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Specialized medial prefrontal-amygdala
coordination in other-regarding decision preference

Olga Dal Monte'? Cheng C. J. Chu', Nicholas A. Fagan' and Steve W. C. Chang ®134&

Social behaviors recruit multiple cognitive operations that require interactions between cortical and subcortical brain regions.
Interareal synchrony may facilitate such interactions between cortical and subcortical neural populations. However, it remains
unknown how neurons from different nodes in the social brain network interact during social decision-making. Here we inves-
tigated oscillatory neuronal interactions between the basolateral amygdala and the rostral anterior cingulate gyrus of the
medial prefrontal cortex while monkeys expressed context-dependent positive or negative other-regarding preference (ORP),
whereby decisions affected the reward received by another monkey. Synchronization between the two nodes was enhanced for
a positive ORP but suppressed for a negative ORP. These interactions occurred in beta and gamma frequency bands depending
on the area contributing the spikes, exhibited a specific directionality of information flow associated with a positive ORP and
could be used to decode social decisions. These findings suggest that specialized coordination in the medial prefrontal-amyg-

dala network underlies social-decision preferences.

facilitate cohesion among members of a group and help

attain collective rewards. While selfish behaviors can be
detrimental to these causes, they may be strategically necessary to
secure limited resources or to achieve a certain social status. The
cognitive operations central to making such social decisions are the-
orized to recruit multiple brain regions that are sensitive to primary
and more abstract rewards, and span cortical and subcortical areas
with divergent functional specifications'.

Single-neuron studies using social-interaction paradigms have
begun to characterize neuronal correlates of social-decision vari-
ables concerning conspecific animals in several brain regions.
These areas include the anterior cingulate cortex (ACC)®’, the
dorsomedial prefrontal cortex®, the basolateral amygdala (BLA)*-
', the orbitofrontal cortex®'?, the striatum’® and the lateral pre-
frontal cortex'*'*. Of these, the gyrus of the rostral ACC (ACCg)
of the medial prefrontal cortex is thought to be particularly spe-
cialized in signaling rewarding and motivational information
about social partners in humans and monkeys"'*. When monkeys
express ORPs by choosing to deliver juice rewards to a conspecific
monkey over discarding the rewards, some ACCg cells exclusively
encode the rewards of the conspecific animal while other cells
encode one’s own and conspecific’s rewards in an indistinguish-
able manner®. By contrast, orbitofrontal cortex or ACC sulcus
neurons in this paradigm predominantly signal self-referenced
decision variables by modulating firing rates only in relation to
one’s received or foregone rewards®. These findings lend support
for the role of the rostral ACCg in computing other-referenced
variables'®. Conversely, BLA neurons exhibit correlated value-
tuned activity for encoding choices that result in juice rewards
to either themselves or a conspecific monkey’, which suggests
that BLA neurons utilize a shared metric for decision variables
between self and other. Similar characteristics have subsequently
been observed in ACCg and BLA neurons in the human brain
from an intracranial study’.

!! ltruistic behaviors and mutually beneficial social exchanges

Coherence between specific nodes in the social brain network
likely plays a key role in social behavior. Human functional neu-
roimaging studies have implicated the importance of correlated
activations involving different brain regions in social cognition'®".
In prairie voles, frequency-specific coupling between the medial
prefrontal cortex and the nucleus accumbens mediates social bond-
ing”. Moreover, BLA-projecting ACC neurons are necessary for
observational fear-learning in mice?. In turn, dysregulated sub-
cortical-medial prefrontal synchrony can result in abnormal social
behaviors”. However, the neuronal mechanisms underlying interar-
eal synchrony associated with complex social behaviors in primates,
such as those related to positive or negative ORPs, remain elusive.

Reciprocal and dense projections between the ACCg and the
BLA permit the two nodes to efficiently communicate social and
affective information***. However, whether and how the ACCg
and the BLA coordinate activity for social decision-making remain
unknown. If coordinated interactions between the ACCg and the
BLA are involved in the expression of either a positive or negative
ORP concerning the welfare of others, one might expect that dis-
tinctive coordination patterns exist for two different types of ORPs.
Such interactions may be mediated by a dedicated frequency chan-
nel with a specific information flow between the ACCg and the
BLA that is associated with expressing a particular ORP. To test this,
we investigated how single-neuron spiking and local field poten-
tial (LFP) activity between the ACCg and the BLA are dynamically
coordinated when monkeys expressed a positive or negative ORP
toward a conspecific monkey. We used spike-field coherence as our
primary measure as it quantifies how spikes from one region are
synchronized to oscillatory LFP signals from another region in dis-
crete time and frequency windows, thereby allowing inspections of
synchronous coordination of neural activity between brain areas**".

We found that synchrony between spikes and LFP oscillations
between the two nodes differentiated the positive ORP from the
negative ORP. Moreover, these synchrony patterns were spe-
cific to select frequency bands and time windows and support a
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Fig. 1| Social-reward allocation task and the behaviors associated with social-decision preference. a, Left: experimental set-up involving an actor
monkey, a recipient monkey and an operating juice collection bottle. Right: example stimulus-reward outcome mappings for the two distinct contexts for
rewarding the actor (Self) or both the actor and the recipient (Both) (Self/Both context), and for rewarding the recipient (Other) or the bottle (Bottle)

(Other/Bottle context). b, Task sequence for the social-reward allocation task (see Methods for more detail).

¢, Monkeys exhibited context-dependent

positive and negative ORPs. Decision preferences are expressed as averaged contrast ratios for the two decision contexts. The overlaid data points

show the biases for all individual sessions for each subject (mean+s.e.m., n="57 sessions). The inset shows the preferences over time for each context
(mean+s.e.m., n=57 sessions). d, Social-gaze patterns reflected decisions to deliver juice rewards to the recipient or the bottle as a function of different
decisions. Shown are the mean (+s.e.m., n=57 sessions) proportions of gaze to the recipient or to the bottle during the free-viewing period for each
reward outcome. e, Average proportions of completed free-choice trials for Other/Bottle and Self/Both contexts and completed forced-choice trials for
Self, Both, Other or Bottle. Data points show individual sessions (n=57). f, Saccade reaction times (mean+s.e.m., n=57 sessions) for choosing Self, Both,
Other or Bottle. In the boxcar plots, blue lines represent the median, box edges represent the 25th and 75th percentiles, whiskers encompass all

non-outlier data points, and outliers are plotted as red crosses.

directional transfer of information between the two nodes. Unique
rhythmic coordination of neuronal activity in the primate medial
prefrontal-amygdala network may therefore contribute to social
decision-making.

Results
Monkeys exhibit positive and negative ORPs in distinct con-
texts. Pairs of rhesus macaques (an actor and a recipient) partici-
pated in a social-reward allocation task (Fig. 1a,b; Methods). In one
decision context (Other/Bottle context), whereby actor monkeys
never received juice rewards, actors were free to choose between
donating a juice drop to a recipient (Other) and to a juice collec-
tion bottle (Bottle). In the other decision context (Self/Both con-
text), whereby actors always received juice rewards, actors were free
to choose between delivering rewards to themselves (Self) and to
both themselves and the other monkey (Both). This task therefore
measures the social-decision preference of the actor without self-
reward confounding the choice of one option over the other in two
separate contexts.

Actors completed 313 +109 (mean +s.d.) trials per session over
57 sessions (monkey H: 3744110 per session, 31 sessions; mon-
key K: 240 +43 per session, 26 sessions). Consistent with previous
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findings using this design®>**, actors preferred to choose
Other over Bottle, exhibiting a positive ORP (preference index
(mean=+s.e.m.): 0.32+0.02, P<0.0001, Wilcoxon signed-rank) in
the Other/Bottle context, but preferred to choose Self over Both,
displaying a negative ORP in the Self/Both context (-0.08+0.02,
P<0.001) (Fig. 1c). These context-dependent preferences were con-
sistent over time for each session (Self/Both and Other/Bottle con-
text: both P> 0.52, linear regression)”” (Fig. 1c). These preferences
have also been observed in several different animals in independent
studies®»**, are sensitive to pair dominance and familiarity”” and
are abolished if the recipient monkey is replaced with a juice col-
lection bottle”.

Social-gaze patterns differed as a function of decision (Self, Both,
Other or Bottle) (two-way ANOVA: F(3, 455)=2.86, P=0.037)
and gaze goal (recipient or bottle: F(1, 455)=10.66, P=0.001).
Critically, the decision type and gaze goal showed a strong interac-
tion (F(3, 455)=8.75, P<0.0001), which indicates that social gaze
differed depending on the decision type. Actors overall looked at
the recipient (36 +1% (mean +s.e.m.)) at a higher rate than to the
bottle (30+1%, P=0.001, Tukey test). Importantly, after choos-
ing Other, actors looked at the recipient (41 +2%) more frequently
compared to the bottle (26 +2%, P<0.0001). By contrast, actors
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looked at the bottle more often after choosing Bottle (37 +3%) than
after choosing Other (26 +2%, P=0.002) (Fig. 1d). These obser-
vations support the notion that actors were acutely aware of the
reward outcomes between the conditions in which rewards were
either allocated to the recipient or to the bottle; that is, the two
outcomes without a self-reward contingency®****. These context-
dependent social-decision preferences provide a behavioral frame-
work for examining the coordination between the ACCg and the
BLA in expressing positive and negative ORPs toward a conspecific
monkey under different contexts.

For free-choice trials, actors overall completed more Self/Both
trials (greater than 99% for all reward sizes) compared to Other/
Bottle trials (87% for all reward sizes; F(1,341)=175.12, P<0.0001)
(Fig. 1e). However, actors were more motivated to complete Other/
Bottle trials when the reward size at stake for either the recipient
or the bottle was larger (small: 83 +2%; medium: 87 +2%; large:
90 +2%; F(2, 168)=4.3, P=0.02). For forced-choice trials, per-
formance reached a ceiling and did not differ between outcomes.
Saccade reaction times for free-choice trials differed as a function of
decision (Self: 197 +27 ms; Both: 200+29 ms; Other: 278 + 43 ms;
Bottle: 271 +59ms; F(3, 215)=59, P<0.0001) (Fig. 1f), and was
driven by the differences in reaction times for receiving rewards
(Self or Both) compared to forgoing rewards (Other or Bottle)
(P<0.0001, Wilcoxon rank-sum; Self versus Both: P=0.96; Other
versus Bottle: P=0.75; Self or Both versus Other or Bottle: all
P<0.001, Tukey test).

