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Altered pupil responses to social and non-social stimuli in
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Pupillary response, an important process in visual perception and social and emotional cognition, has been widely studied for
understanding the neural mechanisms of neuropsychiatric disorders. However, there have been few studies on pupil response to
social and non-social stimuli in animal models of neurodevelopmental disorders including autism spectrum disorder (ASD) and
attention deficit hyperactivity disorder. Here, we developed a pupilometer using a robust eye feature-detection algorithm for real-
time pupillometry in dogs. In a pilot study, we found that a brief light flash induced a less-pronounced and slower pupil dilation
response in gene-edited dogs carrying mutations in Shank3; mutations of its ortholog in humans were repeatedly identified in ASD
patients. We further found that obnoxious, loud firecracker sound of 120 dB induced a stronger and longer pupil dilation response
in Shank3 mutant dogs, whereas a high reward food induced a weaker pupillary response in Shank3 mutants than in wild-type
control dogs. In addition, we found that Shank3 mutants showed compromised pupillary synchrony during dog-human interaction.
These findings of altered pupil response in Shank3 mutant dogs recapitulate the altered sensory responses in ASD patients. Thus,
this study demonstrates the validity and value of the pupilometer for dogs, and provides an effective paradigm for studying the
underlying neural mechanisms of ASD and potentially other psychiatric disorders.
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INTRODUCTION
Pupillary responses are widely used as an informative parameter
to evaluate arousal and emotional state, and cognitive processing
such as visual attention and memory [1–3]. Pupillometry has the
potential to assist in diagnosis of psychiatric disorders [4] such as
autism [5, 6], anxiety [7, 8], and depression [9, 10]. Compared with
typically developed children, autistic children show significantly
longer pupillary light reflex latency, smaller constriction amplitude
and slower constriction velocity [11, 12]. Pupillary responses in
autistic children are also hypersensitive to repeated sounds [13].
However, no specific genetic defects associated with abnormal
pupillary responses have been identified in these patients.
Pupillary responses have also been used to examine arousal state

and sensory and cognitive processing in animals, including rodents
[14] and non-human primates [15]. They are a useful measure for
exploring human neuropsychiatric disorders, such as autism
spectrum disorder (ASD), in animal models. For instance, compared
with wild-type (WT) rodents, prolonged pupil response and larger
pupil size occur in CDKL5- and MeCP2-deficient mouse models of
ASD [16], and the latency of pupillary light reflex was increased in an
ASD model of macaques carrying SHANK3mutations [17]. However,
the inherent constraints of these animal models may limit their
implications in studying ASD. Specifically, although genetically-
modified rodents are the animal models most commonly used to

dissect the molecular and circuitry mechanisms underlying ASD, the
apparent differences in brain anatomy and social behavior between
rodents and humans may limit the translational value of rodent
models for studying ASD. Non-human primate models could
provide insights into the pathophysiology of ASD, but the slow
reproduction rate (e.g., 5 years to reach adulthood and one birth per
pregnancy) and extremely high cost pose a practical challenge for
their broad application [18–20].
Among the myriad species on earth, dogs share human physical

and social environments, and they have developed complex social
interactions with humans over 33,000 years of domestication
[21, 22]. Genome comparison revealed that the dog genome
closely resembles the human genome [23]. Proteomics analysis
showed more conserved spatiotemporal protein expression
patterns in dog brains compared to human brains than those of
mouse brains [24]. Furthermore, behavior studies have revealed
that dog-human relationship plays a crucial role in the social
behavior of dogs [25], and they display human-like gaze allocation
or behavior in viewing social scenes [26] and in emotional
connection with humans [27]. Thus dogs are an effective animal
model for studying social cognition and neuropsychiatric dis-
orders, such as ASD in humans [28–30].
Although a pupillometry system has been used to study dog

