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SUMMARY

Successful integration into a hierarchical social group requires knowledge of the status of each individual and
of the rules that govern social interactions within the group. In species that lack morphological indicators of
status, social status can be inferred by observing the signals exchanged between individuals. We simulated
social interactions between macaques by juxtaposing videos of aggressive and appeasing displays, where
two individuals appeared in each other’s line of sight and their displays were timed to suggest the reciproca-
tion of dominant and subordinate signals. Viewers of these videos successfully inferred the social status of
the interacting characters. Dominant individuals attracted more social attention from viewers even when they
were not engaged in social displays. Neurons in the viewers’ amygdala signaled the status of both the at-
tended (fixated) and the unattended individuals, suggesting that in third-party observers of social interac-

tions, the amygdala jointly signals the status of interacting parties.

INTRODUCTION

High social status is one of the most coveted social commodities
by both humans and non-human primates, as it ensures access
to resources, reproductive success, social support, and, ulti-
mately, better health and well-being."® The desire to rise in a hi-
erarchy or retain one’s status, directly or indirectly shapes all in-
teractions within a social group.”'? These interactions rest on a
mutual understanding of the social rules that govern relation-
ships. By observing hierarchical interactions, primates learn to
accurately place each member of their social group into a spe-
cific position on the social ladder, forming a linear hierarchy.'*™'"
Macaque societies are distributed on a continuum between
egalitarian societies (e.g., Tonkean macaques), where status
plays a minor role in social interactions, and despotic societies,
where strict linear hierarchies are enforced.'®'® Rhesus mon-
keys live in despotic societies,?>?" where status is established
based on aggression and coalition-building skills in males, and
the rank of the mother and birth order in females.?**® Dominance
is expressed through aggressive behaviors toward subordi-
nates, whereas low status is expressed through appeasing dis-
plays.'®?*?5 Thus, this species is ideally suited to explore the so-
cial-cognitive and neural foundations of social organization.
We investigated whether rhesus macaques can infer a social
hierarchy from observing videos of simulated interactions among
unfamiliar individuals. Given that in rhesus monkeys high status

is not exteriorized by morphological markers, such as skin or fur
coloration,?® the viewer monkeys were expected to infer status
from observing pairwise interactions among “video monkeys”
organized into an arbitrary linear hierarchy. To determine
whether the behaviors in the videos elicited neural responses en-
coding social status, we recorded and analyzed the activity of
neurons in the amygdala of two viewer monkeys. We hypothe-
sized and confirmed that the inferred social status of the
observed individual manifests in features of neural activity.

RESULTS

Looking time proportional to the status of the observed
individuals

Two adult male monkeys, Ma and Mp, watched 740 and 928
videos, respectively, depicting dominant-subordinate dyadic in-
teractions among unfamiliar monkeys organized into a hierarchy
group. While they watched the videos, we recorded the viewers’
scanpaths and single-unit activity from the amygdala (Figure 1A).
Figures 1B and 1C illustrate that each hierarchy group consisted
of four individuals, resulting in six pairwise interactions per
group. We created four distinct hierarchy groups, totaling 24
videos. Each video was repeatedly watched, ranging from 58
to 74 repetitions. To simulate natural interactions, we juxtaposed
pairs of videos, designating one monkey as dominant and the
other as subordinate. The two monkeys appeared to be in
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Figure 1. Experimental design, social interaction dynamics, and looking behavior analysis in viewer monkeys
(A) Viewer monkeys with electrode arrays in their amygdala watched videos depicting simulated pairwise social interactions. Each trial began with the viewer
fixating on a start cue and receiving reward for watching the videos. Eye tracker recorded scanpaths (sequences of fixations and saccades). In two example

scanpaths segments, red and blue circles denote fixations on dominant and subordinate monkeys, respectively, while yellow arrows represent the saccades
connecting these fixations.

(B) An example linear hierarchy constructed from juxtaposed videos of aggressive and appeasing displays of four male monkeys (A, B, C, and D).

(C) Pairwise interactions among monkeys A, B, C, and D. Monkey A consistently displayed threatening behavior toward all partners, while monkey D consistently
exhibited appeasing behavior toward all partners. Monkeys B and C alternated between dominant and subordinate roles, depending on their social partner.
(D) Proportion of cumulative fixation duration on dominant and subordinate individuals relative to the total playing time of the movie (15 s) (**: p < 0.001).

(E) Proportion of looking time at frames depicting facial expressions (FE) and neutral faces (non-FE) relative to the total screen time of FE and non-FE frames
(**: p < 0.001).

