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NEUROSCIENCE

Autism-like atypical face processing in Shank3

mutant dogs

Siqi Yuan'?, Chenyu Pang3, Liang Wu'?, Li Yi3, Kun Guo?, Yong-hui Jiangs,

Yong Q. Zhang"z's*, Shihui Han3*

Atypical face processing is a neurocognitive basis of social deficits in autism spectrum disorder (ASD) and a candi-
date cognitive marker for the disease. Although hundreds of risk genes have been identified in ASD, it remains
unclear whether mutations in a specific gene may cause ASD-like atypical face processing. Dogs have acquired
exquisite face processing abilities during domestication and may serve as an effective animal model for studying
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genetic associations of ASD-like atypical face processing. Here, we showed that dogs with Shank3 mutations ex-
hibited behavioral and attentional avoidance of faces, contrasting with wild-type controls. Moreover, neural re-
sponses specific to faces (versus objects) recorded from the electrodes over the temporal cortex were significantly
decreased and delayed in Shank3 mutants compared to wild-type controls. Cortical responses in the frontal/
parietal region underlying categorization of faces by species/breeds were reduced in Shank3 mutants. Our findings
of atypical face processing in dogs with Shank3 mutations provide a useful animal model for studying ASD mech-

anisms and treatments.

INTRODUCTION

Autism spectrum disorder (ASD) is a group of neurodevelopmental
disorders with impaired social interactions and repetitive behaviors
(I). A key cognitive basis of social dysfunction in ASD is atypical
face processing that is characterized by difficulties in face recogni-
tion (2), avoidance of eye contact with others (3), and impaired
structure and function of the neural network involved in face pro-
cessing (4, 5). ASD is highly heritable with hundreds of risk genes
identified (6-8). Similarly, face cognition (9, 10) and face preference
(11) have also been shown to have a genetic basis. However, whether
mutations in a specific risk gene cause ASD-like atypical face pro-
cessing remains unclear.

Given the replicated findings of SHANK3 mutations in patients
with ASD (7, 12), animal models with mutations of this gene have
been created to examine potential social impairments in ASD. Mouse
models with Shank3 gene mutations showed deficits in social moti-
vation (13), social recognition (14), and social communication (15).
SHANK3 mutant monkeys also exhibited impaired social interac-
tions and increased repetitive behaviors (16, 17). However, none of
these animal models have recapitulated the atypical face processing
in patients with ASD, limiting our understanding of the genetic link
for the abnormal neurocognitive mechanisms underlying face pro-
cessing in ASD. Specifically, rodents primarily rely on olfactory and
whisker-tactile sensory information rather than visual (facial) infor-
mation during social interactions (18).

The present study investigated whether dogs with Shank3 muta-
tions generated using the CRISPR-Cas9 editing technique (19) would
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show ASD-like deficits in face processing. Domestic dogs (Canis
familiaris) engage in intimate and complex social interactions with
both conspecifics and humans. They can read facial information about
individual human identity (i.e., familiar versus unfamiliar faces)
(20, 21) and modulate their behaviors in accordance with human
social cues (22). Dogs exhibit eye contact and gaze-following behav-
ior during interactions with humans (23). They also show distinct
neural responses to faces versus objects and to faces of conspecifics
versus humans in the temporal and parietal cortices (24, 25). These
findings indicate dogs as a potential animal model for the investiga-
tion of face processing.

Recent studies have revealed social behavior deficits and abnor-
mal auditory responses in Shank3 mutant dogs that expressed re-
duced levels of Shank3 isoforms (19, 26). In the present study, we
analyzed multimodal measures, including behavioral, eye-tracking,
and electrocorticogram (ECoG) measures, to examine possible face
processing deficits in Shank3 mutant dogs. We adapted the experi-
mental paradigms used in studies of human face perception (27-29)
to quantitatively compare behavioral preferences, eye gaze patterns,
and ECoG signals in response to face stimuli in wild-type (WT) and
Shank3 mutant dogs. Perceptual discriminations of faces versus
nonface objects and faces of different species or breeds are two dif-
ferent levels of face processing that engage distinct neural circuits in
both humans (27) and dogs (24, 25). We thus investigated whether
and how Shank3 mutations in dogs would affect these two levels of
face processing by analyzing behavioral, eye gaze, and ECoG data.
Our findings provide consistent evidence for ASD-like atypical face
processing in Shank3 mutant dogs that provide a valid animal model
for understanding the neurocognitive mechanisms of ASD and
developing interventions for the disease.

RESULTS

Behavioral avoidance for faces in Shank3 mutants

Behavioral preferences for faces as an index of motivations for soci-
ality have been documented in humans and other animals including
dogs (30-32). We therefore examined whether WT dogs showed
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spontaneous behavioral preferences for faces over nonface objects
and whether such preferences would be changed because of Shank3
mutations. We examined behavioral preferences for faces of WT
controls and Shank3 mutants (all beagles; see Materials and Meth-
ods and tables S1 and S2 for details) using an approach-avoidance
test modified from a previous study (33). During the test, a food tray
was placed at the bottom of each of the two computer monitors sep-
arated by a board (Fig. 1A). At the beginning of each trial, identical
dog snacks were placed on each of the two trays. Two black-and-
white photos of a beagle face and a house were displayed simultane-
ously side by side on the two monitors, and their left and right
positions varied randomly across trials (Fig. 1B). A test dog was
guided to sit in the middle of the testing room facing the monitors
for 3 to 5 s before being released to approach one of the two sides.
Behavioral preferences for faces were quantified as the percentage of
trials in which a dog approached the face.

