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Abstract

Few studies have used matched affective paradigms to compare humans and non-human primates. In monkeys with
amygdala lesions and youth with anxiety disorders, we examined cross-species pupillary responses during a saccade-based,
affective attentional capture task. Given evidence of enhanced amygdala function in anxiety, we hypothesized that opposite
patterns would emerge in lesioned monkeys and anxious participants. A total of 53 unmedicated youths (27 anxious, 26
healthy) and 8 adult male rhesus monkeys (Macaca mulatta) completed matched behavioral paradigms. Four monkeys
received bilateral excitotoxic amygdala lesions and four served as unoperated controls. Compared to healthy youth, anxious
youth exhibited increased pupillary constriction in response to emotional and non-emotional distractors (F(1,48) =6.28,

P =0.02, nzp =0.12). Pupillary response was associated significantly with anxiety symptoms severity (F(1,48) =5.59, P = 0.02,
772p =0.10). As hypothesized, lesioned monkeys exhibited the opposite pattern i.e. decreased pupillary constriction in
response to distractors, compared to unoperated control monkeys (F(1,32) = 24.22, P < 0.001, 52 =0.33). Amygdala lesioned
monkeys and youth with anxiety disorders show opposite patterns of pupil constriction in the context of an affective
distractor task. Such findings suggest the presence of altered amygdala circuitry functioning in anxiety. Future lesion and
human neuroimaging work might examine the way in which specific amygdala sub-nuclei and downstream circuits
mediate these effects.

Key words: anxiety; amygdala; pupillometry; attention; emotion; rhesus

Wallis, 2011; Callaghan et al., 2014; Callaghan and Tottenham,

Introduction 2016), only a few studies have collected data using matched
Studies directly comparing data in non-human primates and behavioral paradigms in humans and monkeys (Margulies
humans provide a critical foundation for translational research. et al., 2009; Kagan et al., 2010). While this type of cross-species
Despite increasing emphasis on such work (Cole et al., 2009; work can be difficult given the complexities of working with
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human clinical samples and monkey populations, it can yield
convergent and complementary evidence in understanding
psychopathology. The current study collected data in healthy
youth and youth with anxiety disorders on an adapted version
of a task sensitive to amygdala lesions in primates (Dal Monte
et al., 2015). The study presents data on the task in these youths
as well as new data in primates with and without amygdala
lesions, in a search for complementary cross-species findings.
The current study examines the impact of emotional stimuli
on attention in pediatric anxiety. A focus on youth is important,
given that most anxiety disorders first arise during child/ado-
lescent development (Kessler et al., 2005). Correlates of anxi-
ety observed in adults may reflect sequelae of chronic anxiety
and/or confounding features such as treatment. Prior research,
using various tasks, has consistently demonstrated biases in
the capture of attention among children and adolescents with
anxiety disorders (Bar-Haim et al., 2007). While imaging studies
suggest that the amygdala and related circuitry mediates such
biases (Shechner et al., 2012; Weber et al., 2016; White et al., 2016),
strong conclusions regarding a causal role for amygdala circuitry
are not possible due to the correlational nature of brain imaging
methods. Thus, the combination of human and animal models
can be critically informative in mapping relations among amyg-
dala function, attention bias and anxiety, given long-standing
evidence that amygdala lesions disrupt fear and anxiety behav-
ior in monkeys, e.g. Weiskrantz (1956). To implement such work,
the current study utilized a saccade-based attentional capture
task similar to the gap/overlap task used in prior studies but
incorporating affective stimuli. Examining saccade latencies on
this current task, Dal Monte et al. (2015) found that threatening
distractors strongly disrupt attention in monkeys, but that this
disruption was eliminated in monkeys with amygdala lesions.
The monkeys also completed an additional paradigm where full
monkey faces were freely viewed in the absence of a cognitive
task. During free viewing, compared to unoperated controls,
monkeys with amygdala lesions showed reduced exploration of
the eyes and less pupil constriction to facial stimuli (Dal Monte
et al., 2015). However, Dal Monte et al. did not examine pupil
response to monkey faces in the context of the saccade-based
attentional capture task on which the monkeys manifested per-
turbed saccade patterns. As task demands may influence pupil-
lary responses, here we combine analysis of these previously
unexamined pupillometry data from the attentional capture
task in monkeys from Dal Monte et al. (2015) with a parallel study
in humans in order to examine cross-species convergence.
While considerable research uses response latency to index
attention, studies suggest that pupillary response may more
precisely quantify aspects of attention during cognitive tasks.
Nevertheless, both attention and affect are likely to influence
both response latency and pupillary response. Direct compar-
isons in humans and monkeys might guide future attempts to
understand any commonalities and differences across species,
outcome measures and task demands. Pupil size is shaped by
parasympathetic and sympathetic pathways (Sirois and Brisson,
2014). As in humans, work in rhesus monkeys implicates sym-
pathetic innervation of the iris in modulating pupil diameter
and responsivity (Clarke et al., 2003). Cognitive load appears to
increase pupil diameter and reduce the pupillary light reflex
(Steinhauer et al., 2000) and anticipation of an aversive event
also reduces the pupillary light reflex (Bitsios et al., 1996). Clin-
ical studies in humans extend such findings by linking altered
pupillary responses to clinical and trait-level anxiety (Bakes
etal., 1990; Nagai et al., 2002) and to family history of affec-
tive disorders (Burkhouse et al., 2014). Again, comparing data in