Coordination of spiking and LFP activity between the ACCg
and the BLA. Exploiting context-dependent positive and nega-
tive ORPs, we investigated neural coordination for the two types
of ORPs between the rostral ACCg (Brodmann areas 24a, 24b and
32)* and the BLA” (Fig. 2). All single units were recorded with-
out any sampling criterion, resulting in 253 ACCg cells and 90 BLA
cells. Supplementary Fig. 1 shows basic characterizations of the sin-
gle-cell activity and example cells with outcome-selective responses.
As we have previously characterized single-cell encoding of social-
decision variables within the ACCg and the BLA in the identical
task®’, here, we mainly focused on determining the coordination in
frequency and time between ACCg and BLA cells.

To determine whether and how neuronal coordination between
the BLA and the ACCg might underlie social decision-making, we
related the spiking activity of individual cells from each area with
LFP oscillations from the other area by calculating spike-field
coherence from pairs of neurons and LFP sites*. Spike-field
coherence values were computed from all recorded cells and LFP
sites from which we collected neural data without any selection
criteria. This resulted in 253 ACCg cells paired with 268 BLA LFP
sites (ACCg,,i.~BLAg4) and 90 BLA cells paired with 257 ACCg
LFP sites (BLA,;.~ACCgg,). In particular, we analyzed coher-
ence during the 150-ms period from the time of acquiring a choice
target for the free-choice trials (post-decision epoch) and during
the 150-ms period from the central cue onset for the forced-choice
trials to examine coherence patterns specific to active decisions.
Importantly, during this epoch, actors were required to maintain
gaze fixation on the target for the duration of the epoch to complete
their response, thus removing any eye movement confound and
allowing us to precisely match the timing and gaze fixation between
the free-choice and forced-choice trials. Crucially, coherence values
were always compared in a relative, reward-matched fashion (that
is, Other-Bottle for positive ORP and Self-Both for negative ORP)
such that any observed coherence differences could not be con-
founded by the contingency of the actor for receiving a juice reward.
Thus, actors never received rewards in the Other/Bottle context, but
always received rewards in the Self/Both context, and the use of the
Other-Bottle and Self-Both contrasts effectively removes any self-
reward contingency within the two independent contexts.
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Differences in spike-field coherence between the positive
ORP (choosing Other over Bottle, Other-Bottle) and the negative
ORP (choosing Self over Both, Self-Both) exhibited frequency-
specific coordination as a function of the area that contributed
spikes in the pair. Spikes from BLA cells and LFPs from the ACCg
(BLA,4.—~ACCgg) displayed enhanced coherence in the beta
frequency range (defined as 15-25Hz) for the positive ORP
(P<0.0001, Wilcoxon signed-rank), but suppressed coherence in
the same band for the negative ORP (P <0.0001; difference between
positive and negative ORPs: P<0.0001, Wilcoxon signed-rank)
(Fig. 3; Supplementary Fig. 2). Figure 3a,c,d, -k shows spike-field
coherence differences between positive and negative ORPs, whereas
Fig. 3b,e and Supplementary Fig. 2 separately show spike-field
coherence values for each decision preference. This enhanced
versus suppressed coherence difference was present immediately
before the time of free-choice decision and lasted until around the
time of completing the decision (post-decision epoch). In addition,
in the gamma frequency range (defined as 45-70Hz), spikes from
ACCg cells and LFPs from the BLA (ACCg,,,~BLA,,) exhibited
enhanced coherence, again, for the positive ORP (P<0.0001), but
suppressed coherence for the negative ORP in the same epoch
(P<0.0001; difference: P<0.0001) (Fig. 3d-f). This coherence
difference was also present before the time of free-choice decision
and lasted until the time of completing the decision. However, this
time course appeared lagged compared with the BLA ; ~ACCg; 4
coherence in the beta band (Fig. 3g; more details below). Moreover,
the differences in spike-field coherence between the positive and
negative ORPs did not change as a function of the temporal progres-
sion within a session for both BLA,,.~ACCgj,4 coherence values
(beta band: P=0.75; gamma band: P=0.11, linear regression) and
ACCg,.~BLAg,y coherence values (beta band: P=0.47; gamma
band: P=0.45).

Next, we investigated whether the observed spike-field coher-
ence was stronger for the subsets of BLA and ACCg cells that
significantly differentiated decision outcomes (Self, Both, Other
or Bottle; outcome-selective cells) (Supplementary Fig. 1). BLA
cells with significant outcome selectivity (37%) exhibited stronger
BLA,.—~ACCg;4 coherence differences between positive and nega-
tive ORPs in the post-decision epoch compared with nonsignificant
cells (P=0.02, Wilcoxon rank-sum) (Fig. 3h). By contrast, ACCg
cells with significant outcome selectivity (36%) did not differ in
their ACCgy.~BLA, coherence differences between the two ORPs
compared with their nonsignificant counterparts (P=0.11; Fig. 3j).
These results suggest that outcome-differentiating cells in the BLA
may play a more prominent role in BLA,;.~ACCgg,, synchrony.

Finally, we performed several control analyses to further confirm
the enhanced spike-field coupling between the BLA and the ACCg
for expressing positive ORPs. We first examined whether the spike—
field coherence patterns were influenced by the potential intention
of the actor to look in the future at either the face of the conspecific
or the bottle during the inter-trial interval, even though the actors
were required to maintain steady gaze fixation in the main analysis
epoch. Specifically, we tested possible differences in all frequency
bands during the post-decision epoch for those trials in which the
actors ultimately looked at the face (compared to no future looking)
as well as those trials in which they ultimately looked at the bottle
(compared to no future looking). For all frequency bands examined,
we did not observe marked differences. Crucially, we did not find
differences in the beta band BLA,;,~ACCgg,4 coherence (P=0.98,
Wilcoxon rank sum; Fig. 3i) or the gamma band ACCg, . ~BLA;,
coherence (P=0.94; Fig. 3k), which provides support for the idea
that the observed spike-field coherence cannot be explained by
potential anticipatory attentional allocation to the conspecific or the
bottle. Second, we ruled out several additional factors that might
explain our findings. The observed spike-field coherence pat-
terns were not simply driven by changes in spiking activity or LFP
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Fig. 2 | Anatomical locations investigated for the coordination of spiking and LFP activity between the BLA and the ACCg. Recording locations for
individual cells and LFP sites from monkey H (red points) and monkey K (orange points) projected onto standard stereotaxic coordinates of the rhesus
macaque brain atlas?®. For projections for each area, three representative coronal slices were chosen with a 2-mm interaural spacing for the ACCg and a
1-mm interaural spacing for the BLA in the anterior-to-posterior dimension (as shown in the top left cartoon). Selected landmarks are labeled: cingulate
sulcus (cgs), principle sulcus (ps), lateral orbitofrontal sulcus (los), medial orbitofrontal sulcus (mos), superior temporal sulcus (sts) and rhinal sulcus (rs).
Boxed inset shows region assignments for the ACC Brodmann names based on the Paxinos atlas®.

powers (Supplementary Fig. 3; see also Supplementary Fig. 4 for
LFP power temporal evolution in the beta and gamma bands) or by
a more global-level synchrony or common input signals by compar-
ing them to field-field coherence patterns (Supplementary Fig. 5).
When we examined whether the between-region spike-field coher-
ence patterns reported here were different from the within-region
spike-field coherence patterns, we found that they were different in
several ways (Supplementary Fig. 6). To test whether similar coher-
ence was present even when we constructed positive other-regard-
ing and negative other-regarding choices in different manners (‘type
2 contrasts’), we contrasted Both—Self for delivering rewards to the
conspecific and Bottle-Other for not delivering rewards to the other
monkey. Even with the type 2 contrasts, we found largely consis-
tent spike—field (Supplementary Fig. 7) and field-field coherence
patterns (Supplementary Fig. 8), which indicates that the spike—
field coherence is not a mere product of a preferred choice, but is
driven by positive other-regarding decisions resulting in rewards
for others. Finally, we ruled out the possibility that sensory-evoked
responses associated with choosing a target stimulus might under-
lie the differential, frequency-specific coordination. In both beta
and gamma frequency bands, the BLA ;3 .~ACCgjq and ACCg .~
BLA,y coherence patterns were not differentially modulated by
the onset of a fixation stimulus (Supplementary Fig. 9). Finally,
resampling (75% of randomly selected trials in 1,000 iterations to
calculate spike-field coherence values) produced consistent results,
which confirms that our results are not driven by outlier cells, sites
or trials (positive versus negative ORPs; BLA,;;.~ACCgg4 coher-
ence in the beta band: P=0.005; ACCg.~BLAj,, coherence in the
gamma band: P=0.001; Wilcoxon signed-rank). Taken together,
these findings indicate that interareal coherence between the BLA
and the ACCg is enhanced for expressing a positive compared with
a negative ORP.

