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The evolutionary and neural underpinnings of human prosociality are still being identified. A growing body
of evidence suggests that some species find the sight of another individual receiving a reward reinforcing,
called vicarious reinforcement, and that this capacity is supported by a network of brain areas including the
anterior cingulate cortex (ACC) and the amygdala. At the same time, analyses of autonomic arousal have
been increasingly used to contextualize and guide neural research, especially for studies of reward
processing. Here, we characterized the autonomic pupil response of eight monkeys across two laboratories
in two different versions of a vicarious reinforcement paradigm. Monkeys were cued as to whether an
upcoming reward would be delivered to them, another monkey, or nobody and could accept or decline the
offer. As expected, all monkeys in both laboratories showed a marked preference for juice to the self,
together with a reliable prosocial preference for juice to a social partner compared to juice to nobody.
However, contrary to our expectations, we found that pupils were widest in anticipation of juice to the self,
moderately sized in anticipation of juice to nobody, and narrowest in anticipation of juice to a social partner.
This effect was seen across both laboratories and regardless of specific task parameters. The seemingly
paradoxical pupil effect can be explained by a model in which pupil size tracks outcome salience, prosocial
tendencies track outcome valence, and the relation between salience and valence is U-shaped.
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Humans’ watch game shows partly because we like seeing others
get rewarded. This phenomenon is often called vicarious reinforce-
ment. A growing body of comparative evidence suggests that
vicarious reinforcement is a fundamental cognitive mechanism

supporting social behavior in primates. For example, rhesus mon-
keys chose to give juice to a partner monkey more often than to
withhold juice and this preference was more pronounced if the actor
monkey was working with a familiar social partner (Chang et al.,
2011). Monkeys that chose to give juice to another monkey also
worked to withhold aversive air puffs from that same monkey and
those choices correlated with the strength of the pair’s affiliative
relationship (Ballesta & Duhamel, 2015). Chimpanzees chose to
deliver rewards to both themselves and another chimp over just
themselves (Horner et al., 2011). Importantly, the tendency to give
reward in these experimental settings depended on the presence of
the other individual; no increased tendency to give reward was
shown when the social partner was replaced by a jar (Chang et al.,
2011) or when juice was delivered to a jar next to the social partner
(Dal Monte et al., 2020).

Researchers are just beginning to understand the neural under-
pinnings of social valuation. Studies from multiple species have
identified a network of brain regions often called the “social brain”
(Adolphs, 2009; Brothers, 1990). A wide literature implicates
regions including the amygdala, the medial frontal cortex (MFC),
the superior temporal sulcus/temporoparietal junction, the insula,
and the frontal–parietal mirror neuron network in the processing of
social information (Apps et al., 2016; Apps & Ramnani, 2014;
Burgos-Robles et al., 2019; Carrillo et al., 2019; Frith & Frith,
2010; Han et al., 2019; Haroush & Williams, 2015; Hernandez-
Lallement et al., 2019; Hill et al., 2016; Hornak et al., 2003;
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Jeon et al., 2010; Joiner et al., 2017; Jones et al., 2011; Kiehl, 2006;
Kiehl et al., 2001; Kilner & Lemon, 2013; Lockwood et al., 2015,
2018; Noonan et al., 2010; Noritake et al., 2018; Rudebeck et al.,
2006, 2007; Ruff & Fehr, 2014; Sallet et al., 2011; Taubert et al.,
2018; Thakkar et al., 2008; Veit et al., 2002; Yang & Raine, 2008).
The accumulating evidence comes from studies involving direct
social interactions, observational learning, predictions of another’s
actions, preferential viewing of face and object images, learning
about the attributes of others, and more.
Focusing on vicarious reinforcement specifically, the anterior