humans and monkeys may provide an important guide to focus
future work.

The current study examined saccade latency and pupillom-
etry in both humans and non-human primates using parallel
behavioral paradigms that required saccades away from a cen-
tral face stimulus distractor and toward a peripheral target. This
provides an important first step to guide future, more definitive
studies. Overall, we broadly hypothesized that amygdala lesions
in rhesus monkeys, compared to anxiety in human participants,
would elicit opposite effects on attentional capture, providing
one piece of complementary evidence for amygdala circuit dis-
ruption in clinical anxiety. The broad nature of these hypotheses
reflects the limited previous work of this nature. First, we exam-
ined saccade latency in unmedicated youth with or without anx-
iety disorders with the hypothesis that anxiety would exaggerate
attention capture by negative face stimuli distractors, opposite
to the effect of amygdala lesions shown previously in monkeys
(Dal Monte et al., 2015). Second, we sought to extend this work
to compare pupillary responses on this task in monkeys with
amygdala lesions to pupillary responses in anxious youth. Again,
given prior neuroimaging evidence of amygdala circuitry ‘hyper-
responsivity’ in anxious youth, we hypothesized that amygdala
lesions would cause pupillary responses ‘opposite’ to those seen
in anxious youth. Observing such patterns would be a first
step toward implicating the amygdala and related circuitry in
the etiology of perturbed pupillary function in human anxiety
disorders.

Materials and methods
Study 1: anxiety-related differences in humans

Participants. A total of 53 children and adolescents (8-18 years
old), including 27 unmedicated anxious patients and 26 healthy
volunteers, completed the current task. Participants enrolled in
an institutional review board-approved protocol at the National
Institute of Mental Health in Bethesda, MD. Youth and their
guardians provided written informed assent and consent,
respectively. Children’s psychiatric diagnoses were assessed
using parent and child report on the Kiddie Schedule for
Affective Disorders and Schizophrenia for School-Age Children-
Present and Lifetime version (Kaufman et al., 1997). Participants
either met criteria for an anxiety disorder [generalized anxiety
disorder (GAD), social anxiety disorder and/or separation anxiety
disorder| or did not meet criteria for any Axis I diagnosis
(healthy volunteers). Participants were excluded for pervasive
developmental disorders, intelligence quotient (IQ) lower than
70 on the Wechsler Abbreviated Scale of Intelligence (Wechsler,
1999), substance abuse within the past 2 months, current
diagnoses of major depressive disorder, obsessive-compulsive
disorder, or post-traumatic stress disorder, or lifetime history
of psychosis, bipolar disorder or major trauma. Additionally,
no participants met criteria for attention deficit hyperactivity
disorder, conduct disorder, oppositional defiant disorder or
disruptive mood dysregulation disorder.

