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The human amygdala plays a key role in recognizing facial
emotions and neurons in the monkey and human amygdala
respond to the emotional expression of faces. However, it remains
unknown whether these responses are driven primarily by proper-
ties of the stimulus or by the perceptual judgments of the
perceiver. We investigated these questions by recording from
over 200 single neurons in the amygdalae of 7 neurosurgical
patients with implanted depth electrodes. We presented degraded
fear and happy faces and asked subjects to discriminate their
emotion by button press. During trials where subjects responded
correctly, we found neurons that distinguished fear vs. happy
emotions as expressed by the displayed faces. During incorrect
trials, these neurons indicated the patients’ subjective judgment.
Additional analysis revealed that, on average, all neuronal
responses were modulated most by increases or decreases in re-
sponse to happy faces, and driven predominantly by judgments
about the eye region of the face stimuli. Following the same anal-
yses, we showed that hippocampal neurons, unlike amygdala neu-
rons, only encoded emotions but not subjective judgment. Our
results suggest that the amygdala specifically encodes the subjec-
tive judgment of emotional faces, but that it plays less of a role in
simply encoding aspects of the image array. The conscious percept
of the emotion shown in a face may thus arise from interactions
between the amygdala and its connections within a distributed
cortical network, a scheme also consistent with the long response
latencies observed in human amygdala recordings.

human single unit | medial temporal lobe | limbic system | hippocampus |
intracranial

he human amygdala plays a crucial role in processing socially

and emotionally salient stimuli (1, 2). A large literature,
primarily from studies in animals, shows that the amygdala is
critical for conditioned fear responses (3). However, a number of
other studies show that it is involved also in broader aspects of
social perception, notably aspects of face processing (4). These
two themes converge in several human studies: there is an im-
pairment in recognizing fear faces in subjects that lack a functional
amygdala (5) in addition to the impairment of fear conditioning
(6, 7). Neuroimaging studies have also reported significant acti-
vation of the amygdala to fear faces (8).

In humans, it has been reported that amygdala neurons are
selective for a variety of visual stimuli (9, 10). One category of
stimuli that the amygdala plays a key role in analyzing is faces
and facial emotions. Subjects with amygdala damage fail to
recognize fear faces (5), although there is now a consensus that
the amygdala is involved in processing many emotions from faces,
not just fear (11). Electrophysiological recordings in monkeys have
found single neurons that respond not only to faces as such (12,
13), but also to face identities, facial expressions, and gaze direc-
tions (14, 15). Single neurons in the human amygdala discriminate
faces from inanimate objects (10). Furthermore, single neurons
in the human amygdala were found to encode whole faces selec-
tively (16) and show abnormal facial feature selectivity in autism
(17). Thus, there is substantial evidence from neurophysiological,

E3110-E3119. | | PNAS /| Published online June 30, 2014

lesion, and functional MRI studies for the involvement of the pri-
mate amygdala in face processing.

More detailed investigations suggest that impaired fear rec-
ognition after amygdala damage can be attributed to a failure to
fixate on the eyes (18), suggesting that the amygdala might act as
a detector of perceptual saliency and biological relevance (19,
20). This was complemented by a neuroimaging study showing
that amygdala activity was specifically enhanced for fear faces
when saccading from the mouth to the eye region (21). Patients
with schizophrenia (22), social phobia (23), and autism (24) also
show abnormal facial scanning patterns, which have been hy-
pothesized to result from amygdala dysfunction (25). The func-
tional role of the amygdala is supported by its connection with
visual cortices specialized for face processing (26-28) as well as
reciprocal connections with multiple visually responsive areas in
the temporal (29-31) and frontal lobes (32). All of these find-
ings, while supporting a clear role for the amygdala in face
processing, also suggest that this role may be relatively specific
for certain properties or features of faces, raising the question of
what function distinguishes the amygdala’s role in face process-
ing from the better-known role of temporal cortex in face pro-
cessing (Discussion). We focused on one particular question in
the present study.

Neurons in the monkey and human amygdala respond to the
emotional expression of faces, but it remains unknown whether
these responses are driven primarily by image properties of the
stimuli, by the perceptual judgments of the perceiver, or by be-
havioral categorization in terms of motor output. To investigate
this question, we recorded 210 neurons from 7 neurosurgical
patients with implanted depth electrodes on an established
“bubbles” task (18, 33), in which patients discriminated emotions
from sparsely sampled fear or happy faces. We first characterize
neurons that distinguished fear vs. happy emotions expressed by

Significance

Primates have a dedicated system to process faces. Neuro-
imaging, lesion, and electrophysiological studies find that the
amygdala processes facial emotions. Here we recorded 210
neurons from 7 neurosurgical patients and asked whether
amygdala responses are driven primarily by properties of the
stimulus or by the perceptual judgments of the perceiver. Our
finding shows, for the first time to our knowledge, that neu-
rons in the human amygdala encode the subjective judgment
of emotions shown in face stimuli, rather than simply their
stimulus features.
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the displayed faces, on those trials where subjects responded  1C). The BCI shows, for every pixel, whether revealing this pixel
correctly. Next we show that these neurons tracked the patients’ is likely to increase accuracy and decrease RT. The higher a
subjective judgment regardless of whether it was correct or in-  pixel’s value, the more it contributed to behavioral judgment in
correct. Population permutation analysis confirmed the robust-  the task. BCIs from patients and controls did not differ within
ness of this result, on average, across the entire population of  key facial features [regions of interest (ROIs) used are shown in
neurons. Our data suggest that neuronal responses within the  Fig. 1B; two-tailed unpaired ¢ test comparing average z scores
human amygdala are selective for perceived emotion shown in  within the ROIs: for fear-face trials, P = 0.51 for eyes and P =
faces and track subjective judgment expressed by behavior rather  0.36 for mouth; for happy-face trials, P = 0.68 for eyes and P =

than visual properties of the stimuli. 0.14 for mouth], confirming that patients performed the task
with a normal strategy. Both patients and controls primarily used
Results information revealed by eyes to judge fear faces, whereas they