cingulate cortex (ACC) and amygdala have been implicated as
critical structures. One of the behavioral paradigms used to examine
vicarious reward processing in the nonhuman primate brain mea-
sures prosocial or antisocial decision preference of an actor monkey
toward a recipient monkey sitting next to the actor at a right angle
(Chang et al., 2011). In this vicarious reinforcement task, each
monkey faces a computer screen that displays visual cues that
predict juice (reward) outcomes. The actor monkey is either cued
about an upcoming juice outcome or chooses between two out-
comes. The typical outcome conditions are juice to the self, juice to
the other monkey, juice to both monkeys, or juice to neither
monkey. Critically, these options are always paired in choice trials
such that there is no primary reward gain or loss from the perspective
of the actor monkeys, controlling for a confound in self reward
contingency. As expected, monkeys strongly prefer receiving juice
themselves. Interestingly, they also prefer juice being received by
the other monkey over neither monkey. Neurons in the rostral
anterior cingulate cortex gyrus (ACCg) code the chosen social
outcome (Chang et al., 2013), neurons in the amygdala code the
value of juice amount similarly regardless of whether it is delivered
to the self or the other monkey, but not when it is delivered to a jar in
the nonsocial control condition (Chang et al., 2015), and prosocial
behaviors are associated with increased neuronal synchrony
between the ACCg and amygdala (Dal Monte et al., 2020).
Concurrently, the measures of autonomic arousal have been

increasingly used to understand and contextualize neuroscientific
findings, especially regarding reward (Braesicke et al., 2005; Costa &
Rudebeck, 2016;Mitz et al., 2017). For example, pupil size correlates
with neuronal activity in the locus coeruleus and to a lesser extent
the cingulate cortex (Joshi et al., 2016), and the blunting effect of
subgenual ACC damage on sustained arousal in anticipation of
reward is most readily apparent via analysis of pupil size
(Rudebeck et al., 2014). Thus, characterizing pupil responses during
the vicarious reinforcement task should help contextualize existing
neuroscientific findings and help guide the future neuroscientific
research.
One hypothesis for the vicarious reinforcement effect is that

monkeys’ prosocial tendencies are based on the autonomic arousal
associated with anticipation of the reward outcome. Accordingly,
they choose reward to the selfmost often because it is most arousing,
reward to other moderately often because it is moderately arousing,
and reward to neither least often because it is least arousing. This
would be consistent with how monkeys’ pupil size, a common
indicator of autonomic arousal, behaves during nonsocial tasks:
Pupil dilation reliably increases with the amount of juice predicted
by a stimulus (Mitz et al., 2017). Neurally, it would be consistent
with the population average activity of ACCg neurons; these
neurons are most active for rewards to the self, moderately active

for rewards to the other, and least active for rewards to neither
(Chang et al., 2013).

To evaluate the degree to which monkeys’ prosocial tendencies
are linked to their arousal, and thus guide future research in
investigating neural computations guiding these social judgments,
wemeasured pupil size as monkeys chose whether to accept or reject
juice offers to themselves or a partner in a vicarious reinforcement
task. If social preferences are driven by arousal, then we predict that
pupil size will scale monotonically with prosocial tendencies, with
pupil largest in anticipation of self rewards, next largest in anticipa-
tion of other rewards, and smallest in anticipation of neither
rewards. If this pattern of pupil size was not found, then some
other factor must be responsible for prosocial tendencies. To assess
the generality of our findings, we conducted this study in two
separate laboratories that used monkeys with different life histories,
behavioral test setups with different physical arrangements, stimuli
with different perceptual properties, and vicarious reinforcement
tasks with different parameters. Experiment 1 reports results from
the laboratory in Bethesda, MD and Experiment 2 reports results
from the laboratory in New Haven, CT.

Experiment 1—Bethesda Laboratory

Methods

Subjects

Nine adult male rhesus macaques (Macaca mulatta) housed at the
National Institute of Mental Health (NIMH) in Bethesda, MD
participated in the experiment (mean age at start = 6.5 years),
six as actor monkeys and three as recipient monkeys. Monkeys
were housed singly due to the constraints of a subsequent experi-
ment, but had visual and auditory access to multiple conspecifics in
the room. Two actors each were assigned to a dedicated recipient
and housed directly across from that recipient. Thus, all actors and
recipients were familiar with each other. Housing was on a 12:12
light:dark cycle with ad libitum food. Daily fluid was controlled
such that monkeys maintained good test motivation in the test
apparatus, good health, and a weight above 85% of their free-
feeding weight. Prior to this study, we implanted each monkey with
a titanium head post to allow head-restrained eye tracking (Adams
et al., 2007) and shaped each monkey to perform a basic oculomotor
saccade task. All procedures were conducted in accordance with the
Institute for Laboratory Animal Research Guide for the Care and
Use of Laboratory Animals (National Research Council, 2011), and
all procedures were reviewed and approved by the NIMH Animal
Care and Use Committee.