(F) Proportion of cumulative looking time at neutral faces of each hierarchical individual relative to the total screen time of frames with neutral faces (**: p < 0.001).

each other’s line of sight, and the timing of the threatening- (see STAR Methods for calculation details in Figures 1D-1F).
appeasing displays was adjusted to simulate the natural cycle On average, the viewer monkeys spent more time looking at
of dominant-subordinate signal exchanges. the dominant animal (mean: u = 35.87%, standard deviation:

We analyzed the average time viewers spent looking at each 9 = 24.18%) than the subordinate animal (v = 22.07%, 0 =
monkey in the dyad and compared the proportion of time spent  20.19%) in the dyad (Figure 1D; t test, t(4,534) = 20.86, p =
looking at the dominant and subordinate animals in each video  2.41 x 107%2). The threatening facial expressions produced by
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Figure 2. Neuronal tuning to social status in the amygdala

(A-H) Coronal MRl slices in (A) and (E) indicate the position of a 32-contact V-probe in the amygdala, marked by red lines. (A)-(D) depict the neuron recorded from
channel 1 in the central nucleus, whereas (E)—(H) show an example neuron recorded from channel 14 located in the basal nucleus.

(B) Firing rates were significantly higher during fixations on dominant animals (***: p < 0.001).

(C) Raster plot showing fixations on subordinate (top) and dominant (bottom) animals in a dyad, sorted by fixation duration. Magenta dots represent spikes during
fixations, and cyan dots represent spikes during preceding saccades (with saccade durations ranging from 36 to 54 ms).

(D) Temporal pattern of status-related responses in a fixation-aligned histogram of firing rates, indicating time bins with significantly higher firing rates during
fixations on dominant animals (0-400 ms).

(F) Firing rates during fixations on the subordinate animals were significantly higher (**: p < 0.01).

(G) Separate rasters for fixations on subordinate (top) and dominant (bottom) animals in a dyad, sorted by fixation duration.

(H) Temporal pattern of status-related responses in a fixation-aligned histogram of firing rates, indicating time bins with significantly lower firing rates during
fixations on dominant animals (0-400 ms).

(legend continued on next page)

Neuron 772, 1-10, December 4, 2024 3



doi.org/10.1016/j.neuron.2024.09.010

Please cite this article in press as: Lee et al., Social status as a latent variable in the amygdala of observers of social interactions, Neuron (2024), https://

¢ CellPress

the dominant animals do not account for the longer looking
times, as comparable looking times were elicited by threatening
(b = 21.29%, 0 = 19.73%) or neutral facial expressions (u =
21.00%, 0 = 21.56%) of the dominant animal (red violin plots in
Figure 1E; t test, t(1,501) = 0.27, p = 0.79). Moreover, viewers
allocated less attention to subordinate animals when they dis-
played appeasing facial expressions (1 = 9.01%, 0 = 11.53%)
compared with neutral facial expressions (u = 14.43%, 0 =
23.46%) (blue violin plots in Figure 1E; t test, 1(1,353) = —5.56,
p =3.30 x 1079), suggesting that viewers allocate attention to,
and gain information from, both neutral and dominant/subordi-
nate displays (see also Figure S1). Indeed, when comparing
viewers’ looking times at the neutral faces of the four monkeys
in the hierarchy, the least-fixated neutral faces were those of
the lowest-ranking monkey, D (Figure 1F), while the differences
among the other monkeys were not significant (one-way
ANOVA with factor identity, df = 3, F = 21.38, *™*: p < 0.001, A
vs.B:p=0.63,Avs.C:p=1.00,Avs.D:p=1.64 x 10°°, B
vs.C:p=0.70,Bvs. D:p=7.11 x 10°'%, Cvs. D: p = 1.74 x
1079). These findings collectively suggest that increased social
attention primarily reflects the individual’s social status rather
than merely their identity or facial expressions alone.

Neurons in the amygdala respond to social status of the
attended individuals

We recorded neural activity of 202 well-isolated single neurons in
the amygdala of two viewer monkeys. Our goal was to determine
whether the neural activity elicited by watching the videos carries
information about the social status of the protagonists. Specif-
ically, we compared the firing rates during fixations on the faces
or bodies of dominant and subordinate monkeys. Prior to
analyzing the contribution of social status to neural activity in
the amygdala, we verified that these videos elicited neuronal re-
sponses that are comparable with previously documented re-
sponses to static images or videos of single individuals®”?®
and to multiple faces presented simultaneously.”® As expected,
a two-way ANOVA analysis (factors: identity and facial expres-
sion, see STAR Methods) replicated previous findings: 28.22%
of amygdala neurons were selective for individual faces/bodies,
fewer (7.92%) were selective for facial expressions, and a sub-
class of neurons (5.94%) showed mixed selectivity for both iden-
tity and facial expression.