Participants and their guardians also completed question-
naires assessing clinical symptoms. Parent and child report was
acquired on the Screen for Anxiety Related Disorders (SCARED;
Birmaheret al., 1997) to assess recent anxiety symptoms (average
of parent and child report) as well as on the Affective Reactivity
Index (ARI; Stringaris et al., 2012) to assess irritability symptoms
in the past 6 months (average of parent and child report). Child
report was acquired on the Children’s Depression Inventory (CDI;
Kovacs, 1985) to assess recent depressive symptoms as well as
on the State-Trait Anxiety Inventory (STAI-S/T; Spielberger et al.,
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Fig. 1. Saccade-based attentional capture tasks. The saccade-based attentional capture task used with human participants is displayed in Panel A. Participants were
instructed to fixate on a black central fixation cross and to make a saccade to a peripheral red dot target that would appear on either the left or right side of the
screen simultaneously with a centrally presented face distractor for 500 ms. The fixation cross remained on the screen between trials for a jittered period of at least
1000-1500 ms but would remain on the screen indefinitely until participants fixated here for 500 ms before each trial. The central distractors were oval cut-outs of
angry, fearful, happy or neutral faces or non-face control distractors (examples are shown). Distractors were either presented with the eyes or the mouth at the central
fixation point. All stimuli appeared on a gray background. The task used with monkeys is shown in panel B. Animals faced a computer monitor on stimuli were shown.
After holding fixation for 500 ms, a central distractor was simultaneously presented with a peripheral saccade target either to the left or right of center. Monkeys
were juice rewarded for making correct saccades and holding fixation on the target for 500 ms. Distractors (examples shown) were either social (portion of a monkey
face) or control (scrambled part of a face) images of a specific face part (eyes, nose or mouth) showing a particular facial expression (neutral, submissive, threatening,

affiliative).

1970) to assess state anxiety at the time of the task and trait-level
anxiety.

Saccade-based attentional capture task. Participants completed a
saccade-based behavioral task (Figure 1A) to assess attentional
capture by emotional face distractors. The task was based on
prior work examining attentional capture in rhesus monkeys
(Dal Monte et al., 2015). The current task was presented to par-
ticipants using Eprime v2.0 (Psychology Software Tools, 2012),
and eye movements were recorded at 300 Hz using a Tobii TX300
eye tracking camera via Tobii Studio 3.2.1. (Tobii Technology AB,
Danderyd, Sweden).

At the start of the task, participants completed a calibra-
tion phase (standard 9-point Tobii calibration), during which
the geometric characteristics of the eyes were estimated to
acquire accurate gaze point calculations. If large offsets were

observed between the calibration points and the participant’s
gaze, they were asked to re-calibrate before beginning the task.
Then, participants were instructed to fixate on a black central
fixation cross and to make a saccade to a peripheral red dot
target that would appear on either the left or right side of the
screen simultaneously with a centrally presented face stimulus
for 500 ms. The fixation cross remained on the screen between
trials for a jittered period of at least 1000-1500 ms but would
remain on the screen indefinitely until participants fixated on it
for the 500 ms preceding each trial. The central distractors were
oval cut-outs of angry, fearful, happy or neutral faces from the
NimStim database (Tottenham et al., 2009). The pixels in the face
stimuli were scrambled to create a non-face control condition
matched on color and luminance. Stimuli were either presented
with the eyes or the mouth at the central fixation point. All
stimuli appeared on a gray background.
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Participants completed 20 practice trials with scrambled face
control stimuli to acclimate to making responses via saccade.
The task then consisted of four runs of 100 trials, with a break
between each run. These 400 trials included 40 instances of
each distractor condition (angry, fearful, happy, neutral, scram-
bled face control) at each presentation location (eyes, mouth).
Participants received feedback on their performance after every
10 trials indicating whether they were performing well or not
(seeing the feedback ‘Keep it up!” if their saccades were accurate
and within the response window on 8 of the prior 10 trials vs
‘Too slow!’). Accurate responses were logged in Eprime as trials
on which the gaze position reached the target circle within the
response time window.