Apparatus and Stimuli

We tested monkeys in pairs in a sound-attenuating chamber
(Crist). Actors sat in a primate chair facing a computer monitor
(22.86 cm wide × 30.48 cm tall) at a distance of approximately
54 cm. Recipients sat in a primate chair such that their head was
immediately to the right of the monitor (actor’s view) and they faced
over the actor’s right shoulder (Figure 1a). This placed both mon-
keys in easy view of each other, but not directly facing each other as
direct gaze can evoke aggression in rhesus macaques (Cronin,
2016). Both monkeys were head restrained during testing. A camera
positioned at the lower right corner of the monitor tracked the actor’s
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eye position and pupil width. Juice (50:50 apple juice:water) was
delivered via hidden tubing to one of two metal spouts positioned at
the mouth of either the actor or recipient. Pressurized juice-delivery
systems (Precision Engineering) were housed outside the chamber
and delivery was gated by solenoids housed in their own sound-
attenuating box. This box effectively silenced the juice delivery,
rendering it undetectable by two separate humans who performed
forced-choice and yes–no detection tests (proportion correct = 50%
and d′ = 0.0, respectively). In addition, a sound meter placed ˜5 cm
away from the box did not register any sound increase from rapid
solenoid firing when the lid was closed (max. sound level during
juice delivery with sound-attenuating box open = 58.82 db
(± 0.60), during delivery with box closed = 49.89 db (±1.10),
and not during delivery = 50.42 db (±1.17). Still, to rule out any
contribution of the solenoid to monkey’s behavior, we took two
additional precautions. First, the sound-attenuating box housed a
third dummy solenoid that fired on neither reward trials, and,
second, a recorded audio clip of a solenoid firing was played inside
the monkey testing chamber on every completed trial regardless of
reward outcome. Stimuli were two abstract shapes that could appear
in one of the four orientations to signal the start of the trial or one of
the three juice offers (Figure 1c). One shape was used on Social
sessions and the other was used on Nonsocial control sessions in
which the recipient monkey was replaced with a juice collection
receptacle (Figure 1b).

Behavioral Procedures

Two monkeys participated in the task at a given time, one actor
and one recipient. The six actors were matched with three dedicated
recipients such that each recipient worked with two actors, actors
always worked with the same recipient, and no actor ever served as
recipient.

Each trial began with the onset of the fixation stimulus (Figure 1d).
After an actor monkey acquired and held central fixation for 0.2 s, the
stimulus was replaced with one of the three alternative orientations
that predicted one of the three juice outcomes: self, other, or neither.
Self trials delivered juice to the actor, other trials delivered juice to the
recipient on Social sessions or the juice receptacle on Nonsocial
sessions, and neither trials delivered no juice. To accept the juice offer,
the actor monkey had to maintain fixation for an additional 0.7 s until
a peripheral saccade target appeared in one of the eight equidistant
locations, and then had to make a saccade to that target. After a
random delay of 0.0–0.9 s, the signaled juice outcome was delivered,
and the actor had an additional 1 s of free viewing time to observe the
recipient. To reject the juice offer, the actor could abort fixation after
the rotated cue appeared or fail to saccade to the peripheral target.
Aborted trialswere followed by awhite screen that lasted 5 s andwere
repeated if the actor aborted before having seen the juice offer but not
repeated if the actor had seen the juice offer. All trials were separated
by a blank interval of 0.7–1.3 s. Actors worked for either 0.3 or