Behavioral Performance. We recorded single neurons in the hu-  used more mouth information to judge happy faces, consistent
man amygdala while neurosurgical patients performed an emo-  with previous studies (34, 35).
tion discrimination task (Table S1; see Fig. S14 for recording Patients were able to learn the task normally compared with
sites for each patient). All patients (nine sessions from seven  controls (Fig. 1 D and F; SI Results), even though they were
patients in total; two patients did two sessions; neurons from  slightly slower to respond (Fig. 1E). Importantly, there was no
each individual recording session are considered independent  difference in accuracy or RT between “fear” or “happy” responses
even if they are from the same patient) were undergoing epilepsy  for both correct trials and incorrect trials (ST Results), showing that
monitoring and had normal basic ability to discriminate faces. neither patients nor controls had a response bias. Overall, the
Six healthy subjects (six sessions) served as behavioral controls  behavioral performance-related metrics confirmed that patients
and participated in the same experiment. Subjects were asked to  were alert and attentive and had largely normal ability to dis-
judge, for every trial, whether the stimulus was fear or happy by  criminate emotion from faces.
pushing corresponding buttons as quickly and accurately as pos-
sible (Fig. 1). Each trial was fear or happy with 50% probability. ~ Emotion-Selective Neurons. Two hundred and ten single units were
No other attribute of the stimuli (such as identity) predicted the isolated from nine recording sessions in seven patients. Of these,
emotion. Each stimulus was preceded by a phase-randomized 185 units (102 in the right amygdala, 83 in the left) that had an
baseline image of equal luminance and complexity (“scramble”).  average firing rate of at least 0.2 Hz were chosen for further
Trials with no response (timeouts; Methods) were excluded  analysis. Structural MRI analyses of the amygdala with the elec-
from analysis. trodes in situ showed that recordings were mostly from the baso-
We showed randomly selected parts of faces (bubbles; Fig. 1B)  medial and basolateral nucleus of the amygdala (Fig. S14). Elec-
that allowed us to derive a behavioral classification image (BCI)  trodes were positioned such that their tips were located in the
(33) based on accuracy and reaction time (RT) of the responses  upper third to center of the deep amygdala, ~7 mm from the
(derived separately for happy-face trials and fear-face trials; Fig.  uncus. Microwires projected medially out at the end of the depth
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Fig. 1. Stimuli and behavioral performance. (A) Task structure. Inmediately preceding the target image, a scrambled version of a face was presented for
a variable time between 0.8 and 1.2 s. The target image was presented for 500 ms and showed either a fear (50%) or happy (50%) expression. Subjects
indicated whether the presented face was happy or fear. (B) Example bubbles stimuli. The ROIs used for analysis are shown in red (not shown to subjects). (C)
Behavioral classification images for fear- and happy-face trials for the neurosurgical patients and control subjects. Color code is the z-scored correlation
between the presence or absence of a particular region of the face and behavioral performance. (D) Learning curve for both patients (n = 8 sessions, 1 session
omitted here because the learning algorithm was disabled as a control; mean + SEM) and controls (n = 6 sessions). Only first 200 trials are shown. (E) Reaction
time for patients (n = 9 sessions, circles) and controls (n = 6 sessions, squares). Each data point represents a single recording session and the error bars denote
SEM of the mean. Fear correct: fear-face trials with a correct response; Happy correct: happy-face trials with a correct response; Fear incorrect: fear-face trials
but incorrectly judged as happy; Happy incorrect: happy-face trials but incorrectly judged as fear. (F) Response choice for patients (n = 9 sessions, circles) and
controls (n = 6 sessions, squares).

Wang et al. PNAS | Published online June 30, 2014 | E3111

www.manaraa.com

wv
=]
=
-
wv
<
=
o

NEUROSCIENCE


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323342111/-/DCSupplemental/pnas.201323342SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323342111/-/DCSupplemental/pnas.201323342SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323342111/-/DCSupplemental/pnas.201323342SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323342111/-/DCSupplemental/pnas.201323342SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1323342111/-/DCSupplemental/pnas.201323342SI.pdf?targetid=nameddest=SF1

L T

/

1\

=y

Downloaded at Palestinian Territory, occupied on December 23, 2021

electrode and electrodes were thus likely sampling neurons in the
midmedial part of the amygdala [basomedial nucleus or deepest
part of the basolateral nucleus (36)]. The isolation criteria and
other face-responsive characteristics of the same dataset were de-
scribed previously (16, 17). To analyze neuronal responses, we
aligned all trials to the onset of the face. The firing rate was
normalized by dividing by average baseline (the firing rate 500 ms
before scramble onset) across all trials, separately for each unit.
We here investigate the response characteristics of the amyg-
dala neurons to emotions. We define emotion-selective units as
those that responded differentially to fear faces compared with
happy faces. We selected emotion-selective units by comparing the
total number of spikes in a time window 250- to 1,750-ms post-
stimulus-onset between correct fear-face trials and correct happy-
face trials. A trial was classified as correct if the subject indicated
the emotion associated with the stimulus displayed (ground truth).
We used a one-tailed ¢ test to identify units with a greater response
to fear faces or happy faces separately, each with o = 0.05. We
found that 24 units showed significantly greater response to fear
faces compared with happy faces (13.0%, binomial test on the
number of significant cells: P < 0.00001) and 17 units (9.2%, P <
0.01) that showed a greater response to happy faces compared
with fear faces. We refer to these units as neurons selective for
fear expressions (“fear-selective” for short) (Fig. 2 4 and B) and
neurons selective for happy expressions (“happy-selective” for
short) (Fig. 2 C and D), respectively. The probability of observing
41 emotion-selective neurons in a population of 185 neurons by
chance is very low (P < 107°, estimated by a binomial distribution
with false positive rate of 0.1 for each neuron due to performing
two one-tailed tests at P < 0.05), indicating that amygdala neurons
signal information about emotions (Table S2). However, we em-
phasize that we do not know the response selectivity of the same
neurons to other stimuli. In particular, it is possible that the same
neurons would also respond to other emotions that we did not test
in this study. Our labels of units as fear- or happy-selective are not

A pmw B

1ms

400

meant to imply that these units would not respond to other, not
tested, emotions or stimuli.

Fig. 2 shows four single-neuron examples (see Fig. S2 for more
examples). The fear-selective neurons (Fig. 2.4 and B) increased
their activity for fear-face trials and decreased their activity in
happy-face trials. In contrast, the happy-selective neurons (Fig. 2
C and D) increased their activity in happy-face trials. On aver-
age, significant differences in response between fear and happy
faces appeared 625-ms post-stimulus-onset and lasted for up to
1.5 s (Fig. 3). For fear-selective neurons, the difference was
mainly due to a suppression of activity in happy-face trials (Fig.
3A4), whereas for happy-selective neurons, it was mainly due to an
increase in activity for happy-face trials (Fig. 3B). A similar plot
for all recorded neurons (n = 185, Fig. S3) showed no significant
difference, indicating that overall mean activity was not different
between the two conditions.