Saccade latency analysis. Gaze position data were analyzed using
R v3.3.2 (R Core Team, 2015). The main variable of interest
was latency to saccade to the target on each trial. This was
calculated as the time from the onset of the distractor and
target to the time that the gaze position first left a rectangular
region enclosing the face stimulus. Trials with a saccade time of
<100 ms or during which the eye tracker lost the gaze for more
than 25% of acquisition frames were excluded. Additionally, any
trials during which participants made an anticipatory saccade
to the location of the prior target were excluded. Only accurate
trials were examined, i.e. those during which the participant
successfully made a saccade to the target location during the
response window.

Repeated measures analysis of covariance (ANCOVA) were
used to examine group and symptom-related differences in sac-
cade latency. Greenhouse-Geisser correction was used to adjust
for non-sphericity. Partial eta-squared values (?,) are presented
to indicate effect size. A within-subject factors for distractor con-
dition (fearful, angry, happy, neutral faces or scrambled control)
was the main task condition of interest. Location (eyes or mouth)
were examined; as there was a main effect but not interaction
with distractor emotion (see Results; Supplementary Figure S1),
location was collapsed across eyes and mouth in subsequent
analyses to increase power. Age was included as a covariate
in all analyses to control for potential developmental effects in
this age range. In a categorical analysis, participant group (anx-
ious patient or healthy volunteer) was included as a between-
subjects fixed effect. In continuous analyses, SCARED, ARI and
STAI-S scores were examined. CDI and STAI-T scores were not
examined as independent predictors of interest as they corre-
lated very highly with SCARED scores (r > 0.8).

Pupillometry analysis. Pupil size during the task was examined
using TimeStudio v3.17 (Nystrom etal., 2016). Data were
excluded if >75% of acquisitions were missing from a given
trial. Missing or excluded data were interpolated (up to five
adjacent missing data points). A sliding window average (five
time point window) applied at each time point. Individual
trials were detrended and z-scored. The 200 ms period before
stimulus onset was used as a baseline for each trial. The
baseline period was chosen to correspond to a period when
participants maintained central fixation. Based on visualization
of the average response profile, collapsed across groups, we
extracted changes in pupil diameter on each trial from 500 to
1000 ms following trial onset. This window covered a relatively
wide time frame and followed the typical period of saccade
performance (~300 ms), likely alleviating any potential effects
of saccades on pupil estimation. As described in the saccade
latency section, repeated measures ANCOVAs were used to

examine effects of distractor condition, group, SCARED, ARI
and STAI-S scores covarying for age. One anxious participant
consistently showed outlier values (>3SD from the mean) for
pupil size across emotional conditions and was excluded from
this analysis.

Study 2: effects of amygdala lesions in macaques

Participants. Eight adult male rhesus monkeys (Macaca mulatta;
5-9 years old) were tested as part of the current study. Four
monkeys received bilateral excitotoxic lesions of the amygdala
and four were retained as unoperated controls. Procedures have
been presented in full previously (Dal Monte et al., 2015), but
will be summarized briefly here and additional information
regarding rearing and experimental history are provided in the
supplement. Animals were housed individually, on a 12 h light/-
dark cycle with 24 h/day access to food, but controlled access to
water during testing. All procedures were reviewed and approved
by the National Institute of Mental Health Animal Care and Use
Committee.

Amygdala lesions were made by ibotenic acid injection, as
previously described (Baxter et al., 2000). The injections were car-
ried out in two stages (balanced for hemisphere of first surgery)
separated by at least 2 weeks. After the bilateral amygdala lesion
was complete, monkeys recovered for 10-14 days. Lesions were
intended to include the entire amygdala, i.e. the basolateral
nuclear group and the central, medial and cortical nuclei. The
extent of amygdala damage was evaluated from post-operative
T2-weighted MRI scans obtained within 10 days of surgery (see
Figure 1 in Dal Monte et al., 2015). After at least 60 days from the
lesion surgery, monkeys received a surgically implanted head
post to fix the head for accurate video tracking of eye move-
ments. Monkeys received an additional 3040 days of recov-
ery before task training. Prior testing of two of the monkeys
examined here shows these lesions to alter fear-related behavior
(Chudasama et al., 2009).