Figure 1
Vicarious Reinforcement Task Used in Experiment 1

Note. (a) Top-down schematic of the test arrangement with the actor monkey facing an LCD (liquid crystal display) screen next
to a recipient. (b) Schematic side view of juice delivery to recipient or juice collection cylinder in Social and Nonsocial sessions.
(c) Stimuli used in the Social and Nonsocial sessions. The cues used for fixation were rotated to create the three reward
conditions. (d) Schematic of the trial progression in a Social session in which the stimulus signal that “reward to self” is on offer.
Each rectangle depicts the LCD screen as seen by the monkey. If the monkey completed the saccade to the peripheral target, the
reward condition on offer for that trial was implemented. Note that the white peripheral saccade target appeared equally often in
one of the eight locations equidistant from the center. See the online article for the color version of this figure.
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0.5 mL of juice per reward, depending on individual motivation, and
recipients always received 0.5 mL of juice per reward. The amount of
juice per reward was held constant within a given session. The
delivery times were calibrated such that juice delivery, or unfilled
interval if it was a neither offer, lasted the same duration for all three
conditions. Juice offers were pseudorandomly determined, with the
constraints that half of offers were self to maintain motivation, there
were an equal number of other and neither offers, and an offer could
appear no more than four times in a row. Monkeys completed one
600-trial session per day. Nonsocial sessions were identical to Social
sessions except for the use of a different stimulus and the presence of a
juice receptacle instead of the recipient monkey. Social and Nonsocial
sessions were run in blocks of 10 sessions with an ABBA or ABAB
pattern, with half of monkeys assigned to each pattern.

Data Analysis

Completion rates of other and neither trials were compared using
paired t tests. We analyzed both as a group across individuals and for
each individual monkey across sessions. Pupil traces were smoothed
with a zero-phase low-pass digital filter using the filtfilt function in
MATLAB (MathWorks, Inc.) to compensate for the fact that our
data acquisition system records at higher frequency than is sent by
the eye tracker. Outliers in which the value at a particular millisec-
ond was more than 3 SD away from the median of all other trials of
that same type in that session were removed.We normalized the data
for each trial as a proportion change from the initial 50 ms of that
trial during fixation. All pupil data were expressed as z values, as in
previous investigations of pupil size (Joshi et al., 2016; Rudebeck
et al., 2014) to control for individual differences in pupil dynamic
range. Statistical analyses were run on the last 50 ms of fixation to
the cue and on the 50 ms of hold on the peripheral saccade target.
Trial completion rates and pupillary changes were analyzed via two-
way ANOVAwith outcome (self, other, or neither) and session type
(Social,or Nonsocial) as factors. All tests were two tailed with an
alpha of 0.05. Four actors completed 20 sessions each of Social and
Nonsocial trials, one actor completed 40 sessions of each type, and
one actor completed 50 sessions of each type. To ensure the same
amount of data was analyzed for each animal regardless of learning
rate, data analysis was limited to the last 20 Social sessions and the
last 20 Nonsocial sessions. This number of sessions is similar to that
reported in Experiment 2.

Results

In the Social sessions, monkeys completed the highest number of
self trials, followed by other trials, and the fewest neither trials
(Figure 2a). There was an interaction between outcome and session
type (F(2, 10) = 4.84, p = .034; partial η2 = .492) illustrating that
trial completion rates depended on both the juice offer and whether
the partner was present. The critical preference for other trials over
neither trials was significant at both the group level (t5 = 5.87,
p = .002, d = 2.40) and for each of the six individual monkeys (all
p < .028). In the Nonsocial sessions, during which the recipient
partner (other) was replaced with a juice collection cylinder, there
was no preference for other over neither trials (Figure 2c; t5 = 1.27,
p = .260). This reproduces the main behavioral finding from previ-
ous work (Chang et al., 2011, 2012, 2013, 2015; Dal Monte et al.,
2020), showing a reliable prosocial preference for giving juice to

another monkey over wasting juice. Furthermore, it demonstrates
that the effect depended on the presence of the other monkey.

Monkeys’ pupils constricted in the first half of the trial with the
increased light from the fixation stimulus and then rebounded in the
second half of the trial in anticipation of the reward outcome
(Figure 1b and d). In Social sessions, this rebound was largest in
anticipation of reward to self, moderate in anticipation of reward to
neither, and, surprisingly, least in response to reward to other
(Figure 2b). This difference was significant both in the epoch
just before breaking central fixation and the epoch fixating on the
peripheral saccade target before reward delivery (central fix:
t5 = 3.13, p = .026, d = 1.28; peripheral fix: t5 = 3.47,
p = .018, d = 1.42). Notably, the ordering of the pupil effect,
self > neither > other was different compared to the ordering of
the trial completion effect, self > other > neither. In the Nonsocial
control sessions, pupil size was still widest in anticipation of self
rewards, but critically did not differ between other and neither trials
(Figure 2d; central fix: t5 = 0.98, p = .372; peripheral fix:
t5 = 0.90, p = .410). A two-way ANOVA with session type and
outcome as factors found an interaction (F(2, 10) = 4.32, p = .044;
partial η2 = .464), where pupil diameter differences between out-
come conditions depended on session type. This demonstrates that
the pupil size difference between other and neither trials, like the
trial completion rates, depended on the presence of the recipient
monkey.