The results showed that WT controls approached faces signifi-
cantly more often than the chance level of 50% [65.2 + 2.55%
(mean + SEM), #(15) = 5.988, P < 0.001; Fig. 1B]. Shank3 mutants,
however, approached faces less frequently (i.e., approached houses
more frequently) than the chance level [38.8 + 2.64%, #(13) = 4.235,
P =0.001]. Thus, WT controls and Shank3 mutants showed oppo-
site patterns of behavioral responses in the approach-avoidance test.
Face and house stimuli were different in both low-level visual fea-
tures (e.g., contrast and spatial frequency) and high-level perceptual
category. To test whether the distinct behavioral responses observed
in WT and Shank3 mutants were caused by different low-level vi-
sual features or high-level perceptual categories of the stimuli, we
conducted the approach-avoidance test using faces and houses that
were presented upside down. Low-level visual features were the
same for inverted and upright face and house stimuli, whereas per-
ceptual categorization of inverted faces and houses was deteriorated
(34, 35). The results showed that neither WT controls nor Shank3
mutants approached inverted faces at an above-chance level (WT,
54.2 +2.70%, P = 0.176; mutants, 50.6 + 2.30%, P = 0.973; Fig. 1C),
indicating negligible contribution of low-level visual features of the
visual stimuli to the distinct behavioral preferences to faces and
houses in WT and Shank3 mutants.

To exclude the possibility that houses rather than faces produced
the distinct patterns of behavioral responses to face and house stim-
uli, we tested WT controls and Shank3 mutants in the approach-
avoidance test using black-and-white photos of houses and cars as
paired stimuli. The results showed that neither WT controls nor
Shank3 mutants approached houses at an above-chance level (WT,
48.4 + 3.28%, P = 0.766; mutants, 50.6 + 2.59%, P = 0.938; Fig. 1D),
providing no evidence that houses induced any behavioral prefer-
ence or avoidance in either WT or mutant dogs. Together, these re-
sults demonstrated behavioral preferences for faces in WT controls
but behavioral avoidance of faces in Shank3 mutants.

Reduced attention to faces in Shank3 mutants

Next, we used a human eye-tracking paradigm to examine whether
the lack of behavioral preferences for faces in Shank3 mutants was
accompanied by impaired attention to face stimuli, similar to the
findings in children with ASD (28, 36). We analyzed eye gazes when
WT controls and mutants viewed paired photos of a face and a house
that were simultaneously displayed for 3 s (Fig. 2A). WT controls and
mutants showed distinct heatmaps of gaze distributions when view-
ing the stimuli in Fig. 2B. We then quantified visual attention to faces
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Fig. 1. Behavioral preference for nonface over face stimuli in Shank3 mutant
dogs. (A) lllustration of the approach-avoidance test. In each trial, a dog was guid-
ed to sit in the middle of the testing room facing the monitors and 2.4 m away from
the screen for 3 to 5 s and then released to make a choice. (B) The left panel shows
two examples of the upright beagle face versus house pairs. Each photo of 20.3 cm
by 25.4 cm was displayed in the center of a 23.7-inch (60.198-cm) monitor. The right
panel shows the mean percentage of approaching faces in WT (n = 16) and mutant
dogs (n = 12). (C) Two examples of the inverted beagle versus house pairs (left). The
mean percentage of approaching inverted faces in WT (n = 12) and mutant dogs
(n = 11) (right). (D) Two examples of the upright car versus house pairs (left). The
mean percentage of approaching house in WT (n = 12) and mutant dogs (n = 11)
(right). Data are presented as means + SEM. The colored circles represent the data
points of individual animals. **P < 0.01; ***P < 0.001; ns, not significant.
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Fig. 2. Eye gaze biases toward nonface over face stimuli in Shank3 mutant dogs. (A) A schematic diagram of the eye-tracking procedure. (B) Heatmaps of fixation
durations in representative WT and mutants. The scale indicates fixation distribution intensity. A warmer color in the heatmap indicates a longer fixation duration.
(C) Total viewing time on screen by WT (n = 5) and mutant dogs (n = 5). (D) The mean percentage of fixation durations on faces. One-sample t test was used. (E) The mean
number of fixations. (F) The mean latency of the first fixation at face or house stimuli. (G) The mean percentage of durations of gaze at the eye region (versus faces) in WT
and Shank3 mutant dogs. (H) The mean percentage of numbers of fixations at the eye region (versus faces) in WT and Shank3 mutant dogs. Data are presented as means
+ SEM. The colored circles represent the data points of individual animals. *P < 0.05; **P < 0.01; ns, not significant.

or houses by analyzing fixation durations, numbers of gaze fixations,
and latencies of the first fixation to faces and houses. To test whether
Shank3 mutants compared to WT controls paid less attention to face
stimuli, we conducted individual-based statistical analyses to com-
pare the eye-tracking data in the two testing groups. We found that,
while WT controls and mutants showed similar total time of viewing
the screen (2.0 £ 0.08 s versus 1.9 = 0.09 s, nonparametric Mann-
Whitney tests, U= 6, P=0.111; Fig. 2C), WT controls fixated on face
stimuli significantly longer than Shank3 mutants (63.7 + 5.70 s ver-
sus 28.1 + 6.23 s, U= 1, P = 0.008; Fig. 2D). Moreover, WT controls
showed more gaze fixations on faces than on houses (nonparametric
Wilcoxon matched-pairs signed-rank tests, Z = —2.023, P = 0.031),
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whereas Shank3 mutants showed more gaze fixations on houses than
on faces (Z = —2.023, P = 0.031; Fig. 2E). We also analyzed the first
fixation latency and found that Shank3 mutants moved gazes faster
to houses than to faces, whereas no such difference was observed in
WT (WT controls, Z = —0.674, P = 0.313; Shank3 mutants,
Z = —2.023, P = 0.031; Fig. 2F). These results together revealed an
attentional bias to faces in WT controls but reduced attention to fac-
es in Shank3 mutants.