So far we only considered trials where patients judged the
emotion expressed correctly. Here, correctness was assessed by
the ground truth of the stimuli, which control subjects have
classified unequivocally as either happy or fear when shown the
entire face for extended periods of time (37). How did the same
neurons respond during errors in emotional judgment? We next
compared the neuronal response during incorrect trials to the
response during correct trials (for which the neurons were se-
lected in the first place, see above). We found that the neuronal
response during incorrect trials was similar to the one for the
same behavioral response during correct trials rather than the
actual emotion shown. For example, when a fear face was in-
correctly judged as happy, the neurons responded as if a happy
face was correctly judged as happy (and vice versa; compare
magenta and blue lines for the examples shown in Fig. 2 A and
B). Similarly, when a happy face was incorrectly judged as fear,
the neurons responded as if a fear face had been correctly judged
as fear (compare green and red lines for the examples shown in
Fig. 2 C and D). In Fig. 2F, lines connect the conditions with the
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Fig. 2. Single-unit examples of emotion-selective neurons
in the amygdala. (A and B) Example fear-selective neurons,
which have a higher firing rate for correct fear-face trials
compared with correct happy-face trials (selection t test:
P < 0.005). (C and D) Example happy-selective neurons,
which have a higher firing rate for correct happy-face trials
compared with correct fear-face trials (selection t test: P <
1078). Each raster (Upper) and PSTH (Lower) is shown with
color coding as indicated. Trials are aligned to face stim-
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Fig. 3. Average PSTH of all emotion-selective neurons. (A) Mean response
of all fear-selective units that increased their spike rate for correct fear-face
trials compared with correct happy-face trials (n = 24 units; shaded area
denotes +SEM; the firing rate was normalized to average baseline response
for each unit separately). (B) Mean response of all happy-selective units for
correct trials (n = 17 units). Asterisk indicates a significant difference be-
tween the response to fear-face trials and happy-face trials in that bin (P <
0.05, two-tailed t test, Bonferroni-corrected).

same response (fear or happy). Note that the lines do not in-
tersect, indicating that the relationship between the responses
for the two emotions was similar in correct and incorrect trials,
regardless of overall mean firing rate. For example, if a neuron
showed a greater response in fear-face correct trials compared
with happy-face correct trials, it would also show a greater re-
sponse in happy-face incorrect trials compared with fear-face
incorrect trials. Thus, firing rate increased whenever a judgment
of fear was made, regardless of whether it was correct or in-
correct. The neuronal response of the examples shown in Fig. 2
thus indicated the subjective perceptual judgment that subjects
made, rather than the ground truth of the emotion shown in
the stimulus. A significant interaction between stimulus emotion
(fear-happy) and accuracy of judgment (correct-incorrect) as
tested by a 2 X 2 ANOVA with number of spikes fired in a 1.5-s
window after stimulus onset (250- to 1,750-ms post-stimulus-
onset) confirmed this impression: the interaction term was sig-
nificant for all example neurons at P < 0.01 [F(1,429) = 9.04 for
Fig. 24, F(1,405) = 7.09 for Fig. 2B, F(1,429) = 16.06 for Fig. 2C,
and F(1,429) = 9.47 for Fig. 2D]. We next quantified this phe-
nomenon across the population.

Interactive Neurons Encode Perceptual Judgment of Emotions Other
than Ground Truth Shown in Stimulus. We next assessed for all
neurons whether there was a significant interaction between the
emotion shown and the correctness of the subject’s judgment
using a two-way ANOVA ([correct vs. incorrect trials] x [fear
stimuli vs. happy stimuli]). Units with a significant interaction
term are referred to as “interactive units” henceforth, and reflect
the subjective judgment regardless of the emotion shown in the
image. There were 23 units with a significant interaction term
(12.4%, binomial test P < 0.00005), 10 of which responded with
a higher firing rate in correct fear-face trials and 13 of which
responded with a higher firing rate in correct happy-face trials,
hence denoted as fear interactive neurons and happy interactive
neurons, respectively (Table S2).

To further quantify the response of the interactive neurons, we
next plotted the average baseline-normalized firing rate for
correct and incorrect trials for each interactive neuron (Fig. 4 4
and B). Each neuron contributed two data points: one for correct
(red, blue) and one for incorrect trials (gray), respectively. By
definition, fear interactive neurons increased their firing rate for
correctly identified fear face trials (Fig. 44, red). Similarly,
happy interactive neurons increased their firing rate for correctly
identified happy face trials (Fig. 4B, blue). Incorrect trials (gray
dots), in contrast, tended to have greater firing rates for the
emotion opposite to the one actually shown in the stimulus (fear

Wang et al.

interactive neurons: Fig. 44; y>-test on the number of neurons
falling on each side of the diagonal line (gray bars), P < 107>,
happy interactive neurons: Fig. 4B, P < 0.01). In each case, the
mean of all incorrect trials from all neurons was on the opposite
side of the diagonal shown in Fig. 4 from that for correct trials:
the average normalized firing rate thus indicated the behavioral
judgment of the subjects.

To summarize the population response, we next visualized the
mean difference in response between fear and happy stimuli for
both correct and incorrect trials (Fig. 4C). For fear interactive
neurons, this response difference tended to be positive for cor-
rect and negative for incorrect trials (Fig. 4C, red) and vice versa
for happy interactive neurons (Fig. 4C, blue). Thus, the response
during incorrect trials tended to be similar to the correct trials
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Fig. 4. Neuronal activity followed perceptual judgment rather than stim-
ulus identity (n = 23 units, selected by a significant interaction term). (A and
B) Scatter plot of mean normalized firing rate for fear- and happy-face trials,
shown separately for fear interactive (A) and happy interactive (B) neurons.
Red and blue dots denote correct trials, which were distributed below and
above the diagonal, respectively (by definition). Gray dots denote incorrect
trials, which tended to be distributed on the opposite side of the diagonal
line compared with the correct trials. Error bars (green) are mean + SD. Gray
bars (Upper Right) show the number of neurons falling on each side of the
diagonal. (C) Scatter plot of the normalized firing rate difference comparing
the response to fear- and happy-face trials for correct (x-axis) and incorrect
(y-axis) trials. Fear interactive neurons (red) and happy interactive neurons
were largely located in the lower right and upper left, respectively. (D) Cu-
mulative distribution of the response index (Methods). The response during
incorrect trials was opposite the one during correct trials, implying that the
neuronal response followed the behavioral judgment. (E) Mean response
index across all trials. Note similar response magnitude for FC and HlI trials,
which shows that when a happy face was shown but judged as a fear face,
the neurons responded as if a real fear face was shown. The same in-
terpretation can be derived for HC trials and Fl trials. FC: fear-face trials with
a correct response; HC: happy-face trials with a correct response; Fl: fear-face
trials but incorrectly judged as happy; Hl: happy-face trials but incorrectly
judged as fear. Note that HC is equal to zero by definition (Methods). *: P <
0.05, **: P < 0.01, and ***: P < 0.001.
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of the opposite emotional category. This result shows that in-
teractive neurons code the subjective judgment of emotion.

To directly relate neuronal responses to the emotion judg-
ments made on the task, we next performed a single-trial analysis
that permits analysis of response variability. In contrast, the
analysis discussed so far was based on an average across all fear-
or happy-face trials for each neuron. We used a simple response
index R; as a single-trial metric (Eq. 1), which takes into account
the opposite signs of the two types of neurons—the fear type and
the happy type—and normalizes for different baseline firing
rates. The response index is a function of a neuron’s response in
a 1.5-s interval starting 250 ms after stimulus onset (the same in-
terval used above for selecting emotion-selective and interactive
cells). R; is equal to the firing rate during a particular trial i, minus
the mean firing rate of all correct happy-face trials divided by the
average of the baseline (Eq. 1). For example, if a neuron doubles
its firing rate for a fear stimulus and remains at baseline for a
happy stimulus, the response index would equal 100%. By defi-
nition, R; is negative for happy units, and thus we multiplied R;
by —1 if the unit was previously classified as a happy unit (Eq. 2).