cognition [31], this setup restricts head and body movements,
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leading to difficulties in studying naturalistic behavior and social
interaction which are crucial for understanding ASD. In addition to
the challenge of establishing the eye-tracker on the head for
reliable prolonged data collection, another difficulty is that unlike
humans, dogs have a reflective lining behind the retina, the
tapetum lucidum, which reflects part of the light back to the
camera, producing a bright pupil to obstruct precise measuring of
pupil size [32]. Existing pupil segmentation algorithms are not able
to resolve the bright pupil effect, leading to inaccurate data
collection and analysis.
Therefore, we set out to develop a robust head-mounted

pupillometry system for dogs based on machine learning. This
system not only improves data collection quality and data analysis
accuracy, but also allows for real-time pupil size measurement.
Furthermore, it allows multiple pupillometry systems to work
simultaneously, facilitating the study of naturalistic social interac-
tions among multiple individuals. In the present study, we
validated and used this newly developed pupillometry system to
determine whether ASD-associated genes affect pupillary
responses in dogs. We systematically compared differences in
pupillary responses to a range of non-social (light, sound, and
food) and social (dog-human interaction) stimuli between dogs
with and without Shank3 mutations; SHANK3 mutations are well-
known genetic risk factors for ASD in humans [33].

MATERIALS AND METHODS
Ethical consideration and animal care
All animal-related protocols were approved in advance by the Animal Care
and Use Committee of the Institute of Genetics and Developmental
Biology (AP2022001). Three control Beagle dogs (1–2 years old, male;
provided by Beijing Sinogene Biotechnology Co. Ltd) and three hetero-
zygous Shank3mutants (−1279+ 1 bp/+, −496 bp/+ and −483+ 7 bp/+,
1–2 years old, male) previously generated and characterized [29] were
used for various experiments in the present study. The dogs were housed
in pairs after weaning at postnatal day 50 in 2m × 0.9 m × 1.5m
(length × width × height) cages and maintained on a 12/12 h dark light
cycle, with a humidity of 40–60% and a temperature of 22–24 °C. During
non-experimental periods, dogs were exposed to the breeders only. The
dogs were fed with Royal Canine Chow (Royal Pet Food Company Ltd.,
France) twice daily from 08:00 to 10:00 and 15:30–17:00. Based on regular
veterinary assessments, all dogs were in good health at the time of
experiments. All tests were performed at the timeslot of 9:00–12:00 or
14:30–17:00.

Pupillometry after non-social and social stimuli
Before the experiment, each dog was guided into an area (2 × 3m)
surrounded by fences, and allowed to explore freely for 10min. Dogs first
completed fitting training of the pupillometer for 8 sessions per day,
starting with the loosest setting and leaving it on for less than 10 s. We
adjusted the fit of the pupillometer to be snug on dogs’ heads and
gradually let them wear for a longer period of time. Approximately three
days after the fitting training, dogs were qualified to complete the
following tests if they were able to wear the pupillometer comfortably for
10min. Light conditions in the room were kept constantly at 90 lux using
LED-light bulbs (10W, 4000k, Philips, Netherland) except for light stimuli
experiments.
When recording pupillary responses to light stimuli, dogs experienced

dark adaptation (40 lux) for 5 min before the light stimulus. The light
source was located 10 cm in front of the dogs. The light stimulus (1000 lux,
630 nm) was presented for 0.5 s. Each dog completed three sessions,
consisting of 5 trials per session per day. The inter-trial interval was 5min
(dark adaptation).
When recording pupillary responses to auditory stimuli, the loud

auditory stimuli of 120 dB were generated by an electronic firecracker
(B806-4YX, BANGREN, China) which was placed at a distance of 1.5 m from
the dog. The mild auditory stimulation of 80 dB firecracker sounds was
generated by a speaker (B08SXPH879, Bang & Olufsen, Danmark) which
was also placed at a distance of 1.5 m from the dog. Every sound stimulus
lasted for 200ms. Each dog completed three sessions, consisting of 5 trials
per session per day with a 3min inter-trial interval.