Experiment 2—New Haven Laboratory

Methods

Subjects

Four rhesus macaques housed at the Yale University in New
Haven, CT, two males (monkeys K and H) and two females
(monkeys E and C), aged 6–12 years, participated in this experi-
ment. Monkeys were socially housed in pairs but were not matched
with cagemates during the experiments. However, all four partici-
pating monkeys had visual access to one another in the colony room.
Housing was on a 12:12 light:dark cycle with ad libitum food. Daily
fluid was controlled such that monkeys maintained both good
motivation in the test apparatus, good health, and a weight above
85% of their free-feeding weight. Prior to this study, we implanted
each monkey with a head post (Crist Instruments or GrayMatter
Research) to allow head-restrained eye tracking and shaped each
monkey to perform a basic oculomotor saccade task. All procedures
were conducted in accordance with the Institute for Laboratory
Animal Research Guide for the Care and Use of Laboratory
Animals (National Research Council, 2011) and with approval
from the Yale University Institutional Animal Care and Use
Committee.

Apparatus and Stimuli

Each monkey faced its own display screen; the screens were
situated at a 90° angle from one another. The recipient monkey was
always situated diagonally across from the actor monkey to the right
from the actor’s screen (Figure 3). Each monkey was fitted with a
juice tube for delivering rewards. The solenoid valves that delivered
the liquid rewards were placed in another room to prevent monkeys
from forming secondary associations between solenoid clicks and
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different reward types. Three separate solenoids were used for
delivering juice to the actor (self), the recipient (other), and to
the juice collection bottle (neither), thus controlling for secondary
associations. All experiments were carried out in a dimly lit room to
ensure visibility of the actor and recipient monkey. Both actor and
recipient were head restrained during the experiments. Eye position
and pupil diameter were recorded at 1000 Hz (EyeLink, SR
Research). Stimuli were colored squares. Different colors signaled
different reward conditions. Stimuli were controlled by a computer
running custom software (Picto).

Behavioral Procedures

Two monkeys participated in the task at a given time, one actor
and one recipient. Monkeys K and H (males) played the role of
actor, whereas monkeys E and C (females) played recipient to K and
H, respectively.

An actor began a trial by fixating on a central square for 150 ms.
The reward value on each trial was then specified by a vertical bar
indicating juice volume (0.2, 0.4, or 0.6 mL). The actor was required
to maintain fixation on the vertical bar for 400 ms. Following a
variable delay (200, 400, or 600 ms), the actor was presented with
either a choice (75%) or a cued (25%) trial. On cued trials, a cue
signaling reward outcome (self, other, both, or neither) was presented at
the center of the screen. To accept the offer, the actor had to maintain
fixation for 150 ms. Upon successful completion of the fixation
requirement, there was a random delay (200, 400, 600, or 800 ms)
before the cued juice outcome was delivered to the actor (self cue), the
recipient (other cue), both the actor and the recipient (both cue), or no
one (neither cue). After the reward delivery, the actor had an additional
2.5 s of free viewing time during which he was free to look at the
recipient or any other locations in the setup. To reject the juice offer, the
actor could simply abort fixation after the shape cue appeared. Aborted
trials were followed by a white screen that lasted 5 s and were repeated

Figure 2
Pupils Were More Constricted in Anticipation of Preferred Prosocial Other Trials Than Neither Trials
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SEM = standard error of the mean. See the online article for the color version of this figure.
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if the actor aborted before having seen the juice offer but not repeated if
the actor had seen the juice offer. All trials were separated by a blank
interval of 2.5 s. On choice trials, two cues appeared on the screen
simultaneously, one to each side of the center. To ensure the actors had
nothing to gain or lose with respect their own reward outcome, there
were only two possible choices on offer: self versus both and other
versus neither. Again, these options were always paired in choice trials
such that there is no primary reward gain or loss from the perspective of
the actor monkeys, controlling for a confound in self reward contin-
gency. Timing of choice trials was identical to that of cued trials except
now monkeys needed to make a saccade to select their choice.
Cued and choice trials were pseudorandomly interleaved. As in