Saccade-based attentional capture task. Monkeys were trained
and tested on a saccade-based attentional capture task
(Figure 1B). On each trial, monkeys fixated a cross presented
at the center of the display for 500 ms. The fixation cross
was then replaced with a distractor image, while a peripheral
saccade target was presented randomly to the left or right of
the distractor. The monkeys were trained to saccade to the
peripheral target, as quickly as possible, and maintain fixation
for 500 ms to earn a juice reward. Of note, Dal Monte et al.
(2015) reported data on saccade latency and accuracy from this
task as well as eye tracking and pupillometry data from a free-
viewing paradigm. Critically, data on pupillary responses within
the context of this saccade-based attentional capture task have
not been previously examined or reported. Such data facilitate
comparisons with data in humans collected on the adapted
saccade-based task, as cognitive demands and other subtle task
features can influence pupillary responding.

Distractor images were either social distractors (eyes, nose or
mouth of monkey faces displaying a neutral, affiliative, submis-
sive or threatening expression) or control distractors (scrambled
portions of monkey faces). An eye-tracking system (Arrington
ViewPoint) recorded eye movements and pupil size while mon-
keys performed the task. Five sessions (generally <20 min) were
collected per animal with up to 480 correct trials per session.
Each daily session used a different stimulus set (i.e. novel face
identities), balanced across expression and comprised of 480
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Table 1. The demographic and clinical characteristics of the sample
are presented here by diagnostic group. Mean and standard deviation
values are presented for age, IQ and clinical questionnaire scores.
Group differences in these values were assessed by independent
samples t-test. The number and percent within group of female
participants is presented and group differences were tested by chi-
squared test

Healthy (N =26) Anxious (N =27)

Age 14.20 (2.50)
Sex (n/% female) 18 (69.23%)

13.72 (2.90)
16 (61.53%)

1Q* 106.29 (12.3) 111.27 (12.78)
SCARED total *** 7.59 (4.88) 29.01 (9.33)
STAI-T *** 27.32 (6.16) 37.26 (8.98)
STAI-S * 27.89 (3.90) 30.78 (4.61)
ARIP** 0.81 (1.35) 3.135 (2.98)
CDIo*** 3.53 (4.34) 11.33 (7.86)

*P < 0.05, **P < 0.01, ***P < 0.001.

aN =50 participants completed the Wechsler Abbreviated Scale of Intelligence.
bN =44 participants completed the ARI.
€N =43 participants completed the CDI.

unique images (80 eyes, 80 noses, 80 mouths, 80 eyes scram-
bled, 80 noses scrambled, 80 mouths scrambled). Images were
selected from a set of images of 50-60 individual adult male
monkeys displaying various facial expressions.

Pupillometry analysis. For each session, pupil size traces were
extracted for each trial and screened for outliers or artifacts.
Outliers related to lid closure or loss of the eye-tracking sig-
nal (<1% of all samples) during the free-viewing period were
detected and linearly interpolated over using the nearest valid,
adjacent samples. Pupil diameter was then baseline normalized
and expressed as a percent change from baseline for each trial by
subtracting and then dividing by the mean pupil diameter for the
250 ms prior to stimulus onset. The baseline period was chosen
to correspond to a period when the monkeys maintained central
fixation. Based on visualization of the average response profile,
collapsed across the lesion and control groups, we extracted
mean percent changes in pupil diameter on each trial from
400 to 700 ms following trial onset. Effects on change in pupil
size were tested via mixed-effects analysis of variance (ANOVA)
that specified group (lesion and control), distractor condition,
face part and social vs control distractor as fixed factors and
nested monkey in group and session under monkey and group
as random effects. Partial eta-squared values (;?,) are presented
to indicate effect size.

Results
Study 1: anxiety-related differences in humans

Demographics. Demographic and clinical characteristics of the
two participant groups are presented in Table 1. Healthy and
anxious participants were matched on age, sex and IQ. Anxious
participants exhibited significantly higher levels of anxiety, irri-
tability and depressive symptoms. Of the 27 anxious patients,
17 were diagnosed with both GAD and social anxiety, 7 were
diagnosed with GAD but not social anxiety and 3 were diagnosed
with social anxiety but not GAD.