Crucially, the coordination of spikes and LFPs observed between
the BLA and the ACCg was specific to when the actors made deci-
sions (free-choice). Using pseudo-randomly interleaved forced-
choice trials in which the computer selected the reward outcomes
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that were otherwise identical, we constructed spike-field coher-
ence differences with matching reward outcomes in the absence of
decision-making. We contrasted Other—forced and Bottle—forced
trials (forced-choice construct of a positive ORP) for comparing
it to a positive ORP, and contrasted Self-forced and Both-forced
trials (forced-choice construct of a negative ORP) for compar-
ing it to a negative ORP. The beta BLA,; .~ACCgg,, coherence
and the gamma ACCg, ,~BLAg,, coherence markedly differed
in these comparisons (Fig. 3c,f; Supplementary Fig. 2). The beta
BLA;.~ACCggy coherence (15-25Hz), which was selectively
enhanced for the positive ORP (P <0.0001, Wilcoxon signed-rank),
was absent for the forced-choice positive ORP (P=0.17) (differ-
ence between free-choice and forced-choice: P<0.0001, Wilcoxon
rank-sum) (Fig. 3¢). Similarly, the gamma ACCg,,.~BLA,, coher-
ence (45-70Hz), which was again selectively enhanced for the
positive ORP (P < 0.0001), was absent for the forced-choice positive
ORP (P=0.62; difference between free-choice and forced-choice:
P<0.0001) (Fig. 3f). Therefore, the coordination signatures that
differentiated the positive ORP from the negative ORP are unique
to making free-choice decisions and not driven by either the visual
stimuli or the anticipation of specific reward outcomes.

Given that the beta BLA,; ~ACCg;,, coherence differences
appeared to emerge earlier and terminate sooner than the gamma
ACCg,.~BLA;,y coherence differences (Fig. 3), we next examined
disparities in the coherence onset time to help elucidate any poten-
tial functional differences between the two coordination types.
The beta BLA,; .~ACCgg,, coherence began to significantly dif-
ferentiate positive from negative ORP earlier (P <0.05, Wilcoxon
signed-rank) than the gamma ACCg;.~BLA;, coherence
(Fig. 3g). Moreover, the gamma ACCg,;.~BLA;,,4 coherence con-
tinued to significantly differentiate positive from negative ORP lon-
ger compared with the beta BLA;.~ACCgj,, coherence (Fig. 3g).
To further investigate temporal profiles, we examined the time at
which either spiking or LFP activity began to significantly signal
decision outcomes (Supplementary Fig. 10). Spiking activity asso-
ciated with choosing Other emerged earlier in the BLA compared
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to the ACCg (P=0.001, two sample Kolmogorov-Smirnov test).
By contrast, there were no such differences for choosing Self, Both
or Bottle outcomes among the areas (all P=0.09) (Supplementary
Fig. 10a). Furthermore, we did not observe any temporal differences
in LFP power between the two nodes for both the beta (Self, Both,
Other and Bottle, all P>0.38) or the gamma bands (all P>0.21)
(Supplementary Fig. 10b). Finally, we tested whether there were
any anatomical differences for the coherence strength. We did not
find discernable anatomical gradients for either the beta or gamma
spike-field coherence differences between the positive and negative
ORPs within ACCg and BLA cells or sites (all comparisons using
anterior-posterior, medial-lateral or depth dimension separately,
or based on principal component analysis; all |r| <0.32, all P> 0.16,
Spearman’s correlation).

Directionality of information flow between the ACCg and the
BLA for social decisions. Coordination between the ACCg and
the BLA may exhibit a specific directionality of information flow
that may differ between expressing the two ORPs. We performed
a partial directed coherence (PDC) analysis, which is a specialized
methodology derived from the Granger principle purposely tai-
lored for analyzing directionality in the frequency-time domain®.
Without choosing any frequency bands a priori, we observed sys-
tematic differences in directional information flow between the
ACCg and the BLA as a function of social-decision preference and
frequency band. We found a significant influence of the BLA on
the ACCg in the beta band (BLA—ACCg) for a positive ORP that
began around the time of decision-making and continued for the
duration of the post-decision epoch (PDC difference between the
BLA—ACCg and the ACCg—BLA: P<0.0001, Wilcoxon signed-
rank) (Fig. 4a,b). This increase in directional influence occurred
in the same frequency range that exhibited an increase in the
BLA,;.~ACCggyq coherence for the positive ORP. By contrast,
we found the opposite pattern for a negative ORP, with a stronger
influence of the ACCg on the BLA (PDC difference in the beta
band between the ACCg—BLA and the BLA—~ACCg: P=0.002).
Similarly, we found a significant but less pronounced influence
of the BLA on the ACCg in the gamma band (BLA—ACCg) for
the positive ORP (PDC difference in the gamma band between

the BLA—>ACCg and the ACCg—BLA: P=0.04) that appeared
later than the BLA—ACCg influence in the beta band (Fig. 4c),
again with an opposite influence of the ACCg to the BLA for a
negative ORP (PDC difference between the ACCg—BLA and the
BLA—ACCg: P<0.0001). However, while we found a frequency-
dependent BLA—ACCg influence for the positive ORP in the beta
and gamma bands (compared with the ACCg—BLA), the direction-
ality associated with the negative ORP was largely frequency-inde-
pendent between the BLA—ACCg and the ACCg—BLA (Fig. 4a,b).

Finally, we observed a similar directionality of information flow
in both the BLA—ACCg and the ACCg— BLA for free-choice com-
pared with forced-choice trials for both ORPs (Supplementary Fig.
11). While we observed a general BLA—ACCg influence on the
frequency range that encompassed both the beta and low gamma
bands for the positive ORP, the directionality associated with forced-
choice trials was much less frequency-dependent compared with
free-choice trials. The directional information flow for the negative
ORP showed a strong ACCg— BLA influence (again, opposite to the
positive ORP) for the negative ORP with a longer time span.

Together, these findings demonstrate the presence of specific
information flow directions between the BLA and the ACCg, with
a general BLA—ACCg influence for expressing a positive ORP and
a ACCg—BLA influence for expressing a negative ORP. Moreover,
although the PDC analyses do not use spikes, the BLA—ACCg
information flow for the positive ORP was observed in the same
beta band that exhibited the enhanced BLA,;,-ACCgj,y coherence
for positive compared with negative ORPs.

Decoding social decisions directly from synchrony between the
ACCg and the BLA. To test whether neuronal coordination itself
contains decodable information on social decisions, we trained a
linear decoder to directly discriminate decisions from spike-field
coherence values (Fig. 3). The classifier was trained using randomly
selected subsets of 75% of the trials and later tested on the remain-
ing 25% of the trials used as inputs, yielding estimates of the deci-
sion outcome on each trial.

The first decoder was trained to distinguish between Other and
Bottle decisions (positive ORP) from the BLA,,;,~ACCgj, coher-
encevaluesinthebetaband (15-25Hz) or from the ACCg,.~BLA

>
>

Fig. 3 | Spike-field coherence between the ACCg and the BLA shows frequency-specific and free-choice-selective coordination for positive versus
negative ORPs. a, Differences in BLA,,.~ACCgg,s coherence values between a positive ORP (Other-Bottle) and a negative ORP (Self-Both) over time, and
the frequency aligned to the time of free-choice decision (n=403 pairs). b, Time courses of spike-field coherence values in the beta frequency separately
for a positive ORP (light green; Other-Bottle) and a negative ORP (light blue: Self-Both) (n=403 pairs). ¢, Time courses of beta spike-field coherence
differences between a positive ORP and a negative ORP during free-choice trials (purple; n=403 pairs) and between the forced-choice construct of a
positive ORP (Other-forced - Bottle-forced) and the forced choice construct of negative ORP (Self-forced - Both-forced) for forced-choice trials (gray;
n=287 pairs). d, Difference in ACCg,,,.~BLA;,,4 coherence values between a positive ORP and a negative ORP over time and frequency (n=1,147 pairs).
Same format as in a. e, Time courses of spike-field coherence values in the gamma frequency separately for a positive ORP (light green) and a negative
ORP (light blue; n=1,147 pairs). f, Time courses of gamma spike-field coherence differences between positive and negative ORPs for free-choice (purple;
n=1,147 pairs) trials and between the forced-choice construct of a positive ORP and the forced-choice construct of a negative ORP during forced-choice

trials (gray; n=956 pairs). g, Average time courses of the beta band BLA

spike

-ACCg4 coherence (red; n=403 pairs) and the gamma band ACCg;.-

BLA. s coherence (blue; n=1,147 pairs) differences between the two ORPs (mean +s.e.m.). Circles above the lines (in matching colors) show significant
differences from zero (P < 0.05, Wilcoxon signed-rank, two-sided; individual P values are presented in Supplementary Table 1). h, Time courses of the
spike-field coherence differences between the two ORPs during free-choice trials in the beta frequency separately for outcome-selective cells (dark pink;

n=171 pairs) and nonsignificant cells (light pink; n=232 pairs). i, Differences in the BLA

oike=ACCg;.4 coherence values over frequency between when

the monkeys ultimately looked (compared with when they did not look) at the face of the conspecific during the inter-trial interval (blue; looking at the
conspecific minus no-looking) and when they ultimately looked (compared with when they did not look) at a bottle (gray; future looking at the bottle
minus no-looking), collapsed over all outcomes (n=403 pairs). j, Time courses of the gamma band spike-field coherence differences separately for
outcome-selective cells (dark pink; n=548 pairs) and nonsignificant cells (light pink; n="599 pairs). Same format as h. k, Differences in the ACCg.~
BLA.4 coherence values between looking at the face of the conspecific and the bottle during the inter-trial interval (n=1,147 pairs). Same format as i.
Inb, ¢, e, fand h-k, significant coherence differences from zero (Wilcoxon signed-rank, two-sided) are indicated by asterisks in matching colors, and
significant coherence differences between traces (Wilcoxon rank-sum, two-sided) are indicated in black asterisks for the analyzed epoch (gray shading;
0-150ms) (***P<0.0001; **P< 0.007; *P=0.02; NS, not significant (¢, P=0.17;i, P=0.98;j, P=0.11;f, P=0.62; k, P=0.94)). In b, c, e, f and h-k, the
shaded traces represent the s.e.m. centered around the mean. In all plots, the black arrowheads mark the time at which the monkeys completed a free-
choice or forced-choice decision by maintaining gaze fixation on a chosen target or cue.
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coherence values in the gamma band (45-70 Hz). Decoding per-
formance from the beta BLA,;,-ACCg;,y coherence for dis-
criminating Other from Bottle decisions began to increase before

the decision time and peaked around the time of the decision
(P<0.0001 compared to an empirically derived null distribu-
tion, Wilcoxon signed-rank) (Fig. 5a). Conversely, the decoding
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Fig. 4 | Directionality of information flow between the ACCg and the BLA for positive and negative ORPs as a function of time and frequency.