Because reduced attention to the eye region in faces is a prominent
feature among patients with ASD (37), we further analyzed the pat-
terns of gaze movements in the eye region of the face stimuli. In com-
parison with WT dogs, Shank3 mutants exhibited a shorter duration
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of gaze (44.9 + 8.16% versus 21.5 + 3.72%, U = 3, P = 0.028; Fig. 2G)
and fewer fixations in the eye region (43.1 + 7.80% versus 19.9 + 3.15%,
U = 3, P = 0.028; Fig. 2H). Thus, contrary to the attentional bias to-
ward faces in WT controls, Shank3 mutants show an attentional bias
toward nonface stimuli and toward noneye regions of faces, recapitu-
lating impaired attention to faces in children with ASD (37, 38).

Decreased and delayed N1 cortical responses specific to
faces in Shank3 mutants

The distinct patterns of behavioral preferences and attention biases
toward faces versus houses in WT and Shank3 mutants imply altered
neural underpinnings of face processing due to Shank3 mutation. We
tested this possibility by recording ECoG signals evoked by face (dog
and human faces) and nonface (houses) stimuli in WT and mutant

animals. Given the greater neural sensitivity to faces in the right than
in the left hemisphere (39), ECoG signals were recorded from 32 elec-
trodes over the right frontal, parietal, temporal, and occipital cortices
as previously reported (fig. S2) (26). Visual stimuli elicit event-related
potentials (ERPs) in most brain regions (fig. S3). We statistically ana-
lyzed signals from the temporal electrodes that showed the largest dif-
ference in ERPs elicited by faces and houses (see below), while the
ECoG signals from the frontal/parietal regions did not show signifi-
cant differences in the amplitudes or latencies specific to faces be-
tween WT and mutants (fig. S4). ERPs in response to faces and
houses at the temporal electrodes included an early positive activity
(P1; peaking at 43 to 66 ms after stimulus onset), a following negative
activity (N1; 89 to 123 ms), and a late positive activity (P2; 212 to
263 ms) (Fig. 3, A and B, and table S3).
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Fig. 3. Decreased and delayed face-specific/N1 responses in Shank3 mutant dogs. (A and B) ERPs to dog faces, human faces, and houses recorded at the temporal
electrodes in WT (n = 5) and Shank3 mutant dogs (n = 5). The gray bar indicates the time windows used for calculating the mean amplitudes of P1, N1, and P2 amplitudes.
(C, E, and G) The mean N1 (C), P1 (E), and P2 (G) amplitudes to face and house stimuliin WT and Shank3 mutant dogs. (D, F, and H) The mean N1 (D), P1 (F), and P2 (H) peak
latencies to face and house stimuli in WT and Shank3 mutant dogs. The notation of significance on the graph refers to the results of ANOVA. Data are presented as means

+ SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.
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To quantitatively compare neural responses specific to faces between
WT controls and Shank3 mutants, we conducted repeated-measures
analyses of variance (ANOVAs) of the mean P1/N1/P2 amplitudes with
stimulus category (human face versus dog face versus house) as a within-
subjects factor and testing group (WT versus Shank3 mutants) as a
between-subjects factor. We also conducted linear mixed-effect model
(LMM) analyses of the ERP amplitudes using the mixed-effect single-
trial regression models to account for potential effects of within-subject
correlations. The LMM analyses were not applied to the peak latencies
that were not able to be extracted from a single trial. The results of sta-
tistical analyses of the ERP amplitudes revealed a significant main effect
of stimulus category on N1 amplitudes [F(2,96) = 41.622, P < 0.001;
LMM results, F(2,14,029) = 59.514, P < 0.001; Fig. 3C and table $4],
suggesting greater N1 responses to dog/human faces than houses. This
effect, however, was reduced in Shank3 mutants compared to WT as
indicated by a significant stimulus category X testing group interaction
on the N1 amplitudes [F(2,96) = 9.856, P < 0.001; LMM results,
F(2,14,029) = 12.474, P < 0.001] that indicated decreased face-specific
N1 response in Shank3 mutants. Further comparisons revealed that the
N1 amplitudes were decreased in Shank3 mutants compared with WT
controls in response to dog and human faces [F(1,48) = 14.443 and
5.724, P < 0.001 and 0.021; LMM results, z = —2.597 and —1.727,
P <0.01, P=0.084] but not to houses [F(1,48) =2.713, P=0.106; LMM
results, z = —0.817, P = 0.413]. The N1 amplitudes to dog and human
faces did not differ significantly in either WT or Shank3 mutants
(P> 0.3). The N1 peak latencies also showed distinct patterns in WT
and Shank3 mutants such that Shank3 mutants compared to WT
showed longer N1 peak latencies to dog and human faces [dog face,
F(1,48) =16.611, P < 0.001; human face, F(1,48) = 7.414, P = 0.009] but
not to houses [F(1,48) = 0.339, P = 0.563; Fig. 3D].

ANOVAs of the mean P1 and P2 amplitudes also showed a signifi-
cant main effect of stimulus category [P1, F(2,96) = 6.858, P = 0.002;
LMM results, F(2,14,029) = 6.013, P = 0.002; P2, F(2,96) = 15.666,
P <0.001; LMM results, F(2,14,029) = 33.131, P < 0.001; Fig. 3, E to H].
However, there were no consistent statistical results that show that
the effect of stimulus category differed significantly between WT
and Shank3 mutants [P1, F(2,96) = 0.84, P = 0.435; LMM results,
F(2,14,029) = 1.107, P = 0.331; P2, F(2,96) = 1.93, P = 0.151; LMM
results, F(2,14,029) = 4.374, P = 0.013]. There was a significant main
effect of stimulus category on the P2 (but not P1) peak latencies [P1,
F(2,96) = 2.088, P = 0.13; P2, F(2,96) = 6.910, P = 0.002]. Similarly,
there was no evidence that the effect of stimulus category on the P1
and P2 peak latencies differed significantly between WT and Shank3
mutants (P > 0.5).

Together, the convergent statistical results indicate that the face-
specific neural process in the N1 time window was decreased and
delayed in Shank3 mutants compared to WT dogs. Although the P1
and P2 amplitudes seemed to be sensitive to face stimuli, there was
no reliable evidence that these face-sensitive effects were influenced
by Shank3 mutation.