Saccade latency. Examining general task effects (Supplementary
Figure S1), we identified a main effect of distractor condition
(F(2.89,150.22)=22.82, P < 0.001, »?, =0.31) and of location
(F(1,52)=19.51, P < 0.001, »?, =0.27). Specifically, saccade
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latencies were longer for angry and fearful distractors than
happy and neutral distractors, with all faces eliciting longer
saccade latencies than scrambled distractors. Distractors
located with the eyes vs the mouth at fixation elicited longer
latencies. As noted in the methods, given that there was no
significant interaction between distractor condition and location
(F(3.43,178.34)=1.29, P = 0.28, %, =0.02), trials were collapsed
across location to increase power to examine effects of distractor
condition in subsequent analyses.

There were no significant effects of group (F(1,50)=0.99,
P = 0.32, n?, =0.02) or interactions between group and emotion
(F(2.84,141.86)=0.70, P = 0.55, »?, =0.01) predicting saccade
latency. Similarly, there were no main effects or interactions
with SCARED, STAI-S or ARI scores (all Ps > 0.18, »?, < 0.04). There
was a significant main effect of age (F(1,50)=17.09, P < 0.001,
n%p =0.25), where age negatively correlated with latencies across
all distractor conditions (Supplementary Figure S2).

Pupillometry. In a repeated measures ANCOVA, distractor
condition (F(3.61,173.40)=9.47, P < 0.001, »?, =0.16) and group
(F(1,48)=6.28, P = 0.02, n?, =0.12; Figure 2B) were significant
predictors of pupil size, with no significant interaction between
condition and group. The main effect of distractor condition
was observed in the healthy (F(3.29,75.62)=11.31, P < 0.001,
n?, =0.33) and anxious groups (F(3.32,79.69)=10.21, P < 0.001,
n?, =0.30) separately. Across both groups, greater constriction
was observed for scrambled distracted compared to face
distractors. The anxious patients showed greater constriction to
all distractor conditions as compared to the healthy volunteers.
Age was not a significant predictor and did not interact with
emotion (Ps > 0.43, n?, < 0.02).

Similarly, there was a significant main effect when examin-
ing SCARED scores as a continuous measure of anxiety symp-
toms (F(1,48) =5.59,P = 0.02, %, = 0.10; Supplementary Figure S3),
where again higher anxiety was related to more constriction
across emotions. There were no significant main effects or
interactions with ARI, STAI-S and age (Ps > 0.13, »?, < 0.04).

Study 2: effects of amygdala lesions in macaques

As noted above, the reaction time effects during this task
have been published previously (Dal Monte etal, 2015).
The pupillary effects in this task have not been examined
previously and are presented in Figure 3. Similar to the
results of Study 1, all monkeys showed pupillary constriction
following stimulus onset. Moreover, for social stimuli, the facial
expression of the distractor significantly modulated pupil size
(F(3,96) =23.85, P < 0.001, n?, =0.43) in both the unoperated
controls (F(3,48) =14.29, P < 0.001, »?, =0.47) and lesion group
(F(3,48)=10.15, P < 0.001, »?, =0.38). This effect also varied
based on the displayed facial feature (Distractor Condition x
Face Part, F(6,192) =46.25, P < 0.001, »?, = 0.35). Specifically, this
interaction was driven by the display of mouth distractors for
threat faces, which led to less pupillary constriction compared
to displays of mouth distractors for other facial expressions.
Critically, the lesion and control groups differed in the overall
magnitude of pupil size changes (F(1,32)=24.22, P < 0.001,
n’, =0.33) with lesioned monkeys exhibiting less pupillary
constriction compared to unoperated controls in response to
both scrambled (F(1,36) =18.97, P < 0.001, »?, =0.33) and social
(F(1,32)=23.63, P < 0.001, »?, = 0.34) distractors. Thus, the effect
of the amygdala lesions on pupil size were opposite of what was
observed in the patients with anxiety. Also consistent with our
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earlier findings in patients and healthy comparisons, we did not
observe a significant interaction between group and distractor
condition (F(3,96) =2.21, P = 0.092, %, =0.02).