We next used the response index as defined above to quantify
trial-by-trial variability by comparing the distribution of R; be-
tween different conditions. For the interactive neurons (n = 23),
the distribution for fear and happy stimuli was significantly dif-
ferent for both correct and incorrect trials (two-tailed two-sample
Kolmogorov-Smirnov (KS) test, P < 0.0005 for both correct and
incorrect trials, Fig. 4D). Comparing the distributions using a cu-
mulative distribution function (Fig. 4D; Methods) shows that the
response during incorrect trials was similarly distributed compared
with the correct trials of the opposite category. For example,
happy-face incorrect trials (Fig. 4D, green curve) were similarly
distributed to fear-face correct trials (Fig. 4D, red curve), and vice
versa. Confirming this observation, there was no significant differ-
ence between happy-face incorrect and fear-face correct trials (KS
test, P = 0.62) nor between fear-face incorrect and happy-face
correct trials (P = 0.087, uncorrected). Thus, single-trial neuronal
responses confirmed the previous cell-by-cell findings. The mean of
the distribution of response indices for both fear-face correct and
happy-face incorrect trials (in both cases the perceptual judgment
was fear) had response indices si%nificantly above 0 (Fig. 4E; two-
tailed one-sample ¢ test, P < 107" for fear-face correct trials and
P < 0.0005 for happy-face incorrect trials), and there was no sig-
nificant difference between correct and incorrect trials for fear
subjective judgments (two-tailed two-sample ¢ test comparing fear
correct and happy incorrect, P = 0.99). Interestingly, there was
a significant difference between the two types of happy subjective
judgments (comparing happy correct and fear incorrect, P = 0.027),
with fear-face incorrect trials significantly below O (¢ test against 0:
P < 0.05). This was because the firing rate for fear-face incorrect
trials was lower than it was for happy-face correct trials. Separate
analyses for only fear- or happy-selective neurons led to similar
results (Fig. S4), with both classes of neurons showing the same
pattern of response independently. In conclusion, we found that the
neurons with a significant interaction term encoded the perceptual
judgment made by the patient rather than the stimulus identity, at
both the single-neuron and single-trial level.

Emotion-Selective Neurons Encode Perceptual Judgment. Are all
emotion-selective neurons sensitive to subjective judgment, or is
this a property only of a subset of neurons? Above, we explicitly
selected for a significant interaction to begin with, and sub-
sequently analyzed this subgroup. To obtain a broader inventory,
we next analyzed the previously described units (n = 41, among
which 6 were fear interactive neurons and 3 were happy in-
teractive neurons; Table S2) that were only selected for emotion
selectivity on correct trials (incorrect trials were not used for this
selection). We computed the response indices for every trial and
pooled across all trials as described above in our analysis of in-
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teractive neurons. We then computed a population summary
metric that summarized the response difference across a group
of cells as the mean difference between the response index for
fear- and happy-face trials (Methods and Eq. S1). To assess
statistical significance, we estimated the null distribution by first
randomly shuffling the labels of trials (fear—happy) and then
computing the population summary metric. We repeated this
permutation test 1,000 times. We then compared the observed
value of the metric with this null distribution of metrics. The
chance values of the null distribution were clustered around 0 as
expected (Fig. 5, gray). In contrast, the value of the population
effect metric was 25.0% for correct trials [Fig. 5, red; P < 0.001
(estimated by counting the number of permutation runs from the
null distribution that had a population metric greater than the
observed value)], which is expected as the cells were selected for
this effect in the first place. However, as cells were selected
considering only correct trials, incorrect trials remain statistically
independent. We found that the population response metric of
incorrect trials was significantly negative [-4.63%, P = 0.002
(estimated by counting the number of permutation runs from
null distribution that had a population metric smaller than ob-
served value); Fig. 5, blue]. Importantly, the metric from the
incorrect trials was significantly negative and thus on the oppo-
site side of the null distribution compared with the metric from
correct trials (Fig. 5, blue). This shows that when the behavioral
response was incorrect (opposite what was shown on the screen),
the neuronal response was consistent with the behavioral re-
sponse rather than the ground truth (if the blue bar were on the
same side as the red bar, by contrast, it would indicate that
neuronal responses instead tracked the emotion shown in the
stimulus). We thus conclude that the 41 emotion-selective neu-
rons signaled the subjective emotional judgment. We found
similar results when we considered fear- and happy-selective
neurons separately (Fig. S5).

Were the results influenced by difficulty? The mean number
of bubbles shown was 38.2 + 34.2 (mean + SD) for correct and
21.9 + 21.2 for incorrect trials (P < 107'°, unpaired ¢ test). Thus, as
expected, incorrect trials tended to occur when less visual in-
formation was revealed. As a control, we repeated our analysis
by using only a subset of trials such that, on average, equal
amounts of the eye and mouth ROIs were revealed (on average,
28.92 + 26.90 for correct trials and 28.86 + 26.91 for incorrect
trials, two-tailed paired ¢ test: P > 0.05; and for each individual
session, P > 0.05 for both fear-correct vs. fear-incorrect and
happy-correct vs. happy-incorrect). We found very similar results
(Fig. S6 A-C), confirming that emotion-selective neurons signal
the perceptual judgment independent of difficulty. We also re-
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Fig. 5. Mean response across all emotion-selective neurons encoded sub-
jective perceptual judgment. The gray distribution is the null distribution
derived from a permutation test. The red and blue bars are the population
summary metrics for correct and incorrect trials, respectively. Both were lo-
cated outside the null distribution (P < 0.005 for all, estimated by counting
the number of permutation runs from the null distribution that had a pop-
ulation metric greater-smaller than the observed value). Note that the blue
and red bars were located on opposite sides of the null distribution.
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Fig. 6. Illustration of the split analysis method to compute the population
response (see Fig. 7 for results). (A) Cells selected across runs. A black dot
indicates that a particular cell was selected. There was substantial consis-
tency of cells selected in the split analysis (Upper) but cell selection was
evenly distributed across cells and runs in the permutation test (Lower). (B)
Summary of the number of cells selected across all runs. Gray and red vertical
line indicates the mean of the chance and actual distribution, respectively.
The number of cells selected in the split analysis was well above chance
whereas the number of cells selected in the permutation test was near chance.

peated the analysis by using equal numbers of trials for correct
and incorrect to exclude any potential bias and we found very
similar results (Fig. S6 D-F). We further repeated the analysis by
excluding any recordings obtained from epileptic tissue (31 out
of a total of 210 units were from tissue subsequently resected as
part of the epileptic focus, among which 10 units were fear-
selective and 1 unit was happy-selective). The results were quali-
tatively the same (Fig. S6 G-I). Finally, two of the neurosurgical
patients had a clinical diagnosis of autism (17). We repeated the
analysis after excluding these two patients and again found very
similar results (Fig. S6 J-L).