Experiment 1, juice offers (self, both, other, and neither) were
pseudorandomly determined on the cued trials, with equal proba-
bilities. On both trials, the two monkeys received the same amount
of juice at the same time. The neither trial delivered juice to a bottle
situated across from the recipient monkey, to the left of the actor.
Combining both monkeys, 57 days of data were collected with
315.75 ± 119.11 (M ± SD) trials per day.

Data Analysis

Data from the choice trials were used to evaluate each monkey’s
social preferences. Only completed choice trials were included.

Preference was measured via proportion of each choice for the two
trial types. Differences in proportion choice were analyzed using a t
test. We assessed social preference with choice trials instead cued
trials, as in Experiment 1, because accuracy for cued trials was near
ceiling in Experiment 2.

Data from the completed cued trials were used to determine
pupil responses to avoid the potential confound associated with
measuring pupil diameter on choice trials involving eye move-
ments. Data were smoothed with a zero-phase low-pass digital
filter using the filtfilt function in MATLAB. Pupil diameter was
normalized trial-by-trial to the 150-ms fixation period. All pupil
data were expressed as z values, as in the previous investigations of
pupil size (Joshi et al., 2016; Rudebeck et al., 2014), to control for
individual differences in pupil dynamic range. Pupil data were
analyzed across the four outcomes from 200 to 800 ms after cue
onset using a one-way ANOVA and post hoc Tukey test. Analysis of
additional epochs yielded similar results. All tests were two tailed with
an alpha of 0.05.

Results

Previously, we have shown that actor monkeys develop a typical
pattern of social preferences in the vicarious reinforcement task;
they choose other over neither (prosocial preference), and choose

Figure 3
Vicarious Reinforcement Task Used in Experiment 2

Note. (a) Top-down schematic of the testing arrangement with the actor monkey facing an LCD (liquid crystal display) screen next to a
recipient and an empty juice collection bottle. The recipient also faced his own LCD screen (not pictured), which showed the same stimuli. (b)
Left, example stimuli on the cued trials in which a reward predicting cue that appeared on the center of the screen mapped onto a juice reward
delivered to the actor (self), the recipient (other), both monkeys (both), or the juice collection bottle (neither). Right, example stimuli on choice
trials in which the actor chose between delivering a reward to self or to self and the recipient (self vs. both) on some trials and between delivering a
reward to the recipient or the bottle (other vs. neither) on other trials. (c) A schematic of the trial progression. See the online article for the color
version of this figure.
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self over both (antisocial preference) (Chang et al., 2011, 2012,
2013, 2015; Dal Monte et al., 2020). Here, we first replicated this
behavioral finding (Figure 4a). Both actor monkeys significantly
preferred choosing self (M ± SEM; 0.55 ± 0.01) over both
(0.45 ± 0.01) reward outcome (t96 = 6.01, p < .001). This is
consistent with previous work showing monkeys to be antisocial
in reward contexts where they themselves receive a reward.
Critically, monkeys preferred choosing other (proportion of
choices; 0.67 ± 0.01) over neither (0.33 ± 0.01) reward outcome
(t96 = 25.20, p < .001) indicating a prosocial preference in the
other versus neither trials when they themselves could not receive
a reward. This is consistent with monkeys having context-
dependent prosocial and antisocial preferences in the vicarious
reinforcement task.
Pupil size predominantly reflected the differences between the

reward forgone (other and neither trials) and reward received (self
and both) conditions from the actors’ perspective (cued trials)
(Figure 4b) as measured by one-way ANOVAwith reward outcome
as the factor, F(3, 40) = 4.15, p < .001. Within reward received
trials, pupil diameter did not differ significantly between self
(M ± SEM;−1.12 ± 0.06) and both (−1.07 ± 0.06) reward outcomes
(Tukey test, p = .93). This is not altogether unexpected given the
strong role of primary reward in autonomic arousal and that
monkeys were consuming a juice reward in both circumstances.
Importantly, as in Experiment 1, monkeys had larger pupil

diameters following the neither cue (−1.7 ± 0.75) than the other
cue (−1.9 ± 0.76, Tukey test p < .01). This difference is notable as
it is opposite to the explicit social preference of the animals in which
they preferred choosing other over neither. Taken together, the
pattern of findings from Experiments 1 and 2 indicates that pupillary
responses are not indexing prosocial preference.