Figure 2 shows two example status-responsive neurons re-
corded from the central (Figures 2A-2D) and accessory basal
(Figures 2E-H) nuclei of the amygdala. We analyzed firing rates
during fixations on dominant versus subordinate individuals, inde-
pendent of the fixation target’s identity and order of fixation. As
the status of the mid-ranking monkeys B and C depended on
the social partner, we analyzed fixations separately according
to each individual’s social status in each video pair. In the first
example neuron, firing rates during fixations on dominant animals
(u = 11.00 Hz, 3 = 9.19 Hz) were significantly higher across all
dominant animals in the six pairwise interactions (Figure 2B;

Neuron

t test, 1(856) = 4.13, p = 3.97 x 10°) compared with fixations
on subordinate animals (u = 8.66 Hz, 0 = 7.39 Hz). Conversely,
in the second example neuron, firing rates during fixations on
the subordinate animals (u« = 15.37 Hz, 0 = 12.20 Hz) were higher
(Figure 2F; t test, 1(655) = —3.16, p = 1.70 x 10~°) than during fix-
ations on dominant animals (u = 12.49 Hz, d = 11.05 Hz). This was
the case despite the great heterogeneity of fixation targets
(various individuals, facial expressions, and face or body areas).
The temporal patterns of status-related responses were analyzed
using fixation-aligned histograms of firing rates, indicating time
bins where the firing rates were significantly higher when viewing
dominant animals (Figure 2D; t test with sliding window, bin size =
60 ms, stride size = 10 ms, *: p < 0.05). Another histogram (Fig-
ure 2H; employing the same methods as in Figure 2D) highlighted
time bins with lower firing rates when fixating on dominant ani-
mals. Notably, fixations in Figures 2C and 2G can be preceded
by fixations on either dominant or subordinate individuals, thus
it was possible to detect significantly different firing rates in the
time bins preceding the fixation onset (time 0). Nevertheless,
both neurons exhibited tuning to the social status of the currently
fixated individual. At the population level, 24.75% of recorded
amygdala neurons (50 out of 202) responded with significant
changes in firing rates to either dominant or subordinate status,
and these neurons were distributed across both the centro-
medial and basolateral nuclei of the amygdala (Figure 21). Neurons
included in these analyses were recorded from all the major
amygdala nuclei, predominantly localized in the basal and central
nuclei (Figures 2J and 2K).

Status emerges as a latent variable in neural activity, alongside
manifest variables like face identity, indicating mixed selectivity.
For monkeys A and D, ranked highest and lowest in the hierarchy,
respectively, identity and social status were not dissociable
because of their consistent dominance or subordination across
all three partners. However, face identity and social status could
be dissociated in mid-ranking monkeys B and C, as they alter-
nated between dominant and subordinate roles, depending on
the partner (Figures 1B and 1C). A two-way ANOVA analysis (fac-
tors: social status and identity) of fixation-related firing rates while
viewing monkeys B and C showed not only a main effect of status
(16.83% of recorded neurons) but also a main effect of identity
(20.79% of recorded neurons), along with a significant status-
identity interaction (13.86% of recorded neurons). Given that
close to 25% of recorded neurons showed tuning to social status,
the small effects at the level of individual neurons may amount to
large signals at the population level (Figure 2I). To test this hypoth-
esis, we conducted a group analysis of all neurons.

Status-related population responses in the amygdala

We used demixed principal component analysis (dPCA)**°" to
determine status-related changes in population firing rates of
all recorded neurons during fixations on each monkey. This su-
pervised approach captures the variance in population activity
explained by two factors and their interaction: movie (the six

(I) Venn diagram showing the proportion of amygdala neurons (CMA, BLA, and total) tuned to social status (significant firing rate changes when fixating on
dominant or subordinate targets) and social context (partner effect: significant firing rate changes in response to the fixation target’s partners).

(J) Recording locations in Ma and Mp, with yellow bars indicating electrode positions across all 23 recorded sites from 20 recordings.

(K) Distribution ratio of collected amygdala neurons among different subregions (n = 202).

4 Neuron 7172, 1-10, December 4, 2024



doi.org/10.1016/j.neuron.2024.09.010

Please cite this article in press as: Lee et al., Social status as a latent variable in the amygdala of observers of social interactions, Neuron (2024), https://

Neuron

Movie-Status
Interaction 37%

10+ Movie 44%

Component variance (%)

¢? CellPress

Component #1 [6.9%]

10

1
-
o

Normalized firing rate (Hz)
o

0,
5 Status 13% Ganditon
independent 6% 0 0'2 0*4 0l6 0l8 1
Normalized Time from Fixation Onset
0 —— Movie AB —— Movie BC ———— Dominant
1 5 10 15 —— Movie AC —— Movie BD — — — Subordinate
Component Movie AD —— Movie CD
D
c ’ : Status (Component #1) = Component #2 [5.7%]
ac
q’ ~—
[0)
A > % 10
£ = N o
s B = o
4 < 05 s B
o NS N
= 510
g’ L04 £
= B 5
- K b4 . , . . |
S oo 0 02 0.4 06 0.8 1
P : Component #1 Normalized Time from Fixation Onset
= Random Chance —— Movie AB —— Movie BC ———— Dominant
0 02 04 06 08 1 —— Movie AC —— Mov!e BD — — — Subordinate
Normalized Time from Fixation Onset Movie AD —— Movie CD

Figure 3. dPCA reveals the primacy of social status in neural population activity during fixations

(A) Proportion of variance explained by each component (left) and factor (inset). Each “Movie” refers to one of the six distinct video clips featuring different dyads.
(B) Normalized firing rate of the first dPCA component (#1) as a function of time, movie identity (color), and social status of the fixated animal (straight/dashed line).
This single component explained 6.9% of overall variance. Note how the normalized firing rates for all subordinates (dashed lines) are distinct from those of all
dominants (solid lines) across all movie types, indicating encoding of social status.