Loss of behavioral preferences for faces of own species/
breed in Shank3 mutants

The ability to recognize faces of conspecifics and heterospecifics is
critical for animals’ survival (40). Thus, we further investigated wheth-
er the effect of Shank3 mutation would extend to the ability to recog-
nize faces based on species or breeds. WT controls and Shank3
mutants were first tested in the approach-avoidance task using paired
face photos of different species or breeds (Fig. 4A). Inverted faces were
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Fig. 4. Loss of behavioral preferences for own species and own breed in Shank3
mutant dogs. (A) lllustration of the behavioral preference-avoidance test. Two faces
of different species or breeds were displayed on the monitors simultaneously either in
upright or inverted positions. (B) Examples of dog/human face stimuli and the results
of behavioral preference. There were a total of 16 different pairs in each session. Each
photo of 20.3 cm by 25.4 cm was displayed in the center of a 23.7-inch (60.198-cm)
monitor. (C) Examples of dog/chimpanzee face stimuli and the results of behavioral
preference. (D) Examples of beagle/husky face stimuli and the results of behavioral
preference. WT, n = 16; mutants, n = 12. Data are presented as means + SEM. The col-
ored circles represent data points of individual animals. *P < 0.05; *##P < 0.001; ns, not
significant. Human faces from N. Strohminger et al. 2016, licensed under Creative
Commons Attribution Non-Commercial ShareALike 3.0 Unported License (63).
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also used in the task to examine whether configural properties are
necessary for behavioral preferences as shown in Fig. 1. Because look-
ing preferences are influenced by visual experiences (i.e., familiarity)
in infants and nonhuman primates (41, 42), WT dogs might be at-
tracted by conspecific faces. The results showed that WT approached
dog (against human) faces more frequently than the chance level of
50% [57.0 + 2.9%, t(15) = 2.423, P = 0.029; Fig. 4B], whereas Shank3
mutants failed to show such a preference [52.6 + 2.72%, £(11) = 0.959,
P =0.358]. Similar analyses of behavioral responses to inverted faces
failed to show preferences for own species in both WT and Shank3
mutant dogs (P > 0.2). The approach-avoidance task using chimpan-
zee and dog faces revealed further evidence for own-species prefer-
ence in WT but not in Shank3 mutations. WT approached dog
(against chimpanzee) faces more frequently than the chance level of
50% [62.5 + 2.06%, t(15) = 6.076, P < 0.001; Fig. 4C], but no such
preference was found in Shank3 mutants (52.6 + 3.12%, P = 0.422).
Similarly, behavioral responses to inverted faces failed to show prefer-
ence for dog (against chimpanzee) faces in both WT and Shank3 mu-
tants (P > 0.2). These results suggest that configural properties of faces
were necessary for inducing behavioral preferences for conspecific
dog faces that were observed in WT controls but not in Shank3 mutants.

Distribution intensity

B e
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% of total duration ®
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We also examined WT controls and Shank3 mutants in the
approach-avoidance task using dog faces of two different breeds
(i.e., beagle and husky; Fig. 4D). WT but not Shank3 mutants ap-
proached beagle (against husky) faces at an above-chance level [WT,
60.2 + 2.41% versus 50%, t(15) = 4.21, P < 0.001; mutants,
46.9 + 3.48% versus 50%, t(11) = 0.897, P = 0.389]. However, no
evidence was found for behavioral preference for inverted beagle
faces in either WT or Shank3 mutants (P > 0.120). Together, these
results of WT controls revealed behavioral preferences for faces of
own species or own breed that depended on configural properties of
faces. While these results demonstrated an ability to categorize faces
of different species/breeds in WT controls, this ability was lost in
Shank3 mutants.

Loss of attentional bias to faces of own species/breed in
Shank3 mutants

Next, we tested whether Shank3 mutations also impaired attentional
bias to faces of own species by tracking eye movements when WT
and Shank3 mutants viewed two simultaneously displayed photos of
a human face and a dog face (Fig. 5, A and B). The results showed
that the percentage of gaze duration on dog (against human) faces
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Fig. 5. Loss of eye-gaze preferences for faces of own species/breed in Shank3 mutant dogs. (A) Heatmaps of fixation durations on dog and human faces. (B) The
mean percentage of fixation durations and the number of gaze fixations on dog and human faces. (C) Heatmaps of fixation durations on dog and chimpanzee faces.
(D) The mean percentage of fixation durations and the mean number of gaze fixations on dog and chimpanzee faces. (E) Heatmaps of fixation durations to beagle and husky
faces. (F) The mean percentage of fixation durations and the number of gaze fixations to beagle and husky faces. WT, n = 5; mutants, n = 5. Data are presented as means
+ SEM. The colored circles represent data points of individual animals. *P < 0.05; **P < 0.01; ns, not significant. Human faces from N. Strohminger et al. 2016, licensed
under Creative Commons Attribution Non-Commercial ShareALike 3.0 Unported License (63).
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was higher than Shank3 mutants (63.8 + 4.68% versus 48.4 + 3.66%,
U =2, P =0.016). There was no significant difference between WT
and Shank3 mutants on gaze fixations on dog and human faces
(P > 0.1). We also replicated the experiment using dog and chim-
panzee faces. WT fixated on dog (against chimpanzee) faces longer
than Shank3 mutants (74.2 + 3.24% versus 42.9 + 2.84%, U = 0,
P =0.004; Fig. 5, C and D). We also found that WT but not Shank3
mutants showed significantly more gaze fixations on dog than on
chimpanzee faces (WT, Z = —2.032, P=0.031; mutants, Z = —1.214,
P =0.156).