a, Frequency-domain directional influences assessed by PDC for free-choice trials (n=593 pairs). PDC values as a function of time and frequency for the
positive ORP (Other-Bottle) for BLA—ACCg (top left) and ACCg—BLA (bottom left), and PDC values for the negative ORP (Self-Both) for BLA—~ACCg
(top right) and ACCg—BLA (bottom right). The white arrowheads mark the time at which the monkeys completed a free choice by maintaining fixation

on a chosen target for 150 ms. Dotted lines indicate the beta (15-25Hz) and gamma (45-70 Hz) band during the post-decision epoch. b, Quantification

of the directionality of information flow during the free-choice decision epoch as a function of frequency for the positive ORP decision (top) and negative
ORP (bottom) for BLA—ACCg (blue) and ACCg—BLA (red). ¢, Time courses of the beta and gamma band PDC differences for BLA—ACCg for the positive
ORP. The inset shows the PDC values as a function of time and frequency from which these time course traces were obtained (same as the top left panel
ina). In b and ¢, horizontal lines indicate significant differences between these PDC values (P < 0.05, Wilcoxon signed-rank, two-sided; n=593 pairs;
individual P values are presented in Supplementary Table 1). Shaded regions represent the s.e.m.

accuracy from the gamma ACCg,;,~BLA;,y coherence for dis-
criminating Other from Bottle decisions was lower at the time of
free-choice decision, but gradually improved during post-decision
as monkeys fixated on a chosen option to complete the decision
(Fig. 5b). The second decoder was trained to distinguish between
Self and Both for classifying negative ORPs in the identical fre-
quency bands and times. Compared with the first decoder, the
decoding performance was overall lower (positive versus nega-
tive ORP in the post-decision epoch: P<0.0001 and P<0.0001

for decoding from the BLA; ~ACCg;,, and ACCg, ~BLAg,
coherences, respectively) and did not show time-locked increases
around the time of free-choice decision, although it was still able
to decode above its empirically derived chance level (Fig. 5a,b). To
establish whether the improved decoding performance for posi-
tive ORPs might emerge earlier for the BLA,,;,~ACCgg,y coher-
ence compared with the ACCg,,.~BLA,, coherence, we divided
the epoch into the first and second halves and compared decod-
ing between the two ORPs in each phase (beta BLA;~ACCg;q
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coherence differences in the beta band (left inset; n=403 pairs; color scale as in Fig. 3a) for discriminating Other from Bottle (middle) and discriminating

Self from Both (right) decisions over time (mean +s.e.m.). Lines represent means of 100 permutation iterations with the shaded area representing the s.e.m.
Dashed lines represent the empirically determined null distribution. b, Average decoding performance using the ACCg,.~BLA;,,4 coherence in the gamma
band (left inset; n=1,147 pairs; color scale as in Fig. 3d) for discriminating Other from Bottle (middle) and discriminating Self from Both (right) decisions over
time (mean +s.e.m.). Lines represent the means of 100 permutation iterations with the shaded area representing the s.e.m.. Same format as ina. Ina and
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from zero (circle: P< 0.0001; square: P<0.05, Wilcoxon signed-rank, two-sided; individual P values are presented in Supplementary Table 1). In all plots, the
black arrowheads mark the time at which the monkeys completed a free-choice decision by maintaining fixation on a chosen target for 150 ms.
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versus gamma ACCg,,.~BLAg,,). In the earlier phase, decoding
performance was significantly greater for the beta BLA ;. ~ACCgjq
coherence compared with the gamma ACCg,;.~BLA,y coherence
(P<0.0001), whereas this relationship was reversed in the later
phase, such that the relative decoding performance for the gamma
ACCg,.~BLA,y coherence was significantly greater than the beta
BLA3.~ACCggqq coherence (P<0.0001) (Fig. 5¢). These temporal
differences in decoding accuracy were consistent with the temporal
differences observed between the beta BLA, ;. ~ACCgs4 coherence
and the gamma ACCg,;~BLA;, coherence differences in favor of
positive ORPs (Fig. 3g). Although the extent of decoding accuracy
for predicting social decisions was low even at the peak level, decod-
ing directly from the synchrony signatures was nevertheless reliable.

Discussion
Distinct neural populations exhibit synchronized activity that
might facilitate information transmission**'. Evidence supports the
notion that interareal oscillatory coordination is one of the mecha-
nisms used to regulate a wide range of functions, from visual percep-
tion’>*’, motor planning™ and spatial navigation® to higher-order
functions underlying working memory*, associative learning and
decision-making”-*". A number of studies have also emphasized
the importance of cortical-subcortical interactions»»***°, Here,
we showed that there are specific synchrony signatures of neuronal
activity between the BLA and the ACCg in social decision-making.
A positive ORP was associated with enhanced coherence
between the spiking of BLA neurons and beta LFP oscillations in
the ACCg, and with enhanced coherence between the spiking of
ACCgneurons and gamma LFP oscillations in the BLA. By contrast,
a negative ORP was associated with suppressed coherence. Thus,
enhanced co-engagements of the ACCg and the BLA may promote
a positive ORP, whereas co-disengagements may in turn promote a
negative ORP. Notably, the coordination exhibited frequency spe-
cializations. Frequency-specific coordination may provide separate
synchrony ‘streams’ that might be useful for communicating differ-
ent information computed locally from each area. Specializations of
beta and gamma frequency channels in processing different cogni-
tive information have been observed in the past for cortico-cortical
interactions"’. It has also been suggested that the spiking output of
the BLA synchronizes the ACC by influencing oscillations®. Our
results suggest that beta frequency may link the presynaptic spiking
output of BLA cells with the postsynaptic oscillations at the input of
the ACCg to drive interareal synchrony in social decision-making.
Synchrony in the lower frequency range, including beta, is
thought to be more robust and tolerant to temporal dynamics of spik-
ing activity due to slower temporal profiles*’, which perhaps makes
lower frequency channels more suitable for synchronizing distant
structures compared with higher frequency channels such as gamma.
Furthermore, in some cases, beta synchronization can be short-
lived, reflecting momentary anticipation, upcoming decisions and
internally driving choices in a top-down manner”. Synchronization
between BLA spikes and ACCg fields may facilitate robust and long-
range coordination. Recently, accumulating evidence supports a role
of beta synchronization in decision-making, especially when deci-
sions involve context-specific and subjective processes*’. The increase
in beta synchrony between BLA spikes and ACCg fields during post-
decisions may therefore signify subjective decision-related feedback
associated with positive ORPs. Conversely, synchrony in higher fre-
quencies is likely to be driven by local computations requiring fast-
spiking GABA-ergic interneurons***. Gamma frequency has been
implicated in generating selective representations of salient stimuli
over others*. The gamma coherence between ACCg spikes and BLA
fields may indicate further local computations in the ACCg follow-
ing the long-range synchrony initiated by the BLA and may provide
support in communicating additional agent-specific computations
linked to vicarious reward in the ACCg®.

NATURE NEUROSCIENCE | VOL 23 | APRIL 2020 | 565-574 | www.nature.com/natureneuroscience

The directionality of information was largely selective for posi-
tive ORPs, with the predominant directional influence from the
BLA to the ACCg in the beta frequency greater for positive com-
pared to negative ORPs. This directionality occurred in the same
frequency that exhibited enhanced coordination between BLA
spikes and ACCg fields for positive ORPs. Crucially, the BLA .~
ACCgg4 coordination associated with positive ORPs was amplified
for the outcome-selective BLA cells. Taking these results together
with the earlier emergence of the BLA,;,,~ACCg,,y compared with
the ACCg,,~BLA;,y coordination, BLA cells that differentiate
social-decision outcomes may engage the ACCg for positive ORPs.
BLA cells also signal social contextual information, such as social-
gaze orientation and facial expressions**. Future work can test
whether and when BLA cells with other known functions transmit
information to the rostral ACCg or other medial prefrontal cortical
areas to bias social decisions. Furthermore, optogenetic tools would
help causally test the function of BLA-ACCg synchrony in social
decision-making.

Notably, the BLA-ACCg synchrony was largely specific to active
decision-making, compared to trials in which the computer made
the decisions, which supports the idea that the interareal syn-
chrony was not simply driven by anticipation of upcoming reward
outcomes. Although it is inherently difficult to entirely rule out
the possibility that these circuits are less engaged by virtue of not
making active decisions, expressing social preference may engage
these circuits in unique ways. This hypothesis is supported by two
previous observations in the primate BLA that demonstrated spe-
cialized codes for computing free-choice, compared with forced-
choice, decisions™®.

In social decision-making, it is imperative to be aware of a
chosen option and an ultimate actualization of the reward out-
come for either self or other. In the reinforcement-learning theory,
post-decision, decision-trace or ‘afterstate’ signals available during
post-decisional monitoring can serve as an important and unique
feedback mechanism for efficient learning of actions and reward
outcomes™. The observed spike-field coherence is unlikely to be
directly involved in generating a decision, as the coherence emerged
after a stage of formulating a choice for both the beta and gamma
bands. Moreover, the increase in the coherence value in both bands
specific to positive ORPs only remained until a potential reward
could be received, displaying a temporal specificity to the post-
decision epoch. We therefore hypothesize that the BLA and the
ACCg interact during a post-decision state that is associated with
expressing a positive ORP. These synchronous interactions in the
prefrontal-amygdala circuits, known for incorporating social, affec-
tive and reward information, may occur as a result of synchronized
feedback that is useful for adjusting future social decisions. Future
work with a specific behavioral design that modulates the fidelity
of post-decision monitoring in relation to BLA-ACCg synchrony is
necessary to directly test this hypothesis.