(C) Classification of social status based on activity projected along component 1. Decoding was significantly above chance, indicating that amygdala firing rates
during fixations are influenced by the social status of the target. The shaded area represents the range of classification accuracy expected by chance, estimated
from 100 shuffling iterations, while the solid line indicates the classification accuracy of component #1. Only this component’s decoding performance was
significantly larger than expected by chance.

(D) Normalized firing rate of the second dPCA, which represents “Movie” type (#2), as a function of time. This component explained 5.7% of variance. Note how
activity differed as a function of movie type (color) but not social status (straight vs. dashed lines). The color code shown below (D) indicates that different colors

indicate movie types, with solid lines for dominants and dashed lines for subordinates. It applies to both (D) and (B). t = 0 is fixation onset throughout.

dyads) and status (dominant and subordinate). Across all dPCA
components, status (13%) and movie (44%) explained the
largest variance in neural activity, followed by their interaction
(87%) (Figure 3A). This finding aligns with the observation that
status-related responses varied with the social partner (partner
effect), as each movie depicted a different pairing of four animals
in the hierarchy. To incorporate fixations with varying durations
into the dPCA model, we normalized the duration of each fixation
to a unit time of 1 s, segmented into 20 time points. The first
dPCA component (status, red box, Figure 3B), explains 6.9%
of the variance in the neural response. Examining the response
projected onto this dPCA component reveals clear separation
of the response between fixations on dominant (solid lines) and

subordinate (dotted lines) monkeys for all six movies (Figure 3B).
This result was further supported by the ability to decode social
status reliably from the neural activity projected onto the first
dPCA component (Figure 3C).

Further, the second dPCA component (movie, blue box, Fig-
ure 3D) explains 5.7% of the variance in the neural response.
Examining activity as a function of time along this component re-
veals separation between movies AC and BC (orange and purple
lines) from the other four movies but not between social status (Fig-
ure 3D). In these movies, one side shows monkey C appeasing
monkeys A and B. Component #2 likely segregates the appeasing
behavior, rather than just the identity, of monkey C, as movie CD,
which depicts monkey C threatening, does not separate out in this

Neuron 7112, 1-10, December 4, 2024 5
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component. In contrast to social status (component #1), movie
identity was not decodable (Figure S2). Therefore, despite explain-
ing similar amounts of variance, social status was more robust at
the population level to that of movie identity.

The dPCA results showed that, beyond face identity and facial
expression, the population of neurons in the amygdala, whether
individually tuned to status or not, contains information about the
status of interacting individuals and the specific video being
watched. As a control, we repeated the dPCA analysis on amyg-
dala recordings, while subjects watched videos of moving ob-
jects formatted identically to the hierarchy movies. In this control
condition, classification accuracy for “status” did not surpass
chance levels when status was arbitrarily assigned to moving ob-
jects (Figure S3).

The partner effect: Neural responses to the status of the
attended individual are modulated by the status of the
unattended individual

We asked whether the status-related response during fixation on
a dominant or subordinate monkey was different when the part-
ner was different. If the firing rates while looking at the same an-
imal displaying the same behaviors are fully explained by the con-
tent of the viewed video, the identity of the social partner should
not alter the observed neural responses. Recall that the same
videos were used to depict the dominant or subordinate behav-
iors of each monkey in the hierarchy (the same video depicted
monkey A as dominant to monkeys B, C, and D). Thus, fixations
on monkey A (the highest-ranking animal) are expected to elicit
the same firing rates regardless of whether the partners are mon-
keys B, C, or D. Contrary to this prediction, however, we found a
“partner effect” in 26.2% of the 202 amygdala neurons (i.e., a sig-
nificant main effect of social partner on the firing rate of the fixated
individual, computed using one-way ANOVA). Figure 4 shows
two example neurons that illustrate this partner effect.

The neuron shown in Figures 4A-4D exhibits a strong partner
effect when looking at monkey C, where the firing rate increases
when the partner is D compared with B, and also increases when
the partner is A compared with B (one-way ANOVA, df =2, F =
9.07, ***: p < 0.001). Furthermore, this neuron shows a strong fix-
ation-related increase in neural activity at a latency of approxi-
mately 100 ms after fixation onset on monkey C, but this activity
is suppressed when the partner is monkey B (Figure 4D). In the
second example neuron (Figures 4E-4H), firing rates during fixa-
tion on monkey A are higher when the partner is B than C or D,

¢ CellP’ress

despite all three partners displaying similar appeasing expres-
sions. Note that the firing rate in response to fixating on monkey
A decreases as the status of the social partner decreases (one-
way ANOVA, df = 2, F = 10.42, **: p < 0.001). Likewise, firing
rates during fixations on monkey D are lower when the partner
is A compared with B and C.