General Discussion

Across two laboratories, with different monkeys, different ver-
sions of a vicarious reinforcement task, and different stimuli, we
found that monkeys’ pupils were paradoxically narrower in antici-
pation of the preferred prosocial outcome (other trials) relative to
the less preferred antisocial outcome (neither trials). This is contrary
to what is usually observed in studies that manipulate reward
magnitude in which pupil size continually increases as outcomes
become more preferred (Mitz et al., 2017). In this task, vicarious
reward does not correspond with increasing pupil diameter. We
therefore reject the hypothesis—presented at the outset—that social
preferences are driven solely by arousal from the anticipated
outcome.

One parsimonious explanation for this orthogonal ordering of
outcome preference and pupil size is that trial preference indexes
outcome valence, pupil size indexes outcome salience, and the
relation between valence and salience is U-shaped (Figure 5). Under
this explanation, self and both have a strong positive valence and
high salience, other has a weak positive or even neutral valence and
a low salience, and neither has a negative valence and a moderate
salience. Evaluating this explanation will require additional studies,
perhaps using different manipulations of outcome valence (Ballesta &
Duhamel, 2015).

A second possible explanation is that the wider pupils in antici-
pation of neither rewards, relative to other rewards, reflect more
effortful cognitive processing. In humans, pupils widen during
problem solving and decision making, and this dilation is more
pronounced when subjects are uncertain about their decision (Hess &
Polt, 1964; Lempert et al., 2015; Urai et al., 2017). For our monkeys,
it is possible that accepting a trial that would deny juice to their partner
was cognitively effortful, involved more covert attention, or was

Figure 4
Pupils Were More Constricted in Anticipation of Preferred Prosocial Other Trials Than Neither Trials

Note. (a) Behavioral preference from choice trials. Actor monkeys chose between self and both reward conditions on one trial type and between
other and neither reward conditions on another trial type. Proportion choice indicates decision preferences for choosing self and choosing other in
each condition. (b) Relative changes in pupil size after self cue (S), both cue (B), other cue (O), and neither cue (N) trials are shown aligned to the
onset of the cue (Cue) with previous fixation noted (Fix). Dashed line box indicates analysis epoch. Shorter analysis epochs showed similar effects.
Error bars and shaded bands are ±SEM. (c) Average pupil diameter for each outcome during the 600-ms analysis epoch. The neither (N) reward
outcome is associated with a larger pupil diameter than the other (O) reward outcome. Reward received trials (S, B) are associated with larger pupil
diameter than reward forgone (O, N) trials. SEM = standard error of the mean. See the online article for the color version of this figure.
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done with uncertainty. However, comparing the pupil traces in the
Social and Nonsocial session in Experiment 1 suggests that pupils
were abnormally constricted on other trials rather than being
abnormally dilated on neither trials. In addition, one prediction
of this model is that completing self trials would be an easy
decision and thus produce the narrowest pupils, which was not
the case. This “level-of-processing” hypothesis will require more
investigation.
A third possible explanation for the different orders of trial

completion rates and pupil widths is that monkeys give juice to
another monkey under duress. Wide pupils usually predict pre-
ferred outcomes, so the constricted pupils in anticipation of juice
reward to the other monkey might indicate that actor monkeys
found the prosocial choices to be aversive. Primates do engage in
social interactions they find aversive, such as when subordinate
macaques tolerate dominant monkeys stealing stored food
directly out of their cheek pouches (Feistner & McGrew, 1989).
Such obligate prosociality is an intriguing hypothesis, but
unlikely. Obligate prosociality should occur more in subordinate
individuals but our effect was observed in both dominants and
subordinates. Furthermore, evidence suggests that prosocial ten-
dencies may even be stronger in dominant individuals who would
have no need to oblige their subordinate partners. For example,
Ballesta et al. reported that the most benevolent monkey was also
the dominant monkey in the group (2015), and Chang et al.
reported that the actor monkey was more likely to give juice to
both monkeys than to just himself if he was dominant to his
partner (2011). Finally, although our actors knew their testing
partners, they were not cagemates. Thus, it is unlikely that they
grudgingly preferred the other rewards because they feared later
retribution.
Our pupil size effect mirrors the population firing rate pattern of