A Full Inventory of Neurons in the Amygdala That Encode Perceptual
Judgment. How representative were the subsets of cells described
so far of the entire population of amygdala neurons recorded?
We next conducted a permutation analysis on the entire pop-
ulation of cells to assess the likely effect size across the pop-
ulation. This analysis used independent subsets of trials for cell
selection and response quantification during each repetition of
the permutation. We ran 1,000 iterations in total. In each, we
randomly selected half of the correct trials to select emotion-
selective units and to classify them as either fear- or happy-
selective. Subsequently, we calculated the response indices for the
remaining half of the correct trials and all incorrect trials. Again,
we calculated the population summary metric (as shown in Fig.
5) but only using this independent subset of trials not previously
used for selecting the cells. For the null distribution, we did the
same permutation test (1,000 runs) with randomly shuffled trial
labels. However, here we still use half of the trials to select cells
and the other half to predict response indices. The complete
independence between selection and prediction ensured our
results against biases and false positives during selection because
only out-of-sample errors were calculated.

Out of the 210 neurons recorded, we considered 185 cells with
>0.2-Hz firing rate for this analysis. Many cells were reliably
selected over the 1,000 repetitions (Fig. 64, Upper; 40 and 34
cells were selected in at least 10% of runs for fear and happy
conditions, respectively). In contrast, selection was random in
the control condition with permuted labels (Fig. 64, Lower; no
cells were selected in at least 10% of the runs). Not surprisingly,
there was considerable overlap between the cells consistently
selected by the present split analysis and the cells selected with
all trials (n = 41) as analyzed previously. In contrast, for the
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permutation test which randomly shuffled labels, each cell was
equally likely to be selected with a probability of 0.05; the se-
lected cells were evenly distributed across all 185 cells and across
permutation runs (Fig. 64, Lower) and did not show a bias
toward those that could be selected with all trials. On average,
16.3 + 3.1 (mean + SD) units (8.8% of 185) were categorized as
fear-selective and 13.5 + 2.8 (7.3% of 185) as happy-selective, above
the chance estimate of 9.25 cells for each category (P < 0.01 for
fear-selective and P = 0.077 for happy-selective; Fig. 6B). In con-
trast, the control permutation test resulted in 9.2 + 3.0 units that
were fear-selective and 9.4 + 2.8 units that were happy-selective
(Fig. 6B, Middle), with no difference between the two categories
(P = 0.14) and the chance value 9.25 (P > 0.05 for both). Fur-
thermore, the symmetric shape of the null distribution (Fig. S7)
showed that the permutation test was not biased.

We next quantified the responses of the groups of cells selected
in each run using the population summary metric as described
above (Fig. 7). The population summary metric is calculated as the
difference between the average of response indices from all fear-
face trials (either correct or incorrect) collapsed across all selected
cells and the average of response indices from all happy-face trials
(either correct or incorrect) collapsed across all selected cells (Eq.
S1). The population metric here combined both fear- and happy-
selective cells. The population response was significantly different
from the null distribution, for both correct trials and incorrect
trials (unpaired two-tailed ¢ test, P < 0.0001). The distribution of
the incorrect trials was shifted in the opposite direction relative to
the distribution of the correct trials. This also held separately for
fear- and happy-selective neurons (see Fig. S7 for population
metric distributions separately for fear- and happy-selective
neurons). Thus, the neural signals always followed the behavioral
response instead of stimulus ground truth, regardless of whether
the behavioral response was correct or incorrect. We thus conclude
that emotion-selective neurons in the amygdala encode perceptual
judgment robustly.

Neuronal Response Characteristics Dependent on Facial Information
Revealed. Were the emotion-selective units predominantly driven
by information conveyed by specific parts of the face? We ran-
domly revealed parts of the face, allowing us to select subsets of
trials that reveal only specific parts of the face. We selected trials
according to how much of the predefined eye and mouth ROIs
was revealed (shown in Fig. 1C). The more overlap between
bubbles and ROIs, the more is revealed within the ROIs speci-
fied. We picked two types of ROI trials: “High Eye AND Low
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Fig. 7. Quantification of the population response using split analysis. (A)
Emotion-selective neurons are primarily driven by information revealed by
the eyes. (B) Hippocampal neurons also encode emotions but not subjective
judgment. In contrast, a subset of amygdala neurons equal to the total
number of hippocampal neurons (n = 67) could encode both emotion and
subjective judgment as computed from the entire amygdala neuron pop-
ulation. Red: population metric from correct trials. Blue: population metric
from incorrect trials. Gray: population metric from trials with shuffled labels.
Error bars denote 95% confidence interval. ***: P < 0.001. Only correct trials
were analyzed for the ROIl-restricted analysis.
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Mouth” (Fig. 74; see Fig. S8 A and B for the distribution), and
“Low Eye AND High Mouth” (Fig. 74; see Fig. S8 C and D for
the distribution). “High” or “low” here refer to above or below
the median across all correct trials of each subject. The con-
junction between one high facial feature and one low facial
feature ensured that the neuronal response was primarily driven
by one facial feature only. We subsequently repeated the split
analysis as described above on these ROI trials. Because only
correct trials were involved in the selection of ROI trials, the
distributions in Fig. 74 did not involve incorrect trials (the in-
correct trials may not obey the above division according to eye
and mouth ROIs). The population metric here combined both
fear- and happy-selective cells.

Information conveyed by the eyes strongly modulated the
neuronal response (Fig. 74 and Fig. S8 4 and B). On average,
16.7 £ 3.2 (mean + SD) cells were selected as fear-selective
neurons and 10.0 + 2.4 cells were selected as happy-selective
neurons, both significantly above chance (P < 0.001; Fig. S8E).
For this subset, the separation between the distribution of cor-
rect trials (red) and null distribution (gray) was prominent (un-
paired two-sample ¢ test: P < 0.0001) and the difference was
much larger than with all trials (P < 0.0001; Fig. 74). The results
held when analyzing fear-selective and happy-selective neurons
separately (both P < 0.0001; Fig. S8 A and B).

In contrast, information provided by the mouth did not mod-
ulate neuronal response strongly, as shown by the overlap between
the distribution of correct trials and the null distribution (P =
0.59). Although we observed a statistically significant difference
when analyzing separately for fear-selective neurons and happy-
selective neurons, the difference was very small (Fig. S8 C and D).
On average, 10.8 + 2.9 cells were selected as happy-selective
neurons, which was significantly above chance (P < 0.0001; Fig.
S8F). By contrast, only 8.3 + 2.4 cells were selected as fear-selective
neurons, which was significantly below the chance value of 9.25
(P < 0.0001; Fig. S8F), indicating that when eyes were absent and
mouth was present, the neuronal response to fear faces was
suppressed.