Discussion

The current study presents a translational, cross-species exam-
ination of pupillary responses in the context of an attention
capture task. This combines a lesion-based study in non-human
primates with examination of clinically affected patients, using
closely matched tasks. While difficult, use of similar tasks is
critical to maximize the probability that similar neural systems
will be engaged across species (Averbeck and Chafee, 2016).
Our human study found that, relative to psychiatrically healthy

youth, youth with anxiety exhibit more pupillary constriction
to all distractor conditions. Similarly, the non-human primate
data indicated that amygdala lesions in monkeys impacted on
pupillary constriction in response to all distractor conditions.
However, the finding in monkeys was in an opposite direction
to that in patients, with ‘less’ pupillary constriction to all dis-
tractors in lesioned relative to control monkeys.

At a relatively broad level, these results implicate the amyg-
dala and related circuitry in pupillary responses during an affec-
tive attention capture task. Thus, taken together, the two stud-
ies broadly and indirectly link amygdala circuitry function to
perturbed pupillary responses in anxiety patients. Nevertheless,
such findings represent only a first step in comparing find-
ings across the two species. This is because such alterations



in pupil dilation could reflect many mechanisms, only some of
which are shared across the two experiments. Pupil dilation may
increase visual information flow in contexts where this informa-
tion is relevant to the well-being of the individual. This includes
situations where threat avoidance or reward consumption is
present. Moreover, dilation also appears to track potential overall
changes in internal arousal that might contribute to anxiety,
at least in humans, though the underlying mechanisms of this
need to be elucidated further. Further, amygdala lesions could
reduce attention to stimuli by removing amygdala effects on the
locus coeruleus or by causing an overall change in sympathetic
or parasympathetic tone thus impacting pupil dilation. Future
studies that pharmacologically manipulate arousal states in
combination with amygdala lesions or inactivation could help
arbitrate between specific mechanistic explanations.

In monkeys, threatening stimuli during saccade-based
attentional capture task elicited reduced pupillary constriction
compared to other stimuli, and this effect was particularly
driven by the mouth portion of the face. However, while reduced
pupillary constriction to threatening stimuli was seen in all
monkeys, the amygdala lesion showed a robust effect on
constriction across stimulus type. Explicit task demands are
known to alter pupillary responses patterns, and such an effect
emerged in these new data. Hence, these new results extend
previously reported findings of monkey pupillary response
during free viewing of full face stimuli, i.e. without a required
response or task demands (Dal Monte et al., 2015). Specifically,
previously reported free-viewing data exhibited a three-way
interaction where lesion effects on pupillary response differed
as a function of stimulus properties, i.e. facial expression and
which facial feature (eyes or mouth) were presented at central
fixation (Dal Monte et al.,, 2015). No such effects manifested
in the new data from the attentional capture task and data
from a matched free-viewing paradigm were not available from
the human participants. Thus, the current data from monkeys
build on the prior results of the free-viewing paradigm in
demonstrating that the explicit demands of the new task for
saccadic response impact on pupillary responses. Moreover,
pupillary response data from the saccade task, as opposed to
the free-viewing task, more closely mirror data from the human
participants, who were also studied with the saccade-based
attentional capture task. As such, data collected with the same
task yielded greater cross-species convergence. This informs
future research in monkeys to elucidate neural factors related to
anxiety disorders and reveal mechanisms accounting for distinct
pupillary responses to threats across free-viewing and task-
based paradigms. Additionally, observations of cross-species
parallels in pupillary data but discrepancies in saccade-related
data suggest further need to develop novel perspectives for
evaluating cross-species data in ways that link these data to
models of individual differences in behavior related to neural
circuitry function.

Previously reported data from the monkeys also showed
a strong effect of amygdala lesion on saccade reaction time
during the attentional capture task, where lesions reduced the
effect of threat-related distractors on saccade latency (Dal Monte
et al., 2015). In humans, negative emotional compared to neutral,
distractors similarly delayed saccades to targets. However, this
slowing did not differ as a function of anxiety. Cross-species
effects on pupillary responses but not saccade latencies may
reflect several factors. First, the monkeys were head posted,
highly trained and juice rewarded for performance on the
task. This facilitates consistent responses and data acquisition
for saccades, relative to the more variable and unconstrained
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human task performance. Further, we noted an association
between age and saccade data but not pupillary data. These age
effects may increase inter-participant variability and limit power
to test associations between anxiety and saccade performance.