Finally, it is worth pointing out some limitations of our work.
Although the task had an embedded condition for delivering juice
to a non-social entity (Bottle), it remains unknown whether similar
coherence would be present during a completely non-social context
(despite the fact that the coherence was specific to the reward out-
come of the Other, rather than preference per se; Supplementary
Fig. 7). Future work should examine how coherence might be dif-
ferentially modulated between social and non-social contexts.
Moreover, although we removed any self-reward contingency
within the two independent decision-making contexts (Self-Both
from the Self/Both context and Other-Bottle from the Other/Bottle
context), it is worthwhile acknowledging that the two contexts
were still different, and deriving a positive ORP from the Other/
Bottle context and a negative ORP from the Self/Both context might
have influenced our findings. However, the fact that we observed
overwhelmingly similar spike-field coherence and field-field
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coherence after deriving a positive ORP from the Self/Both context
(Both-Self) and a negative ORP from the Other/Bottle context
(Bottle-Other) greatly mitigates this concern.

Overall, our findings support that BLA and ACCg neurons uti-
lize distinct frequency channels and direction-selective coordina-
tion in social decision-making. Efficient and strategic coordination
occurring between medial prefrontal regions and the amygdala that
prioritizes positive over negative ORPs may play an essential role
in promoting mutually beneficial social cohesion. In turn, failures
in synchronized transmissions along the prefrontal-amygdala net-
work may bias the network to converge toward producing atypical
social behaviors.
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Methods

Animals. Two adult male rhesus macaques (Macaca mulatta) were involved in the
study as actors (monkeys K and H; both aged 6 and weighing 7 kg and 8 kg) and
two adult female monkeys (aged 6 and 10 years, and weighing 9kg and 10kg) were
involved only as recipients in the social-reward allocation task. All animals were
unrelated and not cage mates. Actors were housed in a colony room with other
male macaques, whereas the two female macaques resided in an adjacent colony
room with other females. All four subjects were housed in pairs with other animals
from the colony, kept on a 12-h light-dark cycle, had unrestricted access to food,
but controlled access to fluid during testing. No animals were excluded from our
analyses. All procedures were approved by the Yale Institutional Animal Care and
Use Committee and complied with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Surgery and anatomical localization. All four animals received a surgically
implanted headpost (Grey Matter Research) for restraining their head during the
experiments. Subsequently, a second surgery was performed on actor monkeys to
implant a recording chamber (Crist) to provide access to the ACCg and the BLA.
Placement of the chambers was guided by both structural magnetic resonance
imaging (MRI, 3T Siemens) scans and stereotaxic coordinates. Before starting

the recording experiments, we performed a manganese-enhanced magnetic
resonance imaging (MEMRI) session for each actor monkey to precisely localize
our recording sites in both the ACCg and the BLA. For MEMRI, we focally infused
2 pl of manganese (II) chloride (19.8 pgpl™) in saline solution in both areas using
modified Hamilton syringes that traveled along an identical trajectory to that of
the electrodes. We then performed a structural MRI scan 3 h after the infusion to
visualize a bright halo to confirm anatomical locations’'. All electrophysiological
recordings were carried out simultaneously from the ACCg (Brodmann areas 24a,
24b and 32)” and the BLA” (Fig. 2).

Social-reward allocation task. Two monkeys (an actor and a recipient) sat in
primate chairs (Precision Engineering) 100 cm from one another at a 90° angle
(Fig. 1a). Each monkey had his own monitor, which displayed identical visual
stimuli. Both monkeys had their own juice tubes from which juice drops were
delivered via solenoid valves. A third juice tube with its own dedicated solenoid
valve delivered juice rewards into an empty bottle (Bottle), which was placed on
the opposite side of the recipient (Fig. 1a). To prevent monkeys from forming
secondary associations with solenoid clicks, the three solenoid valves were
placed in another room and white noise was played in the background during
all experimental sessions. An infrared eye-tracking camera (EyeLink 1000, SR
Research) continuously recorded the horizontal and vertical eye positions from the
actor monkeys.

An actor began a trial by fixating on a central square for 150 ms with gaze.
The reward value at stake for each trial was specified by a magnitude cue
displayed as a vertical bar indicating juice volume (0.2, 0.4 or 0.6 ml). The
actor was required to maintain gaze fixation on the magnitude cue for 400 ms.
Following a variable delay (200, 400 or 600 ms), the actor was presented with
either a free-choice (75%) or a forced-choice (25%) trial. For free-choice trials,
two visual targets appeared at two random peripheral locations on opposite sides
of the screen. The actor had 2 s to make a choice by shifting its gaze to a target
and maintaining the fixation on the target for an additional 150 ms to complete a
choice (that is, any break in gaze fixation resulted in an incomplete trial with no
further progression in the trial). These choice targets were always presented in
two distinct contexts pseudo-randomly presented. In the Self/Both context (50%
of free-choice trials), the actor made decisions to deliver a juice drop to himself
(Self) or to both himself and the recipient monkey (Both; the same amount was
delivered at the same time to both monkeys). By contrast, in the Other/Bottle
context (50% of free-choice trials), the actor made decisions to deliver a juice
drop to the recipient monkey (Other) or to the empty juice collection bottle
(Bottle). Critically, choices made in the two contexts were reward-matched from
the perspective of the actor such that the actor always received a reward in the
Self/Both context but never received a reward in the Other/Bottle context. After
a variable delay from completing the decision (200, 400, 600 or 800 ms), a juice
reward corresponding to the chosen target was delivered to himself (Self), to the
recipient (Other), to both monkeys (Both) or to the bottle (Bottle). For forced-
choice trials, only a single central cue was presented on the screen, and the actor
had to simply maintain the fixation for 150 ms to complete the forced-choice
decision (that is, any break in fixation resulted in an incomplete trial with no
further progression in the trial). These computer-determined reward outcomes
occurred with equal frequency, pseudo-randomly ordered. After a variable
delay (200, 400, 600 or 800 ms), a juice reward corresponding to the central cue
was delivered to himself (Self-forced), to the recipient (Other—forced), to both
monkeys (Both—forced) or to the bottle (Bottle-forced). For both free-choice
and forced-choice trials, the reward delivery was followed by a 2.5-s inter-trial
interval, during which the actor was free to look at the recipient or any other
locations in the set-up. A trial was considered incomplete if the actor failed to
choose a target or maintain the required 150-ms fixation for free-choice trials or
to maintain the required 150-ms fixation on the cue on forced-choice trials. The
incomplete trials were not included in the analyses.
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Electrophysiology. LFP and spiking activity were recorded using 16-channel axial
array electrodes (U- or V-Probes, Plexon) or single tungsten electrodes (FHC
Instruments) placed in each of the recording regions using a 32-channel system
(Plexon). At the beginning of each session, a guide tube was used to penetrate

the intact dura and to guide electrodes, which were lowered using a motorized
multielectrode microdrive system (NaN Instruments) at a speed of 0.02mms.
After the electrodes reached the target sites in both the ACCg and the BLA,

we waited 30 min for the tissue to settle before starting each recording session

to ensure signal stability. Because some of the data were obtained using two
16-channel electrode arrays, one in the ACCg and the other in the BLA (20% of
the total recording sessions), we randomly assigned 16 uniquely paired LEP sites
between the two regions, using a random number generator, to remove redundant
inflations of correlation for the relevant data. Otherwise, no cells or LFP sites were
excluded from our analyses.

Data analyses. See Data availability and Code availability information at the end of
the Online Methods section.

Behavioral analyses. We constructed choice preference indices as contrast
ratios®”*"** (equation (1)).
Ry — Ry

Preference index =
R, + Ry

1)

R, and R, were the frequency of particular choices. For the Self/Both context,
R, and R, were the numbers of Both and Self choices, respectively. For the
Other/Bottle context, R, and R, were the numbers of Other and Bottle choices,
respectively. An index of 1 therefore corresponded to always choosing a positive
ORP outcome, -1 corresponded to always choosing a negative ORP outcome and 0
indicated indifference. We also performed regression analysis to quantify changes
over time in their behavioral preferences for both Self/Both and Other/Bottle
context in each session.

Looking frequency was computed on the basis of the average number of gaze
shifts landing on the face of the recipient monkey (the face region of the recipient
was empirically mapped and fitted with a rectangle window) or the bottle (mapped
empirically with the same-dimensioned window as the face region) during the
2.5-s inter-trial interval®**"*, Decision reaction times, the time from the onset of
two targets on free-choice trials to eye movement onset, were computed using a
20°s™! velocity criterion®*"*,

Spiking and LFP activity. Broadband analog signals were amplified, band-pass
filtered (8-250kHz) and digitized (40 kHz) using a Plexon OmniPlex system.
Spiking data were saved for waveform verifications offline and automatically
sorted using the algorithm MountainSort>’. LFP data were analyzed using
custom Matlab scripts (MathWorks) and the Chronux signal processing
toolbox™. Continuous LFP signals from each recording electrode in each

area were segmented into 1-s periods centered on acquiring (that is, saccade
offset) the choice target or acquiring the central cue at a sample rate of 1kHz.
Raw signals were then band-pass filtered from 2.5 Hz to 250 Hz. We chose a
zero-phase filter to avoid introducing phase distortions to the signals. Signals
were normalized by subtracting a reference voltage trace recorded from an
independent reference electrode placed in the subdural space to eliminate
common noise from each electrode. In a subset of the data where we could
accurately compare bipolar and unipolar referencing methods (using 16-channel
electrode arrays in both the ACCg and the BLA; 20% of the total recording
sessions), we found similar spike-field coherence results and PDC directional
results between the two methods (see ref. **). Three primary epochs were used
to carry out neural data analyses: during the 150-ms window in which the first
fixation period was required to begin each trial (baseline epoch); during the
150-ms period from the time of acquiring (that is, saccade offset) a choice target
for free-choice trials (post-decision epoch); and during the 150-ms period

after the central cue onset for forced-choice trials (cue epoch). To determine
outcome-selective cells from each region, we performed one-way analysis of
variance with outcome as the factor (Self, Both, Other or Bottle) using the
spiking activity from either the post-decision epoch or reward epoch (50-450 ms
from reward onset). Finally, to compare the emergence times of outcome-
selective signals in both spiking and LFP activity, we calculated the cumulative
distributions of the times at which each cell or LFP site exhibited significant
encoding of different outcomes around the time of decision-making relative to
the baseline epoch (P < 0.05, Wilcoxon signed-rank).