The partner effect was present in 53 out of 202 monitored neu-
rons (26.2%), a proportion comparable with the 24.7% neurons
that showed a status effect (Figure 21). Comparable proportions
of neurons showed only a status effect, only a partner effect, and
mixed selectivity for both (11.8%, 12.8%, and 13.3%, respec-
tively). Overall, the partner effect suggests a joint representation
of the two monkeys, where one animal serves as the focal point
of the viewer’s social attention while the other provides the
“social context” in which the viewed individual is processed.
This reflects the complex interplay between social status and so-
cial interactions encoded in amygdala neuronal activity.

DISCUSSION

Here, we report that macaque viewers of dyadic interactions ex-
tracted the social status of the observed individuals and ex-
pressed their knowledge by allocating increased social attention
toward dominant individuals. Indeed, in social tasks, humans
and macaques look more at high-status individuals."%:3738
This looking preference did not emerge simply from more fixa-
tions on facial expressions, as the threatening and neutral faces
of dominant individuals received similar levels of attention,
neither was it informed by visible features of status, such as
face coloration in mandrills.* In rhesus macaques, these visible
features are either unrelated”® or weakly related to social sta-
tus. 04! Remarkably, despite the artificial nature of the stimuli,
the viewers extracted the status of each monkey, suggesting
that for rhesus monkeys, understanding social status is para-
mount and even incomplete information is sufficient to acquire
this knowledge. Compared with the robust effect of status, the
full hierarchical ranking (A>B>C>D) did not emerge from the
scanpaths or neural responses. Such complex representations
may require transitive inference training or the simultaneous
observation of all four members of the hierarchy.

Social status as a latent variable in neural activity
In response to the static images of faces, neurons in the amygdala
of both humans and monkeys respond to face identity,>”2%424

Figure 4. Neurons showing the partner effect

The red line superimposed on the coronal MRl slices in (A) and (E) indicates the position of a 32-channel V-probe in the amygdala and the closest contact to the
example neuron. (A)—~(D) depict the neuron recorded from channel 20 in the accessary basal nucleus, whereas (E)-(H) show an example neuron recorded from
channel 30 located in the basal nucleus.

(B) Each triplet of violin plots depicts firing rates during fixation on a monkey from the hierarchy (target A, B, C, and D) with each possible partner. The first triplet
represents firing rates during fixations on monkey A with partners B, C, and D. The second triplet (separated by red dotted lines) represents firing rates during
fixations on monkey B with partners A, C, and D. Partner status relative to the fixated individual is color-coded yellow for dominant and blue for subordinate. Bars
and stars correspond to the statistically significant differences (one-way ANOVA, *: p < 0.05, **: p < 0.01, **: p < 0.001).

(C) Rasters of spike trains aligned to the onset of fixations on the middle-ranking monkey C (triplet with lime green background in B), paired with monkeys A (red),
B (green), and D (blue).

(D) Fixation-aligned firing-rate histogram corresponding to the raster in (C); using t test between pairs of sliding windows, as indicated by color legend in the upper
left corner (bin size = 60 ms, stride size = 10 ms, *: p < 0.05).

(E-H) The same plots for a neuron located in the basal nucleus. The violin plots with the lime green background correspond to the triplet of fixating monkey A while
paired with B, C, and D, as indicated by the red, green, and blue boxes and lines in (G) and (H) (*: p < 0.05, **: p < 0.01, ***: p < 0.001).
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facial expressions,27 and even the social status of familiar individ-
uals within a hierarchy known to the viewer.*® When the observers
and the observed have a history of interactions, conditioning can
explain the status-related responses. By comparison, the novelty
of our study is the emergence of inferred social status through
observing interactions among unfamiliar individuals. In our para-
digm, status inference may have been facilitated by videos of
simulated interactions, which contain more useful information
than static portraits of known individuals (see Figure 1). The amyg-
dala also contributes to learning the relative status of individuals in
a hierarchy.“® Because one of our subjects (Mp) was familiar with
these videos by the time neural recordings started, we were un-
able to track the emergence of the status-related neural re-
sponses. In a prior study,’> Mp was more likely to produce joint-
attention saccades from the eyes and faces of the subordinate
monkeys, indicating a prior understanding of the status of each
animal.