The patterns of gaze allocations also revealed attentional bias toward
faces of own breed in WT controls. WT gazed at beagle (against husky)
faces longer than Shank3 mutants (69.6 + 3.58% versus 47.4 + 3.82%,
U =0, P=0.004; Fig. 5, E and F). There were significantly more gaze
fixations on beagle than on husky faces in WT (Z = —2.023, P = 0.031)
but not in Shank3 mutants (Z = —1.214, P = 0.156). These results
together demonstrate that the attentional bias toward faces of own
species or breed was disrupted in Shank3 mutants.

Impaired neural categorization of faces in Shank3 mutants
The above behavioral preferences are based on the ability to catego-
rize faces. We then examined whether Shank3 mutations affected
neural processing involved in the categorization of faces by species
and breeds. We recorded and analyzed ECoG signals from WT and
Shank3 mutants in response to face stimuli in a repetition suppres-
sion (RS) paradigm developed in studies of social categorization in
human faces (27). Dog and human faces were presented in the same
block of trials in the alternating condition but in separate blocks of
trials in the repetition condition (Fig. 6A). Faces with different iden-
tities were presented in a random order in both conditions. De-
creased ECoG signals to dog (or human) faces in the repetition
compared to alternating conditions were quantified to indicate RS
effect on neural responses underlying facial categorization, follow-
ing published protocols (27).

We focused on the analyses of potential RS effect in the frontal-
parietal region, as this brain region showed robust neural activities
specific to face categorization in humans (27, 43, 44). Face stimuli
elicited an early negative activity (N1; 44 to 71 ms), a following pos-
itive activity (P1; 86 to 107 ms), and a late negative activity (N2; 203
to 245 ms) at the frontal-parietal electrodes (Fig. 6, B and C, also see
fig. S6 for evoked potentials recorded at the temporal electrodes).
ANOVAs of the mean P1 amplitudes with stimulus (human versus
dog faces) and condition (repetition versus alternating) as within-
subjects factors and group (WT versus Shank3 mutants) as a
between-subjects factor revealed a significant three-way interaction
[F(1,48) = 4.740, P = 0.034; LMM results, F(1,18,763) = 6.663,
P < 0.01; Fig. 6D and table S5], indicating distinct patterns of the RS
effects in WT and Shank3 mutants. Separate analyses verified sig-
nificant RS of the P1 amplitudes to human faces [F(1,48) = 9.453,
P =0.003; LMM results, z = 3.501, P < 0.001] but not to dog faces
[F(1,48) = 1.620, P = 0.209; LMM results, z= —1.512, P= 0.131] in
WT, indicating early neural categorization of human faces. Howev-
er, the P1 amplitudes failed to show RS to human or dog faces in
Shank3 mutants (P > 0.5). A significant three-way interaction was
also evident on the N2 amplitude [F(1,48) = 5.583, P = 0.022; LMM
results, F(1,18,763) = 6.014, P = 0.014; Fig. 6E]. Separate analyses
revealed RS of the N2 amplitudes to dog faces [F(1,48) = 25.988,
P < 0.001; LMM results, z = —4.847, P < 0.001] but not to human
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faces [F(1,48) = 0.162, P = 0.689; LMM results, z = 0.240, P=0.810]
in WT, suggesting late neural categorization of dog faces. Again, no
RS of the N2 amplitudes to faces was found in Shank3 mutants
(P > 0.8; Fig. 6E). Similar analyses of the cortical responses of N1
(83 to 107 ms) and P2 (206 to 252 ms) amplitudes at the temporal
electrodes only showed a significant RS effect of the P2 amplitude to
dog faces in WT [F(1,48) =, P < 0.001; LMM results, z = 3.989,
P <0.001; fig. S6].

The same design was used to record ECoG signals to beagle (own
breed) and husky (other breed) faces from WT and Shank3 mutant
dogs. ANOVAs of the mean P1 amplitudes showed a significant
three-way interaction [F(1,48) = 6.728, P = 0.013; LMM results,
F(1,18,842) = 9.929, P = 0.002; also see table S6]. Separate analyses
revealed RS of the P1 amplitudes to husky faces [F(1,48) = 49.638,
P < 0.001; LMM results, z = 7.085, P < 0.001; Fig. 6H] but not to
beagle faces [F(1,48) = 0.029, P = 0.867; LMM results, z = —0.198,
P =0.843] in WT, suggesting RS of early neural responses to other-
breed faces. However, no RS effect was observed for the P1 ampli-
tudes in Shank3 mutants (P > 0.3). ANOVAs of the mean N2
amplitudes showed neither a significant RS effect in both WT and
Shank3 mutants (P > 0.7) nor a significant three-way interaction
effect (P> 0.2; table S6). Similar analyses of the cortical responses at
the temporal electrodes also showed a significant interaction effect
on the N1 (86 to 112 ms) amplitudes [F(1,48) = 6.438, P = 0.014;
LMM results, F(1,18,762) = 7.524, P = 0.006; fig. S6]. Simple effect
analyses further revealed RS of the N1 amplitudes to husky faces
[F(1,48) = 63.14, P < 0.001; LMM results, z=—7.607, P < 0.001] but
not to beagle faces in WT. However, no RS effect was observed for
the N1 amplitudes in Shank3 mutants (P > 0.3; fig. S6).

Together, the statistical analyses of the ECoG signals showed
convergent evidence for two successive neural processes that sup-
ported categorization of other-species/breed and own-species faces,
respectively, in WT controls. Shank3 mutants, however, showed im-
paired neural processes involved in face categorization by species
or breeds.

DISCUSSION

Building genetic models with behavioral and cognitive deficits simi-
lar to those in human patients is critical for dissecting the patho-
physiological mechanisms of human brain disorders and for
developing effective interventions (45). Built on Shank3 mutant
dogs (19), the current work established a dog model of ASD-like
atypical face processing that is difficult or even impossible to simu-
late in rodents and nonhuman primates. Furthermore, our work
demonstrates that mutations in an autism risk gene, i.e., Shank3,
lead to ASD-like atypical face processing.