In conclusion, we found that information conveyed by eyes but
not the mouth modulated emotion-selective neuronal responses
in the amygdala.

Specificity of the Amygdala Neurons in Coding Subjective Judgment.
How specific were amygdala neurons in encoding subjective
judgment? We next analyzed neurons from an adjacent brain
region—the hippocampus—to test the specificity of amygdala
neurons in coding subjective judgment. We recorded in total 67
single neurons in 6 sessions from 4 patients (2 patients had 2
sessions; see Table S1). Sixty-three cells had a firing rate greater
than 0.2 Hz and were used for the subsequent analyses. Using
identical criteria as for the analysis of amygdala neurons, we
found four fear-selective neurons (6.4%) and seven happy-
selective neurons (11.1%).

We repeated the split analysis for the entire population of
hippocampal cells using a random subset of 50% of the trials to
select the neurons and the remaining 50% of the trials to
quantify the response. We ran 1,000 iterations in total. For the
null distribution, we conducted the same permutation test with
randomly shuffled trial labels. The result shows that both happy-
selective neurons and fear-selective neurons were consistently
selected across repetitions (Fig. S94). Interestingly, only happy-
selective neurons, but not fear-selective neurons were selected
above chance (Fig. S9B). The selected neurons differentiated
fear from happy faces in correct trials (P < 0.001; Fig. 7B; also
see Fig. S9 D and E). Thus, a subset of hippocampal neurons
distinguished happy from fear emotions in correct trials. Cru-
cially, however, this was only the case for correct trials. In con-
trast with the amygdala neurons, the hippocampal neurons did
not indicate the behavioral response made during incorrect tri-
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als. Rather, the response indicated, albeit only weakly so (Fig.
7B), what the correct response would have been (ground truth,
as shown on the screen). The crucial difference, however, is that
the distribution of the response during incorrect trials was shifted
in the same direction (P < 0.001) relative to the distribution of
the correct trials. This is in contrast with the amygdala neurons,
for which the distribution of the response during the incorrect
trials was shifted in the opposite direction relative to the distri-
bution of the correct trials (Fig. 74). In conclusion, hippocampal
neurons, unlike amygdala neurons, did not track the subjective
judgment of facial emotion in incorrect trials.

There were fewer hippocampal neurons than amygdala neu-
rons (67 vs. 210), which could have biased the effect size. We
thus next repeated the analysis of the amygdala neurons by
randomly selecting a subset of 67 amygdala neurons in each run
of the split analysis. We found very similar results compared with
the entire population of amygdala neurons (Fig. 7B; but note the
larger variance due to fewer number of neurons), and again
found a different pattern of results than what was seen in the
hippocampus (with an identical number of selected neurons).

In conclusion, we found that only amygdala neurons, but not hip-
pocampal neurons, indicated the subjective judgment of emotions.

RT and Laterality Analysis. In an attempt to distinguish perceptual
judgments from motor outputs, we lastly analyzed whether the
response of emotion-selective units was correlated with behav-
ioral output. We found no significant correlation between firing
rate and RT, and we found that the emotion-selective neurons
were not lateralized or related to the output button response
associated with the emotion (see SI Results for details). Our
results suggest that the amygdala encodes the subjective judg-
ment of emotional faces, but that it plays less of a role in helping
to program behavioral responses.

Discussion

In this study, we found that a subset of amygdala neurons enc-
odes the subjective judgment of the emotion shown in faces.
Behaviorally, our epilepsy patients did not differ from healthy
controls in terms of learning performance on the task, and both
epilepsy patients and control subjects primarily used the eye
region of the stimuli to correctly judge fear faces and primarily
used the mouth region to correctly judge happy faces, findings
consistent with prior studies (34, 35). Forty-one out of 185 cells
significantly differentiated the two emotions, and subsequent
analyses indicated that these cells encoded the patients’ subjective
judgment regardless of whether it was correct or incorrect. Pop-
ulation permutation analysis with full independence between se-
lection and prediction confirmed the robustness of this result
when tested across the entire population. ROI analysis revealed
that eyes but not the mouth strongly modulated population
neuronal responses to emotions. Lastly, when we carried out
identical recordings, in the same patients, from neurons within
the hippocampus, we found responses driven only by the objec-
tive emotion shown in the face stimulus, and no evidence for
responses driven by subjective judgment.

It is notable that the population response metric for the cor-
rect trials was further away from the null distribution relative to
the incorrect trials (25.0% vs. —4.63%). It is not surprising that
the strength of emotion coding in incorrect trials was weaker
given fewer incorrect trials and thus potentially increased vari-
ability and decreased reliability. In addition, incorrect trials were
likely a mixture of different types of error trials, such as true mis-
identifications of emotion, guesses, or accidental motor errors.
Regardless, on average, the neural response during incorrect trials
reliably indicated the subjectively perceived emotion. This suggests
that a proportion of error trials was likely true misidentifications
of the emotion rather than pure guesses.
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Interestingly, there was a significant difference between the
two types of happy subjective judgments (comparing happy-
correct and fear-incorrect; Fig. 4F). This might reflect a different
strategy used by subjects to compare the two emotions in our
specific task. Future studies with a range of different tasks will be
needed to understand how relative coding of emotion identity
and task demands may interact in shaping neuronal responses.

Possible Confounds. Our stimuli were based on the well-validated
set of facial emotion images from Ekman and Friesen (37), from
which we chose a subset depicting fear and happy emotions with
the highest reliability. We normalized these base faces for lu-
minance, orientation, color, and spatial frequency, eliminating
these low-level visual properties as possible confounds. Likewise,
we showed a balanced number of male and female faces, and
multiple identities, ensuring that neither sex nor individual identity
of the face was driving the responses we report (each of these was
completely uncorrelated with the emotion shown in the face).
Nonetheless, it remains possible that our findings reflect higher-
level properties that are correlated with the emotions fear and
happiness—such as negative versus positive valence. Furthermore,
because we only tested two facial emotions, our conclusions can
only speak to the emotions that we tested and are relative to the
task that we used. Different facial regions would have likely been
informative for other facial emotions (had the task been a dis-
crimination task that required a choice between, say, surprise and
happiness), and we do not know whether the cells studied here
might contribute to perceptual decisions for other emotions.
A larger set of emotions, as well as of facial expressions without
emotional meaning, would be important to study in future studies.

Our results suggest that emotion-selective neurons were not
merely encoding the motor output associated with the perceived
emotions (button press), as corroborated by the lack of corre-
lation between the neuronal and behavioral response [consistent
with similar prior findings (16)], and the lack of lateralization of
emotion neurons given the lateralized and fixed motor output
actions. Although there has been a recent report of an in-
teraction between spatial laterality and reward coding in the
primate amygdala probed with lateralized reward cues (38), that
effect appeared primarily as a difference in latency but not as the
lateralization of reward-coding neurons to the reward-predicting
cues. It will be interesting to investigate in future studies whether
these findings with basic rewards (38) can be generalized to
emotions or other salient stimuli.