When recording pupillary responses to food stimuli, we delivered high-
reward food (snack; BG-W147, Luanhu, China) and low-reward regular food
(Royal Canine Chow, Royal pet food company limited, France) separately to
the dogs through a custom-made treat dispenser (EV160, EVNICE, China)
with a 16-treat capacity, which was driven by a stepper motor drive and
controlled by a custom-written python script. All the tested dogs were
food restricted overnight for 12 h to ensure their desire for food. Sitting in
front of the dispenser, each dog completed three sessions of food stimuli
experiments, consisting of 5 trials per session per day with a 3min inter-
trial interval.
When recording pupillary responses during dog-human interaction, the

dog and the familiar experimenter stayed in the same room without
mutual gaze and no petting at the first stage. They then interacted with
each other by petting the dog neck or back and mutual gaze at the second
stage for 30 s. Every dog completed three sessions of the assay (five trials
per session per day). The inter-trial interval was 3 min. Pupillary responses
were recorded for 30 s at each stage of the assay.
Animals of each group were randomly selected and tested. The

investigator was not blinded to the genotypes of animals during the
experiments and also during outcome assessment. More details on mutant
dogs, performance comparison of different pupil detection methods,
development of pupillometry, pupil detection algorithm, and determina-
tion of pupil dilation synchrony are provided in supplemental methods.

Quantification and statistical analysis
Statistical analysis was performed using GraphPad Prism
(www.graphpad.com). We used non-parametric tests that are more
appropriate for small sample sizes and do not require the assumption of
equal variances. Inter-group differences between pupil diameters of WT
and mutants were analyzed by two-sided Kruskal-Wallis test, while intra-
group differences in WT or mutants were analyzed by two-sided Mann-
Whitney test. Differences between paired pupil diameters in response to
low- and high-reward food stimuli were analyzed by two-sided Wilcoxon
test. All samples/animals were included in the analysis. The sample size
was not pre-determined. Significance was set to be p < 0.05, adjusted for
multiple comparisons by the Holm-Šídák method.

RESULTS
Light flashes induced slower and reduced pupil constriction in
Shank3 mutant dogs
To examine pupillary responses in dogs, we developed a head-
mounted eye tracker capable of artificial intelligence-assisted
measuring of real-time pupil size (Fig. 1 and supplementary video).
In comparison with other head-mounted eye trackers for dogs

Fig. 1 Design of a head-mounted and real-time pupillometry
system for dogs. A Key parts of the pupillometer. 1, head-fitted
frames; 2, adjustable frames; 3, eye camera; and 4, elastic band.
B The pupillometer when worn on. C Real-time recording of pupil
size. Black arrow indicates stimulus onset.
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[32, 34], our system has the advantages of a lightweight design
(53 g for ours vs. 612 g for the other [34]) and a higher frame rate
(120 Hz for ours vs. 29.92 Hz for the other [34]) for the eye camera,
and a reduced training/habituating time. To compare the
performance of different pupil detection methods, we tested
our algorithm against 10 commonly-used pupil extraction
methods, including two traditional image segmentation methods:
ROI-Seg and adaptive threshold segmentation (AdaThresh) [35];
and seven deep neural network-based semantic segmentation
methods: FCN [36], Unet [37], ResNet18 [38], ResNet50 [38],
InceptionResNetV2 [39], MobileNetV2 [40], Xception [41]; and DLC-
based pupil landmark estimation [42]. The systematic comparison
of pupil extraction methods indicated that our method performed
better in terms of accuracy (the mean absolute error was used as
the metric for accuracy evaluation, see Supplementary Table).
Pupillary light reflex refers to pupil constriction after light