Our results demonstrate ASD-like face processing deficits at two
levels in the dog model with Shank3 mutations. First, WT dogs
showed behavioral preferences and attentional biases to faces over
nonface stimuli (i.e., houses), similar to the findings in humans
(46, 47) and nonhuman primates (42). Shank3 mutant dogs, how-
ever, exhibited ASD-like behavioral and eye-gaze avoidance of faces
(particularly the eye regions), paralleling the findings of reduced
face attention (48) and preference for nonsocial stimuli (49) in chil-
dren with ASD. Moreover, WT dogs showed a face-specific neural
response, i.e., the N1 response, at the electrodes over the temporal
cortex around 100 ms poststimulus. The N1 response in dogs oc-
curred earlier than the face-sensitive N170 response that peaked at
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Fig. 6. Impaired neural responses related to facial categorization in Shank3 mutant dogs. (A) lllustrations of the stimuli and procedures of the RS paradigm. Each run
consisted of four blocks of 16 trials [including two repetition (Rep) blocks and two alternating (Alt) blocks]. (B and C) ERPs to human and dog faces at the frontal/parietal
electrodes in the alternating and repetition conditions (cond) in WT (n = 5) and mutant dog (n =5). (D and E) The mean P1 and N2 amplitudes (amp.) in response to human
and dog faces in each condition. (F and G) ERPs to beagle and husky faces at the frontal/parietal electrodes in the alternating and repetition conditions in WT (n = 5) and
mutant dog (n = 5). (Hand I) The mean P1 and N2 amplitudes in response to husky faces and beagle faces in each condition. Significance of the ANOVA results was noted
in the figure. Data are presented as means + SEM. The gray bar indicates the time window used for analysis. **P < 0.01; **##P < 0.001; ns, not significant. Human faces from
N. Strohminger et al. 2016, licensed under Creative Commons Attribution Non-Commercial ShareALike 3.0 Unported License (63).
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170 ms after stimulus onset observed in scalp ERPs in humans (50)
with sources in the fusiform and occipital face areas (51). The la-
tency of the face-specific N1 activity in WT dogs was, however,
similar to that of the face-specific monkey N1 (mN1) response iden-
tified in monkeys (52) that may also originate from the ventral tem-
poral cortex as suggested by the studies using single-unit recording
(53). These findings indicate early face perception as a common
ability crucial for social interactions across species and suggest pos-
sible species-specific adaptations in how fast the early neural coding
of faces takes place. We found evidence that Shank3 mutants com-
pared to WT controls showed decreased and delayed N1 responses
specific to faces in the temporal region, akin to the finding of de-
creased and delayed neurophysiological responses to faces in pa-
tients with ASD compared to healthy controls (54).

Second, WT dogs showed consistent evidence for spontaneous
categorization of faces of other (versus own) species or breed in be-
havioral preferences, attentional biases, and neural responses to
faces. Specifically, they showed a delayed neural categorization of
faces of own species but early neural categorization of faces of other
species. This ability may help animals to detect other unfamiliar spe-
cies, enabling them to better survive. While Shank3 mutants failed
to display any sign of processing high-level facial information that
supported the social categorization of faces by species and breeds,
the lack of preferences for faces of own species or breed in Shank3
mutant dogs cannot be simply attributed to ignorance of the visual
stimuli because Shank3 mutants’ eye gaze did fall on the face stimu-
li. The combination of behavioral, eye-tracking, and ECoG results
together demonstrates that Shank3 mutations in dogs disrupt the
two levels of face processing. We suspect that the lack of innate, first-
level face (versus house) preference may explain the impairment of
experience-dependent, second-level face categorization in Shank3
mutants. Note that the neural response to face (versus house) is evi-
dently detected in the temporal cortex, while the face categorization
occurs largely in the frontal/parietal cortices of dogs.

Our findings highlight a previously unappreciated role for Shank3
in face processing. Studies of human twins revealed that performanc-
es in face recognition (9, 10), face preference (11), and the neural re-
sponse to faces (55) showed greater correlations in monozygotic
twins than in dizygotic twins. These results, consistent with the find-
ings of selectively impaired visual learning and recognition of faces in
family members (56, 57), indicate that the ability to memorize and
recognize faces and the underlying face-specific neural processes are
heritable. Our work provided valuable experimental evidences that
mutations of an ASD-associated gene caused impaired perceptual
discrimination of faces versus nonface objects and categorization of
faces based on species and breeds. In addition, our electrophysiologi-
cal findings revealed the underlying neural activities of impaired face
processing, i.e., decreased and delayed temporal N1 response specific
to faces (versus objects) and the decreased frontal/parietal P1/N2 re-
sponses specific to categorization of faces. While the etiology for the
atypical face processing in ASD remains uncharacterized, the finding
of impaired face processing in Shank3 mutant dogs offers an insight
into the genetic basis of the atypical face processing in ASD.

The findings of the current work demonstrate Shank3 mutant dogs
as a valid animal model for further mechanistic investigation of im-
paired face processing in ASD. First, patients with ASD exhibit im-
paired gender and emotion categorization of faces (58, 59) and deficits
in face recognition that engage perception and memory of identities of
individual faces (2). Given the dogs’ abilities to differentiate identities
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and emotions of both dog and human faces (60), it would be interest-
ing to test whether Shank3 mutations in dogs also cause ASD-like
deficits in recognition of facial identity and expression. Second, our
ECoG results provide temporal information about the two levels of
face processing [i.e., early discrimination of face versus nonface object
(N1, 89 to 123 ms) and subsequent categorization of own-species (N2,
203 to 245 ms) versus other-species/breed faces (P1, 86 to 107 ms)]
that were affected by Shank3 mutations in dogs. Future research may
integrate the dog model presented here with other methods such as
those used in monkey studies of face processing (61, 62) to examine
the neural networks and cell types that are involved in face processing
and affected by Shank3 mutations. Last, but not least, SHANK3 is one
of the hundreds of high-risk genes for ASD (https://sfari.org/resource/
sfari-gene/) (6). Future research should clarify whether mutations in
other ASD high-risk genes would also lead to ASD-like atypical face
processing or other cognitive deficits in dog models.