We initially selected emotion-selective neurons using a one-
tailed ¢ test of fear vs. happy for correct trials only. Clearly, some
cells surviving this test will be false positives; to quantify the
robustness of the effect we thus conducted several additional
analyses. First, we conducted a 50/50 split analysis procedure,
which keeps the trials used for selection and prediction in-
dependent (Fig. 6). The result (Fig. 7) is an out-of-sample esti-
mate of the true effect size and would thus not be expected to be
different from chance if all selected cells were false positives. In
contrast, we observed a highly reliable effect (Fig. 7), which is
very unlikely to be driven by chance alone. Second, the sets of
cells selected by the two different methods were comparable,
showing that emotion-selective neurons were consistently se-
lected even with a random subset of trials. Third, we rigorously
established chance levels using permutation tests (Fig. 7) and
found that the number of cells selected was well above chance
(Fig. 6). Fourth, we conducted additional control analyses using
a time window —250 ms to 750 ms relative to scramble onset (no
information about the upcoming face was available during this
time window). The number of selected cells was as expected by
chance and we did not find the significant patterns we report in
the case of responses to faces. Similarly, we also did not replicate
the pattern of amygdala responses to faces when we analyzed
responses from hippocampal neurons. Taken together, the last
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two findings provide both stimulus specificity and neuroana-
tomical specificity to our conclusions. Lastly, we conducted
analyses using a random subset of the amygdala neurons (n = 67,
the number of hippocampal neurons recorded) at each permu-
tation run and we derived qualitatively the same results (Fig. 7B),
showing that our results were not driven by a particular subset
of neurons.

Selectivity of Amygdala Neurons. Faces can be readily character-
ized by independent attributes, such as identity, expression, and
sex, which have segregated cortical representations (13, 39), and
single-unit recordings in the primate amygdala have documented
responses selective for faces, their identity, or emotional ex-
pression (10, 14). We previously showed that neurons in the
human amygdala selectively respond to whole faces compared
with facial parts, suggesting a predominant role of the amygdala
in representing global information about faces (16). How do
these whole-face-selective cells overlap with the emotion-selec-
tive cells we report in the present work? We found 3 out of
24 (12.5%) fear-selective cells and 5 out of 17 (29.4%) happy-
selective cells are also whole-face-selective, a ratio of whole-face
cells similar to that found in the entire population (36 out of 185,
19.5%). This suggests that amygdala neurons encode whole-face
information and emotion independently.

We found that face information conveyed by the eyes, but not
the mouth region, modulated emotion-selective neuronal respon-
ses. Compared with our previous neuronal classification images
which were based on pixelwise analyses of face regions that drive
neuronal response (17), we here used a fully independent per-
mutation test to further illustrate that when eyes are more visible,
the population of neurons can discriminate the emotions better
(also see Table S2). Together with a substantial prior literature,
this finding supports the idea that amygdala neurons synthesize
their responses based substantially on information from the eye
region of faces (18, 21, 34).

The Amygdala, Consciousness, and Perception. Does the amygdala’s
response to emotional faces require, or contribute to, consci-
ous awareness? Some studies have suggested that emotional
faces can modulate amygdala activity without explicit aware-
ness of the stimuli (40, 41), and there are reports of amygdala
blood-oxygen-level dependent (BOLD) discrimination to the
presentation of fear faces even if such faces are presented to
patients in their blind hemifield in cases of hemianopia due to
cortical lesions (42). Our finding that amygdala neurons track
subjective perceptual judgment argues for a key role in conscious
perception, although it does not rule out a role in nonconscious
processing as well. Further support for a role in contributing to
our conscious awareness of the stimuli comes from the long re-
sponse latencies we observed, consistent with previous findings
on long latencies in the medial temporal lobe (43). Our findings
suggest that the amygdala might interact with visual cortices in
the temporal lobe to construct our conscious percept of the
emotion shown in a face, an interaction that likely requires ad-
ditional components such as frontal cortex, whose identity
remains to be fully investigated (44). In particular, because we
failed to find any coding of subjectively perceived emotion in the
hippocampus, it will be an important future direction to record
from additional brain regions to fully understand how the amyg-
dala responses we report might be synthesized.

Microstimulation of inferotemporal cortex in monkeys (45)
and electrical brain stimulation in fusiform areas in humans (46)
have suggested a causal role of the temporal cortex in face cat-
egorization and perception. Future studies using direct stimula-
tion of the amygdala will be important to further determine the
nature of its contribution to the subjective perception of facial
emotion. Given the long average response latency observed in
the amygdala neurons we analyzed, it may well be that the
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responses we report here reflect perceptual decisions that were
already computed at an earlier time epoch. We would favor
a distributed view, in which the subjective perceptual decision of
the facial emotion emerges over some window of time, and
drawing on a spatially distributed set of regions. The neuronal
responses we report in the amygdala may be integral part of such
computations, or they may instead reflect the readout of pro-
cesses that have already occurred elsewhere in the brain. Only
concurrent recordings from multiple brain regions will be able to
fully resolve this issue in future studies.

Comparison with Neuroimaging Studies and Functional Role of the
Amygdala. We further compare our study with neuroimaging studies
and discuss the functional role of the amygdala in SI Discussion.

Conclusions

In conclusion, we suggest that the amygdala serves to integrate
sensory information about faces, conveyed via temporal neo-
cortex, with reward value (47), task, and social context (48),
through its dense web of connectivity with structures such as
basal ganglia and prefrontal cortex. Such processing would un-
derlie the synthesis of subjective judgments about the emotion
shown in faces, as our present findings demonstrate, and would
also account for the remarkably long neuronal response latencies
that we (16) and others (43) have described previously. Responses
tracking subjective judgments of emotion, in turn, could form the
basis for other social judgments that have been linked to the
amygdala, such as trustworthiness (49) and approachability (50). It
will be critical to compare our findings to responses obtained from
face-selective neurons in temporal cortex (51), which provide
the primary visual input to the amygdala (52), and which in
turn receive feedback from the amygdala (31). It may be that
subjective percepts of facial emotion are represented through
iterative cycles of processing between the amygdala, temporal
cortex, and other brain structures involved in valuation and
social inference.

Methods

In this study we recorded single units from 10 neurosurgical patients who had
chronically implanted depth electrodes in the amygdalae (Table S1). Three
patients (total of three sessions) did not contribute well-isolated units and
hence were excluded from analysis. Two patients completed two sessions,
resulting in a total of nine recording sessions that we analyzed. All participants
provided written informed consent according to protocols approved by the
institutional review boards of the Huntington Memorial Hospital, Cedars-Sinai
Medical Center, and the California Institute of Technology.