At the level of individual neurons, status is a distinct variable,
differentiating between fixations on dominant and subordinate
animals. This variable may, in essence, be equivalent to identity
and facial expressions, contributing to the mixed selectivity of
amygdala neurons.*’~°? Higher social status was not always
associated with higher firing rates, as shown in Figures 2E-2H.
Response suppression as a form of stimulus selectivity has
been well documented in the amygdala®® and is related to fea-
tures of circuit architecture that support highly complex behav-
iors through disinhibition.>* At the neural population level, status
emerged as a distinct, abstract variable only when watching
videos of interacting monkeys, not objects (Figures S2 and S3).
However, status was a latent rather than a manifest variable, in-
ferred through dPCA from firing rates during fixations on the
observed pair, unlike explicit stimulus parameters such as
threatening faces.

Neurons in the amygdala jointly represent the status of
interacting individuals

Our findings add an additional, novel dimension to the role of the
amygdala in social perception. Not only do individual neurons
respond to the social status of the attended individual but their
responses also depend on the unattended individual, who
serves as a context signal. Context in this case is the presence
of a specific individual, as shown previously for social and affec-
tive touch.”® Indeed, the amygdala emerged as a key node for
processing social status since the earliest lesion studies in
non-human primates. Without an intact amygdala, monkeys fall
in the social hierarchy®®~°® and fail to display status-appropriate
behaviors.** "

It is possible, although not tested in this study, that the
observed behaviors and neural responses are also informed by
the viewer’s subjective status relative to the status of the
observed individual, reflecting a self-centered versus other-
centered status representation.®” Self-status is reflected in
gray matter density in the amygdala®® and in fMRI signals.®*%°
Similar effects have been shown in humans: lower perceived so-
cioeconomic status causes greater activation of the amygdala.®®
Self-status may be driven by subjective experiences, such as
gains and losses during confrontations, which shape an individ-
ual’s expectations for future interactions and prepare the individ-
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ual to extend these expectations to social partners. In species
with strictly linear hierarchies, the status of others is among the
defining features of an individual, akin to age, sex, and physical
appearance, that informs virtually all social behaviors.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Eye tracker ISCAN Inc., ETL-200 https://iscaninc.com/

Headpost and grid Gray Matter Research https://www.graymatter-research.com/
Microdrive system Thomas Recording https://www.thomasrecording.com/
Electrodes Plexon v-probes https://plexon.com/products/plexon-v-probe/
Neural data acquisition system Plexon OmniPlex https://plexon.com/plexon-systems/

omniplex-neural-recording-system/

Deposited data
Behavior data This paper https://doi.org/10.6084/m9.figshare.26952601
Neural data This paper https://doi.org/10.6084/m9.figshare.26952631

Experimental models: Organisms/strains

Macaca mulatta California National N/A
Primate Research Center

Software and algorithms

Matlab Mathworks https://www.mathworks.com/

Behavior and stimulus control tool NIMH MonkeyLogic https://monkeylogic.nimh.nih.gov/

Data analysis codes This paper https://doi.org/10.6084/m9.figshare.26952712
dPCA codes Kobak et al.® https://github.com/machenslab/dPCA

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Subject Details

We recorded single-unit spike activities in the amygdala, hippocampus, medial prefrontal cortex (mPFC), and other closely located
areas from two adult male rhesus macaques (Ma: 10 years old, 13.6 kg; Mp: 9 years old, 11.8 kg). Meanwhile, we tracked the scan-
path of these subjects as they watched visual stimuli (hierarchy and object movies). A shortcoming of the study was the limited size of
our dataset due to an abdominal emergency (unrelated to the experimental procedures) developed by Ma. This animal was eutha-
nized after only 5 recording sessions.

Video Stimuli

Each side of video clips had a resolution of 640 x 480 VGA, and these clips were combined to create the impression of 6 hierarchical
interactions (AB, AC, AD, BC, BD, and CD) among a group of 4 monkeys. In this paper, we used four male hierarchy groups (P1, P3,
P4 and P5. Where P stands for patriline). The juxtaposed movies were displayed on the screen at a resolution of 1920 x 1080 FHD and
played for 6 or 15 seconds at a frame rate of 25 frames per second, resulting in each movie consisting of 125 or 375 frames. We
manually segmented each monkey’s facial and body area in all frames and manually scored the frames containing facial expressions.
The number of pixels in the facial area compared to the body area is reported in Table S1. Additionally, the number of frames with and
without facial expressions is reported in Table S2. Note that P4 and P5 were designed later than P1 and P3, with the intention of
increasing the number of frames showing the animals with facial expressions. Therefore, we used only the looking time results
from when the viewers watched the P1 and P3 hierarchies for analysis, as shown in Figures 1D-1F. To control for social information,
we prepared videos of moving objects that were formatted identically to the hierarchy movies. These videos featured the same four
identical objects in each group and six different paired dyads, but without any actual interaction. Two macaque subjects participated
in 20 recording sessions, with 15 of these sessions involving the object task blocks between or after hierarchy task blocks.