stimulation. After a brief light flash, we observed pupil constriction
inWT control dogs as expected (Fig. 2A and B). To examine if Shank3
gene mutations affected pupillary light reflex, we analyzed
pupil responses in three lines of mutant dogs carrying
heterozygous Shank3 mutations (−483+ 7 bp/+, −496 bp/+, and
−1279+ 1 bp/+ with DNA indels in coding region) generated by a
protocol of CRISPR/Cas9 gene editing [29]. The Shank3 mutants
exhibited distinct and robust social behavior deficits including social

withdrawal in three-chamber test and reduced cross-species social
interactions with humans [29], reminisent of that in autistic patients.
After a transient light flash of 1000 lux, the pupillary light reflex
latency (from the onset of light stimulus to the start of pupil
constriction) was 149.60 ± 8.27ms in WT dogs, but 211.10 ± 11.11
(p < 0.01), 201.10 ± 15.98 (p < 0.01) and 104.00 ± 12.00 (p > 0.05) ms
in −483+ 7 bp/+, −496 bp/+, and −1279+ 1 bp/+ mutants,
respectively (Fig. 2C). The increased pupillary light reflex latency in
Shank3 mutants indicates impaired neural signal transduction
efficiency, as suggested previously [43]. The minimum pupil
diameter was 5.22 ± 0.04mm for WT dogs, but 5.43 ± 0.08
(p < 0.05), 5.41 ± 0.05 (p > 0.05) and 5.12 ± 0.08 (p > 0.05) mm for
−483+ 7 bp/+, −496 bp/+ and −1279+ 1 bp/+ mutants, respec-
tively (Fig. 2D); the average time taken for constriction to the
minimum pupil diameter was 1.04 ± 0.01 s for WT, but 1.24 ± 0.02
(p < 0.001), 1.27 ± 0.02 (p < 0.001) and 1.08 ± 0.02 s (p > 0.05) for
−483+ 7 bp/+, −496 bp/+, and −1279+ 1 bp/+mutants, respec-
tively (Fig. 2E), indicating slower and weaker pupil constriction after
light stimulation in Shank3 mutant dogs. The weaker phenotype in
−1279+ 1 bp/+ mutant compared with −483+ 7 bp/+ and
−496 bp/+ mutants is consistent with the fact that −1279+ 1 bp
mutation leads to an in-frame deletion (a weaker mutant allele)
while −483+ 7 bp and −496 bp result in frame shift and truncated
proteins (stronger mutant alleles) [29].

Fig. 2 Brief light flash stimuli induce a slower and reduced pupil constriction response in Shank3 mutant dogs. A A short light stimulus
paradigm includes three blocks: grey = baseline recording of pupil diameter; orange = light stimulus; blue = post-stimulus recording;
green = inter-stimulus interval. 15 stimuli for each animal. B Pupil diameter as a function of time in response to light stimuli in wild-type and
Shank3 mutant dogs (color-coded). WT, wild type; Mut, mutant. Black arrow indicates stimulus onset. The −1279+ 1 bp/+ mutant displayed a
stronger pupillary response than the other two mutants. C Pupil light reflex latency after light on in wild-type and Shank3 mutant dogs. Error
bars represent standard error of mean (SEM). **p < 0.01; ns, no significance compared with WT controls by Kruskal-Wallis test. D Minimum
value of pupil diameter after light on in wild-type and Shank3 mutant dogs. Error bars represent SEM. *p < 0.05 (Kruskal-Wallis test). E Time
taken for constriction to the minimum pupil diameter in wild-type and Shank3 mutant dogs. Error bars represent SEM. ***p < 0.001 (Kruskal-
Wallis test).
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Loud 120 dB firecracker sound induced elevated and
sustained pupil dilation in Shank3 mutant dogs
Abnormal responses to sensory inputs, such as sounds, are one of
the core symptoms of autism [44]. Around 50−70% of autistic
children and adults show decreased tolerance to environmental
sounds [45], which is a cause of significant distress and
inconvenience for them, leading to anxiety, reduced community
involvement, and school/workplace difficulties [46, 47]. As dogs
are typically fearful of firecracker sounds [48], we delivered a
120 dB firecracker sound as an aversive auditory stimulus to
examine possible abnormal pupil responses in Shank3 mutant
dogs. Compared with WT dogs, pupil dilation in mutants was
faster to the maximum diameter and more elongated (i.e., it took
longer to recover to baseline). Specifically, pupils of WT dogs
dilated to the maximum diameter in 2.8 s after the 120 dB
firecracker sound and gradually recovered to baseline over the
next 4.9 s, whereas pupils of mutants dilated to the maximum
diameter in 2.0 s and recovered over the next 16.8 s (Fig. 3A).
Notably, WT dogs showed individual differences in pupillary
responses to the sound stimuli, but the mutants did not.
A schematic comparison of pupillary responses between WT