MATERIALS AND METHODS

Subjects

A total of 23 WT (beagles) from Sinogene Ltd. (Beijing, China) and
15 Shank3 mutant dogs (beagles) were tested in this study. The mean
age did not differ significantly between WT controls and Shank3
mutants [WT, 19.3 + 1.33 months of age (mean + SEM); mutants,
24.5 + 2.75 months of age, U= 125.5, P = 0.164; see tables S1 and S2
for detailed information about the subjects in each experiment].
Four WT controls (80, 201138, 210755, and 201115) and three
Shank3 mutants (201111, 201112, and 201141) were tested in a pre-
vious behavioral study of dog-human interactions (19). Two Shank3
mutants (190203 and 190604) were tested in an ECoG study that
required the subjects to passively listen to pure sinusoidal tones
(26). None of these studies involved any training with food or used
stimuli of animal/human faces or houses. Three dogs tested in this
work were littermates [i.e., WT (201115) and Shank3 mutants
(201111 and 201112)]. WT (201115) participated in experiment 1.
Shank3 mutant 201111 participated in experiments 1 and 4. Shank3
mutant 201112 participated in experiment 4. The Shank3 mutations
generate frameshifts and truncated proteins, disrupting the ankyrin
(ANK) domain and proline-rich domain of Shank3 in mutant dogs
(19). All mutant dogs showed a similarly reduced level of Shank3
protein and similar autism-like social deficits, including social with-
drawal and reduced social interactions with humans (19). Each dog
was housed in a single cage and maintained on a 12-hour light/
12-hour dark cycle with lights on at 7:00 a.m. All subjects were sub-
mitted to ophthalmological and behavioral evaluation to verify their
healthy conditions before the study. No animal was euthanized in
these studies. All experimental procedures were approved by the
Ethical Committee of the Institute of Genetics and Developmental
Biology of the Chinese Academy of Sciences (AP2022033).

Visual stimuli

The visual stimuli used in the present study included photos of 16 hu-
man faces, 16 beagle faces, 24 husky faces, 8 poodle faces, 16 chimpan-
zee faces, 16 cars, and 16 houses. Black-and-white stimuli were used to
control potential effects of color differences between face and house
stimuli. The details of the stimuli used for each experiment are shown
in tables S1 and S2. The human faces were adopted from previous
work (63). Chimpanzee, dog faces, and cars were collected from public
internet image resources. Faces of full-frontal views with eyes open,
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direct forward gaze, and neutral expression were used. All the images
were unfamiliar to the subjects. Luminance and contrast were matched
for images of each category using the SHINE toolbox in MATLAB and
for images of different categories. All images were presented on a gray
background (122 cd/m?). The stimuli produced a 20.3 cm-by-25.4 cm
picture (resolution, 800 pixels by 1000 pixels) on the center of the
screens, positioned 240 cm away from the subject in face preference
tests. In the electrophysiological experiments, each stimulus with a
resolution of 400 pixels by 500 pixels was displayed on a 23.7-inch
(60.198-cm) screen, positioned approximately 65 cm to the subject.

Behavioral preference test

The experimental setup was modified from an approach-avoidance
test in a previous study (33), as illustrated in Fig. 1A. The setup in-
cluded a food tray placed close to the bottom of a computer monitor
on each side of the room. The two sets of food trays and monitors were
separated by a board. Before the experiment, a dog was allowed to
move freely in the test room for about 10 min. Thereafter, the experi-
menter turned the dog around with its back facing the two monitors.
At the beginning of each trial, two identical dog snacks were placed on
each of the trays. A pair of photos of two different categories was then
randomly displayed on the left and right monitors (Fig. 1B). The pho-
tos of the two stimuli used in each trial varied randomly across trials.
The test dog was guided to sit in the middle of the testing room facing
the monitors for 3 to 5 s before being released to walk toward a food
tray. After eating the snack on one food tray, the subject was led back
to the release point for the next trial. A subject was tested in 16 trials
for 15 to 45 min/day. If a test dog did not approach one of the two sides
with different photo stimuli in a trial, then the test was terminated.

Eye movement recording

The preferential viewing task was adapted from a previous study
(64) for the eye-tracking measurements after the calibration proce-
dure using the EyeLink five-point calibration program. The experi-
menter guided the dogs through finger tapping or food cues to
ensure their gaze fixation on the calibration point. The experimenter
then repeated the five-point calibration again to get the value of
calibration accuracy. Subjects seated or stood approximately 85 cm
away from a 23.7-inch (60.198-cm) liquid crystal display monitor
(resolution, 1920 pixels by 1080 pixels) when viewing the stimuli.
Eye movements were recorded at a sampling rate of 500 Hz using an
EyeLink 1000 Plus eye tracker (SR Research Ltd., Mississauga, Ontario,
Canada). Each trial started with a moving circle that caught a sub-
ject’s attention toward the center of the monitor. Once a fixation on
the circle lasted longer than 100 ms, two stimuli of different catego-
ries were presented simultaneously on the left and the right sides of
the screen in a random order across trials for 3 s, similar to the par-
adigm used in previous studies of humans (65). Eye-tracking data
during the presentation of the stimuli were analyzed. Eye-tracking
measurements were conducted in experiment 2 using photos of dog
faces and houses and in experiment 4 using photos of dog/human
faces, dog/chimpanzee faces, and beagle/husky faces. In each experi-
ment, a subject was tested in 16 trials using each set of face stimuli.
Additional trials were performed in case of failed trials to ensure the
completion of 16 trials for each experiment.