Spike-field coherence and field-field coherence. We quantified spike—field
coherence levels by examining the phase differences between LFPs and spike
signals. We designated one area as the spike contributor and the other area as the
field contributor. Spike-field coherence was calculated from two directions: either
the ACCg or the BLA as the spike contributor and the other area in the pair as the
field contributor. We first binned spikes and LFPs using sliding time-windows of
150 ms, in steps of 50 ms, for a 1-s interval centered on the time of decision for
free-choice trials or the cue onset for forced-choice trials. Fourier estimates were
then computed by means of a multitaper transformation applied to single trial data;
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we selected a time half-bandwidth product of 2 and multiplied the raw signals by 3
Slepian (orthogonal) tapers™. With a 1-kHz sampling rate, this yielded a frequency
resolution of ~3.096 Hz. Spectral density estimates were additionally restricted to
the 10-80 Hz interval, considering the Nyquist limit. The spectrum density of point
process (spikes) was transformed by applying fast Fourier transform on the discrete
data. Coherence was then calculated between two spectrum densities of continuous
process (LFP) and point process (spikes) by computing the cross-spectral density
of the two processes (x and y; P,)) with respect to frequency (f), which was
normalized by the product of the power spectral densities of each process (P,, and
P,) as a function of frequency (equation (2)).

PN @
PPy (f)

Raw coherence values therefore ranged from 0 to 1, whereby a perfectly
constant phase relationship between the two regions would be indicated by
a coherence value of 1, while an absence of any phase relationship would be
indicted by a value of 0. We contrasted the coherence values between different
conditions and obtained an average over pairs of cells and LFP sites, where the
spike contributor had at least 1 spike in a 150-ms bin. Linear regression was used
to quantify the changes in BLA,;~ACCg;,q coherence and ACCg,.~BLAq
coherence patterns for both the beta and gamma bands over time within
each session.

For calculating within-region spike-field coherence, we used the same
approach described above for between-region spike—field coherence, but excluded
relating spikes and LFPs originating from the same electrode channels. For looking
at the relationships of LFPs between the two regions, field-field coherence was
computed using the same format as for the spike-field coherence described above,
but with the following exception. Field-field coherence was calculated between two
spectrum densities of continuous processes (LFPs from each region) by computing
the cross-spectral density of the two processes (x and y; P,) with respect to
frequency (f), which was normalized by the product of the power spectral densities
of LFP processes from each region (P,, and P,)) with respect to frequency (same
format as in equation (2)).

Coherence =

Directionality of information flow. We calculated the PDC, which is based on
the multivariate autoregressive (MVAR) model and is well suited for describing the
directionality of information flow between simultaneously recorded time series in
the frequency domain®. We contrasted the time-varying PDC as (Other) - (Bottle)
and (Self) - (Both) for free-choice trials, as well as (Other-forced) - (Bottle-forced)
and (Self-forced) - (Both—forced) for forced-choice trials. As for the coherence
analyses, we restricted the combinations of pairs to be unique over sites. For
example, for the data recorded from a 16-channel array placed in each of the

two areas, we randomly selected 16 unique pairs out of 16 X 16 pairs to avoid
redundancy and undesired inflation in correlations. For each pairwise LFP signals,
the parameters of the MVAR model of order r was formulated as follows:

a. a’.
Ar= |:al; a?:| ()
i i
where parameter a reflects a linear relationship between channel i and j at delay r.
While r=1...p represents the order of the model. To obtain PDC measures over
time, instead of applying an adaptive filtering method to estimate the time-varying
autoregressive coefficient, we calculated PDC values based on a sliding window
of 150 ms with a 50-ms step size, just as we did for the coherence measures. The
model order of the MVAR model was estimated by using the post-decision epoch
data to minimize Schwarz Bayesian information criteria for all LFP pairs. This
resulted in p =12, specifying that the current value is predicted by the immediately
preceding 12 values in the series. The model extended to the frequency dimension
and was defined as follows:

A =1=3" AZ7|_ (4)

where I is the identity matrix and f ranges within 0 to Nyquist frequency. PDC
values were then defined by taking the absolute value of A(f) and normalizing by
its column vector (see equation (18) in ref. **). To reduce the covariability of signals
between channels due to common sources, we adapted the extended version of
classical PDC*. The new generalized orthogonalized measure of PDC ¢ asa
function of time and frequency was defined as follows:

i) = — [Real{4;(f)}|  [tmaginary{4;(f)}|
ij Ak \/a]H(f)Z‘;laj(f) \/a}H(f)Z;laj(f)

,if i) (5)

where a; is the /s column vector and A; is the ij th element of A(f). H denotes the
Hamilton transpose of the vector a. X, is the diagonal covariance matrix from the
MVAR noise covariance matrix w, where 1, is a diagonal element of X,.. For one
pair of channels, () was shown in a 2 X 2 matrix, where non-diagonal elements
represent a directional interaction between channels i and j; that is, ACCg—BLA or

BLA—ACCg. We then calculated and averaged () for all trials in each condition
(Self, Both, Other and Bottle) and averaged pairwise sites of PDC for all recording
sessions. For testing whether specific frequency bands exhibit significantly
different PDC values between conditions for each ACCg—BLA and BLA—ACCg,
we compared PDC values from the same time window used for the main spike-
field coherence results.

Linear discriminant analysis. To test the decodability of social decisions directly
from spike-field coherence values, we used a standard linear classifier for
population decoding”. The analysis was run separately for each time-frequency
bin (150-ms bin with 5-ms steps) and for each decision context. For a given
time-frequency bin and context, the trial-level vector of spike-field coherence
values in that bin was extracted, along with the corresponding vector of decision
outcomes for each trial. This outcome vector contained Other and Bottle labels
or Self and Both labels, depending on the decision context. The decoder was
therefore trained to discriminate between binary outcomes on the basis of
spike—field coherence values. In the training phase, 75% of trials were selected at
random to train the classifier model. In the testing phase, coherence values for
the remaining 25% of trials were used as inputs, yielding estimates of the decision
outcome on each trial.

Decoder performance was assessed as the percentage of test-phase trials
that were correctly labeled. The statistical significance of the performance was
assessed with a permutation test. For each of the 100 iterations, a null value of
the performance of the decoder was obtained by shuffling the decision-outcome
labels before training and testing. The analysis therefore produced arrays of
matching sizes representing the real and null decoding performance for each (time,
frequency, condition and iteration) sequence. Decoding was considered significant
if the average performance was higher than the corresponding null performance
at least 99% of the time (P <0.01, corrected for false discovery rate for multiple
comparisons over frequencies).

General and statistical statements. See the Nature Research Reporting Summary
for consistency and transparency in reporting. Data collection and analyses were
not performed blinded to the conditions of the experiments. Data collection

was randomized for all trial types and stimulus presentations, but had no
experimental grouping based on animals. Statistical tests included parametric
and nonparametric methods. For both parametric and nonparametric tests, data
were well distributed with respect to the assumptions of the test, but this was not
formally tested. For tests involving an empirically derived null distribution, the
number of iterations and shuffling and resampling procedures were consistent
with those of previous publications (for example, see ref. ''). No statistical
methods were used to predetermine sample sizes, but our sample sizes (both
behavioral and neuronal) were similar to those reported in previous publications
(for example, see refs. >***").

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
Behavioral and neural data presented in this paper are available at https://github.
com/changlabneuro/medial-prefrontal-amygdala-coordination-analyses.

Code availability

Behavioral and neural data analysis codes central to this paper are available at
https://github.com/changlabneuro/medial-prefrontal-amygdala-coordination-
analyses.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
[] Antibodies X[ ] chip-seq
[] Eukaryotic cell lines XI|[ ] Flow cytometry
|:| Palaeontology |Z| |:| MRI-based neuroimaging
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Two adult male rhesus macaques (Macaca mulatta) were involved in the study as actors (monkeys K and H; ages, both 6;
weights, 7 and 8 kg), and two adult female monkeys (ages, 6 and 10; weights, 9 and 10 kg) were involved only as recipients in the
social reward allocation task. All animals were unrelated and not cagemates. Actors were housed in a colony room with other
male macaques, whereas two female macaques resided in an adjacent colony room with other females. All four subjects were
housed in pairs with other animals from the colony, kept on a 12-hr light/dark cycle, had unrestricted access to food, and
controlled access to fluid during testing. All procedures were approved by the Yale Institutional Animal Care and Use Committee
and in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Wild animals The study did not involve wild animals.
Field-collected samples The study did not involve samples collected from the field.
Ethics oversight All procedures were approved by the Yale Institutional Animal Care and Use Committee

and in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Fig. S1. Single neuron summary for encoding Self, Other, Both,

