reciprocating, retaliating, or using the tit-for-tat strategy on stimulated vs. non-stimulated
(baseline) trials £ SEM. Each point depicts individual sessions color-coded by the animal
receiving stimulation. Additional controls used to confirm that stimulation did not affect
more basic motoric behavior or cognitive processes such as attention are described in the
Main Text. For specific comparisons * P < 0.05.
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B. Effect of stimulation on agent-specific social behavior
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