ECoG data recording
ECoG signals were recorded from 32 electrodes over the right hemi-
sphere that covered the frontal, parietal, temporal, and occipital
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cortices using the protocol described in previous research (fig. S2)
(26). Each electrode disc was 2.0 mm in diameter and spaced 5 mm
apart. Electrode positions were verified using computer tomography
scans. ECoG recordings were performed in a sound-attenuated room
with dim light. Zeus data acquisition system (Zeus, Nanjing, China)
was used to record ECoG signals with a sampling rate of 1 kHz. The
subject was seated approximately 65 cm from the computer screen
that was positioned to ensure that the stimulus was placed at the cen-
ter of the screen. During ECoG recording, a dog was instructed to sit
on the ground or on the experimenter’s lap. A camera was set to allow
the experimenter to monitor the subject’s gaze. Each trial in experi-
ment 3 started with the presentation of an image of a face or houses
for 1500 ms in the center of the gray background. This was followed
by a fixation cross with a duration varying randomly from 250 to
550 ms. Each subject was tested in four to six sessions on separate
days, and there were six runs in each session. Each run consisted of
two blocks of 24 trials. There was a 5-s break between two consecu-
tive blocks. In experiments 6 and 7, ECoG was recorded in an RS
paradigm in five sessions. There were six runs in each session and
there were four blocks of 16 trials in each run. The stimulus duration
and interstimulus interval were the same as those in experiment 3.

Behavioral data analysis

We quantified behavioral preferences for faces (against houses) as
the percentage of trials in which a dog walked toward a face photo
and preferences for houses (against cars) as the percentage of trials
in which a dog initially walked toward a house photo in experiment
1. Behavioral preferences in experiment 4 were quantified as the
percentage of trials in which a dog walked toward faces of own spe-
cies (against human or chimpanzee faces) or breed (against husky
faces). One-sample ¢ tests were conducted to assess behavioral pref-
erences for faces (or faces of a specific species) in experiments 1 and 4.

Eye-tracking data analysis

We first quantified the ratio of time devoted to observing various
categories of stimuli in relation to the total looking time in each
trial. Trials with less than 25% screening-looking time were consid-
ered invalid and excluded from data analyses. We defined the area
on the left side of the screen, which encompasses the width sub-
tracted from the fixation point to the center, as area of interest 1
(AOI-1) and the area on the right side of the screen, which encom-
passes the width subtracted from the fixation point to the center, as
AOI-2. The two AOIs independently represent the two different pic-
tures in each trial. The AOIs were determined for faces and house
stimuli in experiment 2 and for faces of different species/breeds in
experiment 5. We also defined the area of eye region in experiment
2 as AOI-3. By calculating the duration of all fixations falling inside
each AOI in each trial, we obtained the total looking time on the
target region for each trial. Because eye-tracking data do not follow
a normal distribution, we used the nonparametric Mann-Whitney
test to access statistical differences in behaviors between the two
testing groups (i.e., WT controls and Shank3 mutants) and the non-
parametric Wilcoxon signed-rank test to assess differences in be-
haviors between two measures in one testing group (e.g., gaze
fixations on faces versus house in WT controls). These statistical
methods were applied similarly to individual-based data analyses
(see results in experiments 2 and 5) and trial-based data analysis
(see results in the Supplementary Materials and figs. S1 and S5).
Heatmap of the gaze distribution was drawn through a Python
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toolbox GazePointHeatMap (https://github.com/TobiasRoeddiger/
GazePointHeatMap) based on the viewing time of the stimuli.

ECoG data analysis

ECoG data analyses were performed using MATLAB (version 2020b,
MathWorks Inc., Natick, MA) and the EEGLAB toolbox. During
preprocessing, the ECoG signals were rereferenced using a common
average reference montage and band-pass filtered from 0.1 to 30 Hz.
ERPs in each condition were averaged separately offline with an
epoch beginning 200 ms before stimulus onset and continuing for
600 ms after stimulus onset. Trials contaminated by noises exceeding
+200 pV at any electrode were excluded from the average analysis.
The baseline for ERP measurements was the mean voltage across a
200-ms prestimulus time window. The latency was measured relative
to the stimulus onset.

The time windows of peak responses were independently defined
for each ERP component in each experiment (see table S3 for details).
The mean amplitudes and peak latencies of the P1, N1, and P2
components in experiment 3 were subjected to repeated-measures
ANOVAs with stimulus category (human face versus dog face versus
house) as a within-subjects factor and testing group (WT versus
Shank3 mutants) as a between-subjects factor. The mean P1 and N2
amplitudes in experiments 6 and 7 were subject to ANOVAs with
stimulus categories (human versus dog faces or beagle versus husky)
and conditions (repetition versus alternating conditions) as within-
subjects factors and group (WT versus mutants) as a between-subjects
factor. RS effects were defined as decreased amplitudes to faces of a
category in the repetition compared to alternating conditions.

To further verify the ERP results shown in ANOVAs by controlling
potential effects of within-subject correlations, we conducted LMM
analyses of the ERP data. The statistical analyses of single-trial ECoG
amplitudes were conducted using mixed-effect single-trial regression
models, similar to the method of a previous work (66). The fixed-
effect factors included stimuli (first level, —0.67 for house, +0.33 for
human, and +0.33 for dog; second level, —0.33 for house, —0.33 for
human, and +0.67 for dog), testing group (—0.5 for WTs and +0.5
for Shank3 mutants), and their interactions in experiment 3. In experi-
ments 6 and 7, the fixed-effect factors included stimuli (—0.5 for dog/
beagle faces and 40.5 for human/husky faces), condition (—0.5 for the
alternating condition and +0.5 for the repetition condition), testing
group (—0.5 for WTs and +0.5 for Shank3 mutants), and their interac-
tions. Subjects’ identities (ID) and the recording sessions of each sub-
ject were included as the nested random-effect factors.
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This PDF file includes:
Supplementary Text

Figs. S1to S6

Tables S1to S6
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