four example cells, each with different outcome-related modulations.
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free-choice and forced-choice trials in BLA and ACCg. (a) Proportions of all recorded cells in ACCg
(left) and BLA (right) that exhibited significant firing rate modulations in Self (purple), Both (orange),
Other (blue), or Bottle (gray) condition over time relative to the baseline fixation epoch (p < 0.05,
Wilcoxon sign rank, two-sided; n = 253 ACCg and 90 BLA cells; individual p-values can be found in
Supplementary Table 1). Data from free-choice trials (solid lines) are aligned to the time of decision,
whereas data from forced-choice trials (dashed lines) are aligned to the time of cue onset. Note that this
analysis examined the time bins in which spikes obtained within each outcome condition showed a
significant difference from its own baseline. (b) Pie charts showing the proportions of outcome selective
cells in BLA and ACCg. (¢) Example outcome selective cells in BLA and ACCg. For each area, we show
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Fig. S2. Spike-field coherence between ACCg and BLA cells separately for positive ORP and
negative ORP as well as for similar contrasts constructed from forced-choice trials. (a) BLAike—
ACCgriea coherence (left; n = 403 pairs) and ACCgypike—BL A1 coherence (right; 1147 pairs) over time
and frequency separately for when monkeys actively expressed either positive ORP (choosing Other over
Bottle, Other—Bottle) or negative ORP (choosing Self over Both, Self~Both) on free-choice trials. Data are
aligned to the time of decision on free-choice trials. (b) BLAgike—ACCgsela coherence (left; 287 pairs) and
ACCgyike—BLAfe1d coherence (right; 956 pairs) over time and frequency separately for when monkeys
were presented with computer-determined outcomes on forced-choice trials, contrasting Other-forced
over Bottle-forced to generate positive ORP forced-choice contrast (Other-forced — Bottle-forced) and
Self-forced over Both-forced to generate negative ORP forced-choice contrast (Self-forced — Both-forced).
Thus, these forced-choice contrasts matched the contrasts used for positive ORP (choosing Other over
Bottle) and negative ORP (choosing Self over Both) with respect to reward outcome. Data are aligned to
the time of cue onset on forced-choice trials. In all plots, the black arrowheads mark the time at which the
monkeys completed a free-choice or forced-choice decision by maintaining fixation on a chosen target or
cue for 150 ms.
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Fig. S3. Absence of correlations between the observed spike-field coherence values and the
magnitudes of firing rates and LFP power in both BLA and ACCg. To test whether the differences
observed in spike-field coherence could have been driven simply by either the changes in spiking activity
or LFP power within each brain region, we correlated the changes in firing rate and the changes in LFP
power of each brain region with the observed BLAgike-ACCgricla and ACCgspike-BLAgc1d coherence
patterns. (a) Differences in the beta BLAike-ACCgricid (left; n = 403 pairs) and the gamma ACCggpike-
BLAfea (right; 1147 pairs) coherence values between positive ORP and negative ORP over time as a
function of high (left, 119 pairs; right, 382 pairs), medium (left, 150 pairs; right, 443 pairs), low (left, 134
pairs; right, 322 pairs) magnitude quantiles from the firing rates of BLA cells (left) and ACCg cells (right)
used in the corresponding spike-field calculations. The spike-field coherence values and the firing rates of
the cells were correlated for the gamma band but not for the beta band (left, r = -0.05, p = 0.37; right, r =
0.10, p < 0.001], Pearson’s correlation). (b) Differences in the beta BLAgike-ACCgricla (left) and the
gamma ACCgpike-BL A1 (right) coherence values between positive ORP and negative ORP over time as
a function of high (left, 687 pairs; right, 265 pairs), medium (left, 286 pairs; right, 59 pairs), low (left, 174
pairs; right, 79 pairs) magnitude quantiles from the LFP powers in ACCg sites (left) and BLA sites (right)
used in the corresponding spike-field calculations. There was a correlation in the beta band (r = 0.15, p =
0.002, Pearson’s correlation two-sided) but not in the gamma band (r = -0.04, p =0.19).
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Fig. S4 Time courses of LFP powers in the beta and gamma bands in BLA and ACCg with respect
to the differences between positive and negative ORPs for both free-choice and forced-choice trials.
(a) Differences in the beta (left) and the gamma LFP powers (right) between positive ORP and negative
ORP over time in BLA and ACCg on free-choice trials (BLA, n = 368 sites; ACCg, 428 sites). Lines
indicate mean + s.e.m.. (b) Differences in the beta (left) and the gamma LFP powers (right) over time in
BLA and ACCg on forced-choice trials (BLA, 368 sites; ACCg, 428 sites), contrasting Other-forced over
Bottle-forced to generate positive ORP forced-choice contrast and Self-forced over Both-forced to
generate negative ORP forced-choice contrast (thus, matching the contrasts between free-choice and
forced-choice trials with respect to reward outcome). Lines indicate mean + s.e.m.. Except for the gamma
band LFP on forced-choice trials (right in the panel b), the LFP powers between BLA and ACCg
exhibited highly similar modulation time courses. Interestingly, whereas the beta band LFP power
differences between the two ORPs markedly increased in both BLA and ACCg following the time of
decision on free-choice trials, the same beta band LFP power differences markedly decreased similarly in
both areas following cue onset on forced-choice trials.
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Fig. S5. Field-field coherence between ACCg and BLA. To establish if the observed spike-field
coherence patterns were not merely driven by a more global-level synchrony or by common input signals,
we examined field-field coherence values between the two areas, which are known to be more susceptible
to such non-specific sources, in order to compare them to the spike-field coherence values. (a) Time
courses of field-field coherence values in the beta frequency (left, 15-25 Hz) and the gamma frequency
(right, 45-70 Hz) separately for positive ORP (light green; Other—Bottle) and negative ORP (light blue;
Self-Both) (n = 593 pairs). The shaded traces represent + s.e.m. centered around the mean. During the
post-decision epoch, we found no increase in the field-field coherence patterns in the beta band for
positive ORP (p = 0.31, Wilcoxon sign rank, two-sided, indicated by ns) and also no decrease in the field-
field coherence patterns for negative ORP (p = 0.30, indicated by ns). However, we observed enhanced
field-field coherence in the gamma band for positive ORP (p = 0.03, indicated by *) and negative ORP (p
< 0.0001, indicated by ***). (b) Time courses of beta (left) and gamma (right) band field-field coherence
contrasting between the two ORPs on free-choice trials (purple) and forced-choice (forced-choice



constructs; see the figure legend in S4) (grey) (593 pairs). The shaded traces represent + s.e.m. centered
around the mean. We found a significant difference in the beta field-field coherence between free- and
forced-choice trials (both p < 0.0001, Wilcoxon rank sum, two-sided, indicated by ***), with a slight
increase associated with free-choice (p = 0.09, indicted by 1) but a strong decrease for forced-choice (p <
0.0001, indicated by **%*). In the gamma band, we observed a significant difference between the two trial
types (p < 0.0001, indicated by ***), with a slight decrease associated with free-choice (p = 0.08,
indicated by §) but an increase for forced-choice (p < 0.0001, indicated by ***). (¢) Time courses of
coherence differences between the two ORPs on free-choice trials in the beta frequency (left) and the
gamma frequency (right) separately for the field-field (dark gray; 593 pairs), BLApike-ACCgriela (dark
pink; 403 pairs), and ACCgyike-BLArie1q relations (purple; 1147 pairs). When we directly compared the
spike-field coherence differences to the field-field coherence differences between positive and negative
ORPs, we found a markedly stronger spike-field coherence patterns both in the beta and in gamma bands
(post-decision epoch, both p < 0.0001, Wilcoxon rank sum, two-sided, indicated by ***). In a—c,
significant coherence differences between the traces are indicated for the analyzed epoch (gray shading,
0-150 ms), and the black arrowheads mark the time at which the monkeys completed a free-choice or
forced-choice decision by maintaining fixation on a chosen target or cue for 150 ms. (d) Differences
(mean + s.e.m.) between BLApike-ACCricia (light blue), ACCgspike-ACCgsieia (green) and ACCriela-BLA fieta
(dark gray) coherence values over frequency during the post-decision epoch for positive ORP, negative
ORP, and for the contrast between the two ORPs. Circles above the lines (in matching colors) show
significant differences of the spike-field pairs from the field-field pairs (p < 0.05, Wilcoxon sign rank,
two-sided; individual p-values can be found in Supplementary Table 1). Taken together, the results
shown in this figure suggest that the observed spike-field coherence patterns differentiating positive ORP
from negative ORP (Fig. 3) were not likely to be simply driven by common input signals to both ACCg
and BLA, as these should be better indexed by their field-field patterns.
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Fig. S6. Local, within-region spike-field coherence in ACCg and BLA for positive ORP compared to
negative ORP. To identify potential relationships between within-region and between-region coherence
patterns, we compared the interareal spike-field coherence patterns directly to the within-region spike-
field coherence patterns. (a) Differences in BLAgpike-BLAfgieia coherence (left; n = 405 pairs) and
ACCgsike-ACCgricla coherence (right; 2101 pairs) over time and frequency when monkeys actively
expressed positive ORP (choosing Other over Bottle) versus negative ORP (choosing Self over Both) on
free-choice trials. Data are aligned to the time of free-choice decision. Differences in BLAgpike-BLAfc1a
coherence between positive and negative ORPs increased diffusely before the time of decision not only in
the beta band but also in a much wider gamma range (both frequency bands, both p < 0.0001, Wilcoxon
sign rank, two-sided). On the other hand, differences in ACCggike-ACCgriela coherence between positive
and negative ORPs increased around the time of decision in the gamma band (both p < 0.0001). (b)
Differences in BLApike-BLAgcia coherence (left; 405 pairs) and ACCgqpike-ACCgriela coherence (right);
2101 pairs) over time and frequency when monkeys were presented with computer-determined outcomes
on forced-choice trials, contrasting Other-forced over Bottle-forced to generate positive ORP forced-
choice contrast and Self-forced over Both-forced to generate negative ORP forced-choice contrast (thus,
matching the contrasts between free-choice and forced-choice trials with respect to reward outcome).
Data are aligned to the time of cue onset on forced-choice trials. There were overall similar coherence