Task flow

Video timing (stimulus onset and offset) triggered by the subject’s gaze on the starting cue was controlled using Monkey Logic
(https://monkeylogic.nimh.nih.gov/). Each recording session (day) consists of several blocks, each containing 36 trials. Each trial
began with a fixation of 250 ms on the 20 x 20 pixel-sized start cue, with a 100 x 100 pixel-sized invisible error boundary in the center

Neuron 772, 1-10.e1-e3, December 4, 2024 el



https://monkeylogic.nimh.nih.gov/
https://iscaninc.com/
https://www.graymatter-research.com/
https://www.thomasrecording.com/
https://plexon.com/products/plexon-v-probe/
https://plexon.com/plexon-systems/omniplex-neural-recording-system/
https://plexon.com/plexon-systems/omniplex-neural-recording-system/
https://doi.org/10.6084/m9.figshare.26952601
https://doi.org/10.6084/m9.figshare.26952631
https://www.mathworks.com/
https://monkeylogic.nimh.nih.gov/
https://doi.org/10.6084/m9.figshare.26952712
https://github.com/machenslab/dPCA

Please cite this article in press as: Lee et al., Social status as a latent variable in the amygdala of observers of social interactions, Neuron (2024), https://
doi.org/10.1016/j.neuron.2024.09.010

¢ CellPress Neuron

of the monitor. There was no restriction for where the monkeys looked, the subject could freely scan the video or look away. After the
video played (either 15 s or 6 s in duration), the subject received a small drop of juice reward (the same amount for all videos). The
subject monkeys were not subjected to food or fluid restriction.

METHOD DETAILS

Collecting Eye Tracking Data and Processing

Eye movements were recorded using an eye tracker (ETL-200, ISCAN Inc.) with a sampling rate of 120Hz. Eye tracker calibration was
controlled by the hardware and software that provided by ISCAN Inc., and we calibrated the eye position at the beginning of each
recording session. Eye tracking data was collected through voltage units, capturing both vertical and horizontal eye movements. To
streamline analysis, we designated horizontal eye movement data as ‘Eye X’ and vertical data as ‘Eye Y. As illustrated in Figure S4A,
raw data is initially recorded in millivolts (mV), then converted into pixel coordinates using calibration steps at the begging of every
recording session. Our method for pinpointing saccade or fixation onset leverages the energy of the signal (E), as detailed in Equa-
tion 1, when X denotes the input signal, using n=30 as a window size. This proposed method highlights significant energy shifts, al-
lowing us to distinguish between the saccadic and fixation periods. To determine the precise onset timing of saccades and fixations,
we identify the onset by detecting when the second derivative of the energy signal crosses zero.

tin ) length(X) —n t+n
k; (X[K] = ) k; X[k]
_k=t-n = =t=-n i
E; = o when o+ (Equation 1)

t = n+1

As mentioned, we used the eye tracking system with a sampling rate of 125Hz, indicating that the recording signal refreshes every 8
milliseconds on our data acquisition system (OmniPlex, Plexon Inc.), operates at a sampling rate of 1kHz. Since the eye tracking sys-
tem has a lower resolution, there is a potential risk for timing inaccuracies of up to 8 milliseconds. To address this issue, we proposed
the up-sampling approach outlined in Equation 2. This method proves highly effective in mitigating existing challenges. In our anal-
ysis, when X denotes the input signal, we implemented n=4 as a window size.

S XK

k=t—n

2n+1

As depicted results in Figures S4B andS4C, the distributions of both saccade duration and fixation duration exhibit greater unifor-
mity, with reductions in artifacts attributed to the lower sample rate (up to 8ms timing error) evident across all recording days. To
juxtapose the original and up-sampled results, we employed the Kolmogorov-Smirnov test (KS test, utilized the Matlab function
kstest2). Days where the p-value from the test falls below 0.05 are denoted with an asterisk (*). Given that saccade durations typically
fall within the range of 20-60 ms, shorter than fixation durations spanning 60-600 ms, the impact of up-sampling is notably more pro-
nounced in saccade duration distributions. This is reflected in the KS test results, demonstrating significantly different for all recording
days in the saccade duration plots (Figure S4B).

Xupsampled [t] = (Equation 2)

Equations for the Looking Time Analysis
We measured the proportion of the looking time in Figures 1D-1F. As below, we defined the equations for each panel to calculate the
proper proportion of the looking time for each trial.

. _ LToom — LTaw
In Flgul’e 1D, PDom = Thovie’ PDom ~ Thovie

i — LTpomare —  LTpomanre — LTsupare —  LTsubanre
In Figure 1E, Ppomare = S22E, Ppomanre = T220E, Poypgre = FOBE, Popanre = ol

i — LThasnre — LTssnre — LTcsnre — LTpsnre
In Figure 1F, Pagne = 5225, Peane = 2%, Pogne = F22F, Ppane = ot

(When, P = Proportion of looking time, LT = Looking Time, T = Playing Time).