Second, full amygdala lesions in monkeys may have
produced a larger effect on saccade performance than would
be expected from subtler anxiety-related differences in human
amygdala circuit function. To that end, while a strength of the
study was that the youth in this sample were all unmedicated
and currently anxious, more robust effects may be observed
in a more chronically or severely affected sample. Also, we
cannot rule out potential differences due to the adult age of the
monkeys. This should be examined in future work performing
amygdala lesions in pediatric monkeys, though this may lead
to additional challenges in terms of neural development. That
said, relatively subtle amygdala alterations in human anxiety
may manifest with milder alteration in saccade function or may
be more selective to pupillary response. Indeed, such findings
in humans mirror primate research documenting heterogeneity
in the contributions of amygdala sub-nuclei to threat-response
behavior (Kalin et al., 2004; Fox et al., 2015).

Prior data in primates suggest that heterogeneity of amyg-
dala sub-nuclei function manifests in both behavioral effects
and anatomical connections (Stefanacci and Amaral, 2002; Kalin
et al., 2004; Fox et al., 2015). Increasing activity in some sub-
nuclei facilitates threat responses, whereas increasing activity
in other sub-nuclei reduces threat responses. Moreover, the lat-
eral nucleus receives extensive cortical input and influences
stimulus-reinforcement learning, while the basal nucleus influ-
ences saccades through a multi-synaptic pathway. The central
nucleus, in contrast, influences autonomic and other physio-
logic responses to threat through direct outputs to the brain-
stem (Janak and Tye, 2015). While full amygdala lesions lead
to alterations in both saccades and pupillary responses, the
selective effect on pupillary response observed in humans could
reflect associations between anxiety and dysfunction within
those amygdala sub-nuclei most heavily involved in autonomic
responses. For example, in monkeys, bilateral amygdala lesions
of both central and basolateral nuclei cause elevations in base-
line heart rate and reduced heart rate variability, indicating
disrupted parasympathetic tone (Mitz et al., 2017). Thus, future
basic science studies can probe the degree to which the associ-
ations observed in the current study result from effects within
specific amygdala sub-nuclei. Additionally, while post-surgical
recovery time is necessary before performing this study in the
monkeys, neural compensation may have occurred and thus
the results may reflect alterations in amygdala-related circuitry
that arose due to the lesion rather than the lesion specifically.
Future work could probe this issue further in human and non-
human primates using neuroimaging to examine amygdala-
related circuit effects.

Our findings in children were specific, linking pupil response
or saccade performance to trait anxiety symptoms only, not to
irritability or state-level anxiety. This contrasts with results from
other attention capture tasks that utilize reaction time, where
comparable findings manifest across symptom scales (Bar-Haim
et al., 2007; Salum et al., 2017). Importantly, clinically anxious
youth show both elevated trait- and state-level anxiety, yet the
pupil effect we observed was driven by trait-level differences as
opposed to in-the-moment anxiety levels. Thus, this may impli-
cate these pupillary response effects as a potential marker of ill-
ness, i.e. stable trait-level anxiety, rather than state anxiety in the
moment. While we found specific associations between atten-
tional measures and anxiety symptoms, it is unclear whether
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these associations depend on particular features of our task. For
example, a prior study found ‘increased’ pupillary dilation after
aural and visual presentation of negative words associated with
increased anxiety severity (Shechner et al., 2015). This suggests
that the pupillary constriction we found may be specific to the
affective face stimuli or other demands of the current task and
thus effects may differ as a function of the paradigm exam-
ined, e.g. Bakes et al. (1990) and Bitsios et al. (2002). Furthermore,
increased luminance or salience upon stimulus onset relative to
the fixation period may have contributed to the overall constric-
tion observed here. Critically, luminance was matched across
stimuli, and group differences were observed in the context of
this constriction. This may be controlled further in future work.

In sum, the current study used parallel methods across
species to identify complementary findings from human
patients with clinical anxiety and non-human primate models
with amygdala lesions. The saccade-based attentional capture
paradigm elicited affective face-related differences in pupillary
response across species. Across affective facial and control
stimuli, human anxiety vs amygdala lesions in monkeys
exhibited opposite effects on overall pupillary responses. This
work implicated elevated amygdala responsivity in anxiety
underlying enhanced pupillary constriction to stimuli during
an attentional capture paradigm.
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