differences on forced-choice trials when the computer determined the outcomes in the post-decision
epoch (both bands, p < 0.0001). This coherence difference was not present in the absence of decision-
making on forced-choice trials (p = 0.28). (¢) (Top) Time courses of spike-field coherence differences
between the two ORPs on free-choice trials in the beta band separately for BLAgpike-ACCgricta (dark pink;
403 pairs) and BLApike-BLAfe1q (dark gray; 405 pairs). (Bottom) Time courses of spike-field coherence
differences between the two ORPs on free-choice trials in the gamma band separately for ACCggpike-
BLAfea (purple; 1147 pairs) and ACCggypike-ACCgricla (dark gray; 2101 pairs). Significant coherence
differences between traces are indicated in black asterisks for the analyzed epoch (gray shading, 0—150
ms). All lines show mean + s.e.m.. The ACCggpike-ACCgrield coherence differences between the two ORPs
were substantially weaker compared to the BLApike-ACCgriela coherence differences in the beta band (p <
0.0001, Wilcoxon rank sum, two-sided, indicated by *** in panel c¢). Moreover, although the BLAgpike-
BLAfea coherence differences between the two ORPs were more comparable to the ACCggpike-BLAfieid
coherence differences in the gamma band (p = 0.12, indicated by ns in panel ¢), the peak of the within-
region coherence differences occurred prior to the time of choice and these values were in the process of
decreasing toward the baseline during the post-decision epoch. Therefore, although the within-region
spike-field coherence patterns showed interesting and systematic effects, there were several notable
differences compared to the between-region spike-field coherence patterns (see Fig. 3). (d) Differences
between BLAgpike-ACCrieia (dark pink; 403 pairs) and ACCgyike-ACCgrieid (dark gray; 2101 pairs)
coherence values over frequency during the post-decision epoch (top) and between ACCgspike-BLAfe1a
(purple; 1147 pairs) and BLApike-BLAfe1a (dark gray; 405 pairs) values over frequency during the post-
decision epoch (bottom). All lines show mean + s.e.m.. Circles above the lines show significant
differences between the two traces (p < 0.05, Wilcoxon sign rank, two-sided; individual p-values can be
found in Supplementary Table 1). In a—c, the black arrowheads mark the time at which the monkeys
completed a free-choice or a forced-choice decision by maintaining the fixation on a target or cue for 150
ms.
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Fig. S7. Different ways of contrasting positive and negative ORPs (type 2 contrasts) replicate the
main spike-field coherence findings. To investigate whether the original spike-field and field-field
coherence findings were not due to the directions of the contrasts we chose, we performed the identical
coherence analyses (spike-field coherence [this figure] and field-field coherence [next figure]) for the
following additional contrasts: Both—Self and for Bottle—Other (type 2 contrast) to capture the same
concept of other-regarding (in this case Both over Self) and non-other regarding (in this case Bottle over
Other) where the chosen options are orthogonal to the preference itself. Notably, these contrasts now
instead derive positive ORP from the Self/Both context (rather than from the Other/Bottle context) and
negative ORP from the Other/Bottle context (rather than from the Self/Both context). (a) Free-choice
spectrograms showing the BLApike-ACCgriela coherence (left two panels; n = 403 pairs) and ACCggpike-
BLAfe4 coherence (right two panels; 1147 pairs) values after applying the type 2 contrasts (positive ORP
now derived from the Self/Both context as Both—Self, negative ORP now derived from the Other/Bottle
context as Bottle—Other). (b) Comparisons over time for the beta BLApike-ACCgriela coherence (left; 403
pairs) and the gamma ACCgyie-BLAgea coherence (right; 1147 pairs) values between the original
positive ORP contrast (Other—Bottle) and the type 2 positive ORP contrast (Both—Self) (both contrasts
examining the effect of delivering juice reward to the conspecific). The shaded traces represent = s.e.m.
centered around the mean. Although there were differences between the two contrasts prior to making a
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choice, the two contrasts yielded comparable coherence values in both comparisons (for BLAgpike-
ACCgrieig, p = 0.93; for ACCggpike-BLAfcid, p = 0.10 [indicated by ns], Wilcoxon sign rank, two-sided)
Traces show mean + s.e.m.. (¢) Comparisons over time for the beta BLApike-ACCgriela coherence (left;
403 pairs) and the gamma ACCgspike-BLAfie1a coherence (right; 1147 pairs) values between the original
negative ORP contrast (Self~Both) and the type 2 negative ORP contrast (Bottle—Other) (both contrasts
now examining the effect of not delivering juice reward to the conspecific). The shaded traces represent +
s.e.m. centered around the mean. Although there were differences between the two contrasts prior to
making a choice, the two contrasts yieclded comparable coherence values in both comparisons (for
BLApike-ACCgficta, p = 0.93; for ACCgspike-BLAfie1d, p = 0.10 [indicated by ns], Wilcoxon sign rank, two-
sided) Traces show mean + s.e.m.. These results suggest that the coherence signatures reported were not
the mere product of a preferred choice or being in a specific context but were instead driven by the reward
outcome of the conspecific monkey. In b and ¢, the grey shaded area indicates the post-decision epoch
(0-150 ms).
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Figure S8
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Fig. S8. Different ways of contrasting positive and negative ORPs (type 2 contrasts) for the field-
field coherence between BLA and ACCg. (a) Comparisons over time for the beta ACCgfieia-BLAfe1a
coherence (left; n = 593 pairs) and the gamma ACCgsea-BLAgea coherence (right; 593 pairs) values
between the original positive ORP contrast (Other—Bottle,; light green) and the type 2 positive ORP
contrast derived from the Self/Both context (Both—Self, darker green). The shaded traces represent & s.e.m.
centered around the mean. No coherence differences were found in the beta band (p = 0.14, Wilcoxon
sign rank, two-sided, indicated by ns). In the gamma band, the type 2 contrast showed reduced coherence
values in the main analysis epoch (grey shading) compared to the original contrast (p < 0.0001, Wilcoxon
sign rank, two-sided, indicated by ***). (b) Comparisons over time for the beta BLAfid-ACCgfela
coherence (left) and the gamma BLAfeii-ACCgreid coherence (right) values between the original negative
ORP contrast (Self~Both; light blue) and the type 2 negative ORP contrast derived from the Other/Both
context (Bottle—Other; darker blue). The shaded traces represent + s.e.m. centered around the mean.
Again, no coherence differences were found in the beta band (p = 0.14, Wilcoxon sign rank, two-sided,
indicated by ns), but the original contrast showed increased coherence values in the main analysis epoch

(grey shading) compared to the type 2 contrast (p < 0.0001, Wilcoxon sign rank, two-sided, indicated by
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Figure S9
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Fig. S9. Spike-field coherence values between BLA and ACCg upon the onset of visual fixation
stimulus. To test if the changes in spike-field coherence patterns were not related to simpler sensory-
evoked responses, we calculated spike-field coherence values upon the onset of a gray fixation square in
the task (from 50 to 150 ms relative to the stimulus onset). (a) Spectrograms showing the BLApike-
ACCgrieia coherence (left; n = 403 pairs) and ACCgspike-BLAfa coherence (right; 1147 pairs) values
aligned to the onset of fixation stimulus (grey fixation square). Monkeys were required to fixate on this
stimulus upon its onset for at least 200 ms. (b) Quantifications of the beta (left, 15-25Hz) and gamma
(right, 45—75Hz) coherence values in the 50-200 ms period relative to the fixation stimulus onset between
the BLAgpike-ACCgricia coherence (403 pairs) and ACCggpike-BLAgc1a coherence (1147 pairs) values. No
differential coherence values were observed between the two coherence pairs for both frequency bands
(beta p = 0.92, gamma p = 0.36, Wilcoxon rank sum, two-sided, indicated by ns). In the boxcar plots, red
lines represent the median; box edges represent the 25th and 75th percentiles; whiskers encompass all
non-outlier data points; outliers are plotted as points in blue.
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Figure S10
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Fig. S10. Emergence times for outcome-related signals for spikes and LFP powers in BLA and
ACCg. (a) Cumulative histograms showing the time points at which BLA cells (left) and ACCg cells
(right) began to show significant outcome-related signals, separately for Self, Both, Other, and Bottle.
Between BLA and ACCg, only Other choice signals emerged earlier in BLA than ACCg (**, p < 0.001,
Kolmogorov—Smirnov test, two-sided) (n = 253 ACCg and 90 BLA cells). All the other comparisons
between the two areas had comparable cumulative distributions (Self, p = 0.09; Both, p = 0.09; Bottle, p =
0.09, Kolmogorov—Smirnov test, two-sided). (b) Cumulative histograms showing the time points at which
BLA (left; n = 368 sites) and ACCg LFP sites (right; 428 sites) began to show significant outcome-related
LFP power signals compared to baseline, separately for Self, Both, Other, and Bottle, and separately for
the beta (top row) and gamma bands (bottom row). All comparisons within the same frequency band
between the two areas had comparable cumulative distributions (beta: Self, p = 0.86; Both, p = 0.86;
Other, p = 0.38; Bottle, p = 0.38; gamma: Self, p = 0.99; Both, p = 0.62; Other, p =0.21; Bottle, p = 0.38,
Kolmogorov—Smirnov test, two-sided).
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Figure S11
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Fig. S11. Directionality of information flow between BLA and ACCg for computer-determined
outcomes on forced-choice trials as a function of time and frequency. (a) Frequency-domain
directional influences assessed by partial directed coherence (PDC) when monkeys were presented with
computer-determined outcomes (forced-choice trials). PDC values as a function of time and frequency for
Other-forced over Bottle-forced (positive ORP forced-choice contrast; see the legend in Fig. S2) for
BLA->ACCg (top left) and ACCg>BLA (bottom left), and PDC values for Self-forced over Both-forced
(negative ORP forced-choice contrast) for BLA->ACCg (top right) and ACCg—>BLA (bottom right) (n =
593 pairs). Data are aligned to the time of cue onset. The white arrowheads mark the time at which the
monkeys completed a forced-choice decision by maintaining fixation on a chosen target for 150 ms.
Dotted lines indicate the beta (15-25Hz) and gamma (45—70Hz) band for the post-decision epoch. (b)
Quantifications of the directional information flow on forced-choice trials as a function of frequency for
positive ORP decision (left) and negative ORP (right) for BLA->ACCg (in blue) and ACCg—>BLA (in
red). Lines represent mean and s.e.m.. Horizontal lines indicate significant differences between
BLA->ACCg and ACCg—>BLA (p < 0.05, Wilcoxon sign rank, two-sided; individual p-values can be
found in Supplementary Table 1).
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