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-unit Spike Recording and Identification of Stable Cells
Single-unit spiking activity was recorded using a linear electrode array (V-probe, Plexon Inc.) with 32 channels spaced at 200 um
intervals along a 260 um diameter shaft. The target recording locations were determined based on pre-scanned magnetic resonance
imaging (MRI) slices of each subject. We used a motorized micro-drive system (Thomas Motorized Electrode Manipulator (MEM),
Thomas Recording), which has a 1 um axial resolution, to advance the electrode.

We utilized KiloSort for spike sorting, following the methodology outlined by the literature.®” For each sorted cell, we generated a
cell specification sheet containing waveform data, inter-spike interval (ISl) histograms, spike count, ISI histogram stretched to the
overall recording duration, and instantaneous firing rate throughout the recording session. Using a comprehensive list of criteria,
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we assessed whether each spike train was suitable for further data analysis. For example, we assessed the stability of the instanta-
neous firing rate over the recording duration and filter out neurons with an average firing rate below 0.5Hz during task sessions. Also,
neurons with fluctuating firing rates over a block of movie trials were eliminated. If a cell specification meets all criteria, we designate
the neuron as a “good cell” and include it in further data analysis. In total, we collected “good cells” from 202 neurons in the amygdala
(Ma: 106, Mp: 96).

Quantifying Cell Responses Tuned to Social Status and Partner Effect

We classified cells that exhibited a significant difference in firing rates (FR = %) when looking at dominant versus subor-
dinate individuals as tuned to social status (see Statistics below). Similarly, if at least one of an attended target’s partners showed a
significant difference in firing rates compared to the other two partners, we referred to this type of cell as tuned to the partner (partner
effect). The PSTH plots in Figures 2 and 4, we used a 10 ms bin for the spike counts for the histogram. We smoothed the signals in the
PSTH plots solely for the purposes of better visualization, using Savitzky-Golay filtering (Matlab function sgolayfilt) with a polynomial

order of 3 and a frame length of 11. Note that, we calculated statistics before applying the smoothing to the signals.

Statistics
Inthe PSTH plots, we used a t-test to assess the significant levels when comparing signals within the sliding window. The window size
was 60 ms, and the stride size was 10 ms.

We used one-way and two-way ANOVA to statistically compare the effect of different on the firing rate of individual neurons. Sig-
nificance levels (p-value) below 0.05, 0.01, and 0.001 are denoted with one, two, and three asterisks (*, **, ***), respectively.

We ran a one-way ANOVA to test for single factors. For example, we used it to compare looking times based on social status, the
presence of facial expressions, facial area versus body area, and hierarchy rank. Additionally, we counted the number of neurons that
were selective to the attended target’s social status or partner based on the results of the one-way ANOVA.

We utilized two-way ANOVA to explore how various factors affect neural activity in combination. To show the effects of the at-
tended target’s identity and facial expressions, we conducted a two-way ANOVA with the factors of identity (monkey A, B, C, and
D) and facial expressions (presence or absence of facial expressions). We also used a two-way ANOVA with the factors of social sta-
tus (dominant and subordinate) and facial expressions (presence or absence of facial expressions) to test if the facial expressions of
the fixated target affect neural activity instead of social status. Lastly, we tested for the main effect of status (dominant and subor-
dinate), in addition to effect of identity (monkey B and C), using two-way ANOVA.

For both one-way and two-way ANOVA, we ran the analyses independently for each neuron to test the effect on neural activity.

We applied the dPCA model to recorded amygdala neurons to assess the impact of social status at the neuronal population level
during both the social hierarchy task and the object control task. To compute dPCA results, we adapted Matlab package provided by
literature®" (https://github.com/machenslab/dPCA) and customized its configurations for use with our datasets. We analyzed data
from all 202 recorded amygdala neurons from two subjects during the hierarchy task (Figures 3 and S2) and 162 of these neurons
recorded during object task on the same days (Figure S3). To account for fixations of varying durations in the dPCA model, we
normalized the spike timings from fixation onset to the duration of each fixation to a unit time of 1 second, segmented into 20
time points. We tested classification accuracy for 20 components, arranging them in descending order based on the explained vari-
ance for each marginalization. The classification accuracy value is derived from the 100 shuffling iterations. In the figures, we showed
only the decoding accuracy plot corresponding to the highest-contributing component in the status factor results.

ADDITIONAL RESOURCES
There are no additional resources.

Visualizing Data Set Distributions

To visualize the distribution and probability density of each data set, we employed violin plots, which are hybrids of a box plots and
kernel density plots. This method offers the advantage of depicting both summary statistics and the density of each variable. In our
violin plots, the inner thick black box represents the interquartile range, while the inner thin black line expanding this box denotes 1.5
times the interquartile range. The white dot signifies the median point of the variables. The shaded areaillustrates the probability den-
sity of the data variables, with thicker part indicating higher probability.
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