and mutant dogs is presented in Fig. 3B. Pupillary responses in WT
dogs could be divided into five temporal phases (P1, rapid phase
of dilation, P2, sustained phase of dilation, P3, plateau phase of
dilation, P4, rapid phase of constriction, P5, slow phase of
constriction) based on the observed boundary points and the
significant differences in slope between consecutive phases
(p < 0.001, Mann-Whitley test). Mutants, however, lacked P2 and
displayed a much longer P3 and a lower constriction rate of P4
and P5 (Fig. 3B).

A mild firecracker sound induced enhanced pupil dilation in
Shank3 mutant dogs
Given that sounds of different loudness may cause different levels
of emotional arousal, and since pupil dilation upon an auditory
stimulus is positively correlated with loudness [49], we further
examined whether the abnormal pupillary responses of the
mutants could be affected by the intensity of auditory stimuli. A

mild 80 dB firecracker sound was delivered using an identical
experimental protocol to that used for 120 dB sound. The 80 dB
and 120 dB firecracker had identical sound properties (tone and
timbre) except for amplitude (sound pressure). Overall, 80 dB
sound induced a weaker dilation response than 120 dB sound in
WT dogs (Fig. 4A). The mean maximum diameters of pupil dilation
induced by 80 and 120 dB sounds was 4.48 and 5.44 mm (a
difference of 21%), respectively (Fig. 4A). As expected, there were
clear differences in pupil dilation responses to 80 dB firecracker
sound between WT and mutants (Fig. 4B, C). The maximum pupil
diameter was 4.48 ± 0.02 mm for WT, but 4.67 ± 0.04, 4.63 ± 0.02
and 4.45 ± 0.01 mm for −483+ 7 bp/+, −496 bp/+ and
−1279+ 1 bp/+, respectively); except for −1279+ 1 bp/+, the
mutants of −483+ 7 bp/+ and −496 bp/+ exhibited significantly
stronger pupil dilation responses compared with WT dogs
(p < 0.001; Fig. 4C).

Pupillary responses in Shank3 mutants were not sensitive to
food reward valence
In addition to auditory stimuli, visual and olfactory cues are also
important sensory inputs for cognitive processing in dogs. When
viewing food stimuli, ASD patients showed increased activation in
the anterior cingulate cortex and either bilateral insula [50] or left
anterior insula [51] compared to a control group. However, the
etiology of ASD patients was not identified. Here we used both
high- (treat) and low-reward (regular) foods to examine whether
dog pupillary responses to the integrated visual-olfactory food
stimuli could be modulated by the perceived differences in the
level of reward, and whether dogs with the ASD-associated
Shank3 mutations displayed atypical pupillary responses to food
stimuli (Fig. 5A). Although both WT and mutant dogs showed pupil
dilation to food stimuli at different valences, the 483+ 7 bp/+ and
−496 bp/+ but not −1279+ 1 bp/+ heterozygotes showed a
significantly reduced pupil dilation in terms of maximum pupil

Fig. 3 A loud (120 dB) firecracker sound induces elevated and
sustained pupil dilation in Shank3 mutant dogs. A Pupil diameter
as a function of time following a 120 dB sound stimulus. WT, wild
type; Mut, mutant. 15 stimuli for each animal. BMean pupil diameter
as a function of time following a 120 dB sound stimulation in wild-
type and Shank3 mutant dogs. The profile of pupil size changes after
sound stimuli in WT controls is divided into five phases (color-
coded) by changing slopes. P1−P5: phases 1 to 5. WT, wild type;
Mut, mutant.