neurons on the ACCg found in a previous study using cued social
reward outcomes (Chang et al., 2013). Individual ACCg cells were
active in anticipation of reward delivery to self, other, or both

monkeys. As a population, in the cued-reward condition, which is
closest to the conditions used in this study, the ACCg neuronal firing
rate was numerically highest to self, next highest to neither, and
lowest to other (see Chang et al., 2013, Figure 3e). The same
ordering of ACCg firing rate and pupil size serves as supporting
evidence linking monkeys’ prosocial behavior, autonomic arousal,
and ACCg activity.

The ACC is strongly connected to the locus coeruleus (Gompf
et al., 2010; Paus, 2001), and locus coeruleus activity correlates
with pupil size (Joshi et al., 2016). Causally, aspiration lesions of
the subgenual ACC abolish the sustained pupil dilation in anticipa-
tion of reward (Rudebeck et al., 2014) and aspiration lesions of the
ACC gyrus reduce the delay monkeys normally exhibit when
retrieving food in the presence of social stimuli (Rudebeck et al.,
2006). Together, these findings suggest that the relation between
prosocial behavior and autonomic arousal relies on a network of
brain regions connected to the ACC.

Recently, we found that excitotoxic lesions of the ACC disrupted
acquisition of prosocial preferences via vicarious reinforcement in a
subset of the actor monkeys studied here (Basile, Schafroth, et al.,
2020). Intriguingly, however, the excitotoxic ACC lesions that
abolished learning via vicarious reinforcement left the pupil differ-
ence between other and neither trials intact. Combined with the
results from the current study, this finding points to both a behav-
ioral and neural dissociation between the learning and the autonomic
arousal that occurs during vicarious reinforcement. More research is
needed to understand the neural underpinnings of the pupil response
during vicarious reinforcement.

Understanding the autonomic correlates of social decisions will
likely also help us understand these decisions on a behavioral level.
Although the current study focused on prosocial preferences, pro-
social behaviors are not always the prepotent tendency in primates.
Monkeys tend to defect rather than co-operate in classic economics
games (Haroush & Williams, 2015), offering reward to another
monkey can cause monkeys to work less (Hosokawa & Watanabe,
2015), the same monkeys who choose to give juice to another rather
than have it go to nobody will also choose to only get juice
themselves rather than get juice jointly with another monkey
(Chang et al., 2011), and both monkeys and apes often show robust
disregard across multiple tasks for whether a partner receives a
reward (Amici et al., 2014). Thus, it is still unclear what features and
parameters modulate vicarious reinforcement and how much it
generalizes to different situations. Integrating autonomic measures
with the future studies of social decisions may help identify the
conditions under which primates lean toward being prosocial or
antisocial.

In summary, these findings, and the replicability and generaliz-
ability they demonstrate across laboratories, suggest that the option
of delivering juice rewards to no one instead of to the other
individual in the vicarious reinforcement task represents a particu-
larly salient outcome for actor monkeys. Furthermore, these findings
indicate that there is an interplay between reward and salience in
social decision making, and likely in other types of social interac-
tions. Finally, these data demonstrate that autonomic measures like
pupil size provide unique information that would not otherwise be
detected via traditional measures like trial completion rates or choice
preferences. Future studies of social cognition will benefit from
including autonomic measures.

Figure 5
Hypothetical Relation Between Arousal and Valence

Valence

A
ro

us
al

S

O

N

lipu
P

Choice

Note. Outcome valence, from negative to positive, is depicted as a
U-shaped function of the autonomic arousal produced by the outcome.
Reward outcomes are placed in hypothetical locations along this continuum.
Our results are consistent with the explanation that pupil size tracks arousal
whereas outcome preference tracks valence. Reward to Self (S) would have
high arousal and positive valence. Reward to Other (O) would have low
arousal and positive valence. Reward to Neither (N) would have medium
arousal and negative valence. See the online article for the color version of
this figure.
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