The subjects’ electrophysiology as well as construction of bubbles stimuli,
scrambled face stimuli, and classification images were described in our
previous publications (16, 17).

Task. We used a facial emotion discrimination task in which patients were asked
to judge fear or happy faces as quickly and accurately as possible from randomly
selected parts of the face (bubbles; Fig. 1B). In each trial, a scrambled face with
a central fixation circle was presented for 0.8-1.2 s (randomized). Then the
target face stimulus was presented for 500 ms and a blank gray screen fol-
lowed. Patients started to respond after the target face stimulus onset and,
regardless of RT, the next trial started after an interval of 2.3-2.7 s after
stimulus onset. If the patient did not respond by that time, a timeout was in-
dicated by a beep (2.2% of trials were timeouts) (Fig. 1A). Each block contained
72 trials and patients completed 5-7 blocks. Timeout trials were excluded from
analysis so all trials included had a behavioral response. We displayed the
performance score to the patients at the end of each block as an incentive.

We used eight face base images [chosen from the Ekman and Friesen stimulus
set, four different individuals (two female and two male)] showing fear and
happy expressions each. We normalized all faces for mean luminance, contrast,
and position of eyes and mouth. We randomly flipped 50% of the stimuli along
the vertical axis to prevent any influence of left-right asymmetries present in the
faces. This resulted in 16 different face images in total and these face stimuli
were then sparsely sampled and presented to participants.

E3118 | www.pnas.org/cgi/doi/10.1073/pnas. 1323342111

Data Analysis: Spikes. Only single units with an average firing rate of at least 0.2
Hz (entire task) were considered. Trials were aligned to stimulus onset, except
when comparing the baseline (a 1-s interval of blank screen right before scramble
onset) to the scramble response for which trials were aligned to scramble onset
(which precedes the stimulus onset). Average firing rates [poststimulus time
histogram (PSTH); Figs. 2 and 3] were computed by counting spikes across all trials
in consecutive 250-ms bins. To investigate the temporal dynamics of the signifi-
cant difference, pairwise comparison was made at each bin using a two-tailed
t test at P < 0.05 and Bonferroni-corrected for multiple comparisons across bins in
the group PSTH (this is not the unit selection). The PSTHs of individual neuron
examples were smoothed by a Gaussian kernel with sigma 200 ms (for plotting
purposes only, all statistics are based on the raw counts).

Data Analysis: Selection of Emotion-Selective and Interactive Units. Statistical
comparisons between the firing rates in response to different stimuli were
based on the total number of spikes produced by each unit in a 1.5-s interval
starting at 250 ms after stimulus onset (Figs. 2 and 3). Based on behavior, we
categorized each trial as either correct or incorrect. In the following, correct-
incorrect thus always refers to whether or not the subject successfully
identified the correct emotion of the stimulus shown (fear or happy). Be-
cause only two emotions were shown, an incorrect trial always implies that
the subject chose the opposite emotion.

The selection criterion for emotion-selective units (Figs. 2 and 3) was based on
the correct trials only, leaving the incorrect trials statistically independent. Units
were defined as emotion-selective if they responded with a different firing rate
to fear relative to happy faces after stimulus onset. By definition, fear-selective
units responded significantly more in correct fear-face trials compared with
correct happy-face trials, and vice versa for happy-selective units. One-tailed
t tests with P < 0.05 were used.

We also quantified whether units responded to emotions conditionally on
behavior. For this, a two-way ANOVA ([correct vs. incorrect trials] x [fear
stimuli vs. happy stimuli]) was used to probe for a significant interaction
term with P < 0.05 (Fig. 2E).

Data Analysis: Response Index. We quantified for each neuron whether its
response differed between fear-face and happy-face trials using a single-trial
response index R; (Eq. 1; Fig. 4). The response index can facilitate group
analysis and comparisons between different types of cells (i.e., fear- and
happy-selective cells in this study), as motivated by previous studies (16, 53).
The response index quantifies the response during trial i relative to the
mean response to correct happy stimuli and baseline (a 1-s interval of blank
screen right before scramble onset). The mean response and baseline was
calculated individually for each unit.

FR; —mean (FRHappyCorreCt)

Ri=
' mean<FRBaseIine)

-100%. [11

For each trial i, which can be either fear or happy, R; is the baseline nor-
malized firing rate (FR) during a 1.5-s interval 250-ms post-stimulus-onset
(the same time interval as cell selection). Different time intervals were tested
as well, to ensure that results were qualitatively the same and not biased by
particular spike bins.

If a neuron distinguishes happy from fear-face trials, the average value of
R; will be significantly different from 0. Because fear-selective neurons have
more spikes in fear-face trials and happy-selective neurons have more spikes
in happy-face trials (the selection process is described above), on average R;
is positive for fear-selective neurons and negative for happy-selective neu-
rons. To get an aggregate measure of activity that pools across neurons, R;
was multiplied by —1 if the neuron is classified as a happy-selective neuron
(Eq. 2). This makes R; on average positive for both types of emotion-selective
neurons. Notice that the factor —1 depends only on the neuron type, which
is determined by t tests on correct trials as described above, but not trial
type. Thus, negative R; values are still possible.

Ri=_ FR/' —mean (FRHappyCorrect) .100% [2]
! mean(FRBaseline)

After calculating R; for every trial, we subsequently averaged all R;s of
trials that belong to the same category. We used four categories: fear
correct (FC), fear incorrect (Fl), happy correct (HC), and happy incorrect
(HI). By definition, the average value of R; for HC trial will be equal to zero
because the definition of R; is relative to the response to happy-face cor-
rect trials (Eq. 2). The mean baseline firing rate was calculated across
all trials. The same FRyappycorrect Was subtracted for both correct and
incorrect trials.
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The cumulative distribution function (CDF) (Fig. 4D and Fig. S4 A and C)
was constructed by calculating for each possible value x of the response
index how many examples are smaller than x. That is, F(x) = P(X < x), where X
is a vector of all response index values. The CDFs of fear and happy-face trials
were compared using two-tailed two-sample KS tests. All error bars are + SE
unless indicated otherwise.

Data Analysis: Split Analysis and Permutation Test. We used 1,000 runs for the
permutation analysis. In each run, we randomly selected half of the correct
trials to identify emotion-selective units and to determine the neuron type (as
described above). We then used the remaining half of correct trials to cal-
culate the response indices. This makes the response index values statistically
independent of the cell selection. We also calculated the responses indices for
all of the incorrect trials for the selected cells. To summarize the population
difference in response to fear compared with happy faces, we calculated a
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summary population metric that provided a single number for a population
of cells for every run of the permutation test (Figs. 5 and 7). The methods and
equations are detailed in S/ Methods.

We further quantified how sensitive neurons were to specific facial parts
by repeating the permutation analysis with only a subset of trials that
revealed the ROI of interest. The methods are detailed in S/ Methods.
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