Fig. 4 A mild auditory stimulus induces a slightly enhanced pupil
dilation response in Shank3 mutant dogs. A Pupil diameter as a
function of time in response to 80 dB and 120 dB sound stimuli
(color-coded). Black arrow indicates the sound stimulus onset.
B Pupil diameter as a function of time following 80 dB sound stimuli.
Mutants are color-coded. WT, wild type. 15 stimuli for each animal.
C Maximum value of pupil diameter after 80 dB stimulation in WT
and Shank3 mutant dogs. Error bars represent SEM. ***p < 0.001; ns,
no significance compared with WT controls (Kruskal-Wallis test).
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diameter in response to high-reward food compared with WT
controls (Fig. 5B, C). Interestingly, WT and mutant dogs tended to
respond differently to the reward level. In comparison with a low-
reward food, a high-reward food induced significantly larger
pupils in WT control and −1279+ 1 bp/+ mutant dogs, but not in
−483+ 7 bp/+ and −496 bp/+ mutant heterozygotes (Fig. 5D),
indicating that Shank3 mutants are not sensitive to food stimuli at
different reward levels.

Loss of pupil dilation synchrony in Shank3 mutants during
dog-human interactions
Persistent deficits in social communication and social interaction
across multiple contexts are core ASD symptoms [44]. During
normal human social interaction, the ability to attend to the same
information as another person enables communication and
connection, transfer of information and experience sharing
[52, 53]. The physiological synchrony associated with shared
attention has been supported by several lines of evidence,
including pupillary synchrony during human-human interactions
[54]. To determine whether pupillary synchrony could be
extended to human-dog dyads, and whether mutant dogs
exhibited atypical human-dog pupillary synchrony, we quantified
the dynamics of pupil dilation in the interacting human-dog dyads
(Fig. 6A). We designed a two-stage test for this purpose. For non-
interaction control (first stage), the dog and the familiar
experimenter stayed in the same room without petting and
mutual gaze. For social interaction (second stage) the experi-
menter interacted with the dog by mutual gaze and petting the
dog’s neck or back. We analyzed pupil synchronization by scoring
pupil dilation as “1” and others as “0” (Fig. 6B), which produced

binary vectors consisting of 1 and 0. The magnitude and the
frequency of pupil dilation were not considered in this algorithm.
We then analyzed pupil dilation between dog and human by
calculating the Jarccard distance i.e., the synchronization index
between binary vectors (see Supplementary Information). The
results showed that the synchrony index of pupillary dilation in
WT controls during dog-human social interaction was significantly
higher than that in the context without social interaction (Fig. 6C).
Pupil dilation synchrony was apparently affected by Shank3.

Heterozygous −496 bp/+ and −483+ 7 bp/+ mutants (but not
1279+ 1 bp/+) showed no pupil dilation synchrony during dog-
human interactions, and all three heterozygous mutants
(−1279+ 1 bp/+, −483+ 7 bp/+ and −496 bp/+) showed a
significantly lower pupil dilation synchrony index than WT control
(Fig. 6C). As a control, there was no significant difference in pupil
dilation synchrony index between WT and mutant dogs in the
context without dog-human social interaction (Fig. 6C).

DISCUSSION
Atypical sensory responses are part of the ASD diagnostic criteria
[44]. Specifically, hyper- or hypo-reactivity responses to sensory
inputs (e.g., apparent indifference to pain/temperature and altered
responses to specific sounds or textures) are commonly observed
symptoms in individuals with ASD [], which are also causes of
significant distress and discomfort across the lifespan of people
with autism. Previous studies suggested pupillary responses are
reliable indicators for activity of the autonomic nervous system
(ANS) [6, 55]. Abnormal ANS activity has been linked to a range of
neurodevelopmental disorders, including ASD [56]. In the present

Fig. 5 High-reward food is unable to induce a stronger pupil dilation response in Shank3 mutant dogs. A A food stimulus paradigm
includes three blocks: grey = baseline recording of pupil diameter, orange = food stimulation, and green = inter-stimulus interval. B Pupil
diameter as a function of time before and after low/high-reward food stimulation in WT and Shank3 mutant dogs (color-coded). WT, wild-type;
Mut, mutant. Black arrow indicates stimulus onset. 15 low-/15 high-reward food stimuli for each animal. C Maximum pupil diameter after low/
high reward food stimulus in wild-type and Shank3 mutant dogs. Error bars represent SEM. *p < 0.05; ns, no significance compared with WT
controls (Kruskal-Wallis test). D Comparison of pupil diameter after low/high reward food stimulation in WT and Shank3 mutant dogs.
***p < 0.001; ns, no significance (Wilcoxon test).
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study, we developed head-mounted eye-tracker and deep
learning-based pupil-detection algorithm. The altered pupillary
responses induced by light, sound, food, and social interaction
stimuli in mutant dogs, summarized in Fig. 7, are likely to be
associated with atypical functioning of the ANS.
Balance between inhibitory and excitatory activity within the

sympathetic and parasympathetic systems of the ANS determines
the level of ANS activity. For light stimuli, we also observed a
smaller constriction amplitude and longer pupillary light reflex

latency in Shank3 mutants, recapitulating that in autistic children
[11, 12]. For the auditory stimuli, our findings in Shank3 mutants
are in agreement with a previous finding of increased pupil
dilation to auditory stimulation in autistic patients [49, 57, 58] and
hypersensitive responses to repeated sounds [13], suggesting
similar auditory arousal (pupil dilation response) between dogs
and humans. The altered pupillary responses in Shank3 mutant
dogs after the light/auditory stimulation may be explained by
misregulation of the inhibitory activity of the parasympathetic

Fig. 6 Loss of pupil dilation synchrony in Shank3mutants during dog-human interaction. A The dog-human interaction paradigm includes
two blocks: human and dog in the same room without mutual gaze and petting (left), and human interacting with the dog with mutual gaze
and petting (right). B Examples of normalized pupil diameter as a function of time under independent and social interaction conditions in WT
and Shank3 mutant dogs. The pupil dilation process is highlighted in pink. C Pupil dilation synchrony index under independent (Ind.) and
social interaction (Int.) conditions in WT and Shank3 mutant dogs (color-coded). Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001; ns,
no significance (Mann-Whitley test for intra-group comparison and Kruskal-Wallis test for inter-group comparison). WT, wild type.
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system, the excitatory activity of sympathetic system of the ANS,
or both.
Previous studies on pupil responses in humans and mice have

revealed pupil dilation in two temporal phases, each with a
specific underlying neural circuit. Rapid pupil dilation is closely
associated with phasic activity of noradrenergic neurons, induced
by activation of the sympathetic nervous system; by contrast,
sustained pupil dilation during avoidance responses is accom-
panied by the activity of cholinergic axons, induced by inhibition
of the parasympathetic nervous system [14, 59, 60]. The longer P1
and absence of P2 observed in Shank3 mutants suggest they may
have an altered ANS activity.
The different results of pupil responses to 80 dB and 120 dB

stimuli may be explained by the Petersen and Posner model on
attentional processing [61], which includes three systems of
attention: the alerting system, the orienting system, and the
executive system. The alerting system is responsible for maintain-
ing a state of general arousal and readiness to respond to
incoming stimuli; the orienting system directs attention towards a
target stimulus, and allows individuals to focus on relevant stimuli
while ignoring irrelevant or distracting information [61]. Previous
studies in humans attribute the first phase (P1) of pupil dilation to
the activation of the alert system and the second phase (P2) of
dilation to activation of the orienting system [62]. Both 80 dB and
120 dB sound stimuli may activate the alerting system. However,
unlike the mild 80 dB stimulus, the 120 dB stimulus may be
considered a startling stimulus [63]. It is possible that dogs require
activation of the orienting system for loud auditory stimuli to
locate the source of the threat and perform avoidance move-
ments. Thus, the P2 phase of pupil dilation induced by 120 dB
stimuli may be controlled by orienting system. The loss of the P2
phase of the dilation in response to 120 dB stimuli in Shank3
mutants indicates that the orienting system may be impaired, as
suggested by a recent study on ASD children [64].
For food stimuli, food pictures have been used to induce pupil

dilation in humans [65], but no studies on pupillary responses to
actual food stimuli have been reported in both humans and dogs.
Our work showed for the first time that food stimuli also induced
pupil dilation in dogs. Interestingly, in comparison with control

dogs, Shank3 mutants showed reduced dilation to a high-reward
food and did not react to a high-reward food with stronger pupil
dilation, indicating hyper-activation of the parasympathetic
system, hypoactivation of the sympathetic system, or both. Unlike
auditory stimuli, which are received passively, food stimuli attract
attention. Therefore, appropriate attention needs to be devoted to
the food stimulus. Given that abnormal attention allocation has
been reported in patients with ASD [66, 67], it is plausible that
abnormal attention allocation may lead to neglect of or inability to
pay full attention to high-reward food stimuli in Shank3
mutant dogs.
For dog-human interactions, pupil dilation synchrony may be

caused by coupled activity of the sympathetic and parasympa-
thetic systems of the ANS. The shared attention between human
and dog during social interaction may cause synchronized ANS
activity, which in turn leads to pupil dilation synchronization.
Shank3 mutants showed no pupil dilation synchronization,
indicating that ANS activity may not be synchronized during
dog-human social interaction. It is possible that abnormal
attention allocation during social interaction may cause atypical
functioning of the ANS, which in turn leads to a loss of pupil
dilation synchronization. Dysfunctional ANS due to abnormal
attention allocation provides a possible mechanism for the
widespread abnormalities in social interactions among individuals
with autism.
We note the pupillometry for dogs we developed was robust, as

the phenotypic variations in individual WT animals are minimum
and only noticeable when stimulated by strong 120 dB sound
stimuli. We observed consistently that the −1279+ 1 bp/+
mutant displayed a weaker pupillary response than the other
two mutants. Specifically, during dog-human interaction,
−1279+ 1 bp/+ mutant showed weaker pupil dilation synchrony
compared with WT controls, while the two other mutants lost the
pupil dilation synchrony. After light stimulation, mild auditory
stimulation, and food stimulation, the mutant of −1279+ 1 bp/+
but not −496 bp/+ and −483+ 7 bp/+ mutants showed normal
pupil response. The different phenotypes between three mutants
may be because the −1279+ 1 bp/+ mutation is an in-frame
deletion that results in a weak loss-of-function allele [29]. The
similar phenotypes with different severity among three mutants
further support that the altered pupillary responses to sensory
stimuli are indeed caused by Shank3 mutations.
In summary, we successfully designed and applied pupillometry

to a dog model carrying different Shank3 mutations and observed
atypical sensory responses that are consistent with those reported
in human autistic patients. We believe the methodology that we
developed in the present study is useful for understanding the
neural mechanisms underlying abnormal sensory experiences in
ASD, and our findings provide potential biomarkers for diagnosis
and drug development for autism. In future studies, the
pupillometry can be combined with electrophysiological and
neuroimaging assays in dogs to uncover the neural mechanisms
underlying the atypical sensory responses in autistic, and perhaps
other psychiatric patients.
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