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Both enhanced discrimination of low-level features of auditory stimuli and mutations of SHANK3 (a gene that encodes a synaptic
scaffolding protein) have been identified in autism spectrum disorder patients. However, experimental evidence regarding whether
SHANK3 mutations lead to enhanced neural processing of low-level features of auditory stimuli is lacking. The present study
investigated this possibility by examining effects of Shank3 mutations on early neural processing of pitch (tone frequency) in dogs. We
recorded electrocorticograms from wild-type and Shank3 mutant dogs using an oddball paradigm in which deviant tones of different
frequencies or probabilities were presented along with other tones in a repetitive stream (standards). We found that, relative to wild-type
dogs, Shank3 mutant dogs exhibited larger amplitudes of early neural responses to deviant tones and greater sensitivity to variations
of deviant frequencies within 100 ms after tone onsets. In addition, the enhanced early neural responses to deviant tones in Shank3
mutant dogs were observed independently of the probability of deviant tones. Our findings highlight an essential functional role of
Shank3 in modulations of early neural detection of novel sounds and offer new insights into the genetic basis of the atypical auditory
information processing in autism patients.
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Introduction
Autism spectrum disorder (ASD) is a lifelong neurodevelopmental
disorder observed in large populations (Lord et al. 2020). Besides
showing social communicative impairment and repetitive behav-
iors, autistic individuals exhibit atypical sensory reactions to
stimuli, which has been considered as a core feature of the con-
dition (American Psychiatric Association 2013). Auditory hyper-
sensitivity including superior pitch discrimination (Ferri et al.
2003; Bonnel et al. 2010) and enhanced auditory evoked responses
(Lepistö et al. 2005; Wang et al. 2006; Roberts et al. 2011) is
particularly common in ASD (Williams et al. 2021). In addition,
auditory dysfunction is severe in ASD paitents with language
impairments (Roberts et al. 2011) and could be used to predict
autistic traits (Brandwein et al. 2015). Given the accumulating
evidence indicating an etiologic role of genetic defects in ASD
(Chen et al. 2015; Tremblay and Jiang 2019), one may expect
that genetic mutations also contribute to the hypersensitivity of
auditory processing observed in autism. However, to date, there
has been little experimental evidence for a causal role of a specific
genetic mutation in the atypical auditory processing. The present
study sought to address this issue by testing a possible association
between Shank3 mutation and the ASD-like atypical auditory
processing in an animal model.

SHANK3 is a scaffolding protein localized at excitatory
synapses (Naisbitt et al. 1999). Patients carrying mutations in

SHANK gene family including SHANK3, which accounts for ∼ 1% of
idiopathic forms of ASD (De Rubeis et al. 2018), often exhibit global
developmental delay and autistic behavior (Phelan and McDermid
2012). Previous studies have revealed social impairments and
stereotypical behaviors in SHANK3 mutant macaques (Zhao
et al. 2017; Tu et al. 2019; Zhou et al. 2019). In rodent models,
Shank3 knockout mice showed enhanced pitch discrimination
(Rendall et al. 2019). Although these findings suggest possible
links between SHANK3 and the atypical auditory processing in
ASD, the frequencies of auditory stimuli used in the rodent studies
(10–48 kHz) ranged far above the frequencies to which the human
auditory system is sensitive (1–4 kHz) (Grothe and Pecka 2014).
There has been little evidence that Shank3 mutations causally
lead to atypical (enhanced in particular) processing of auditory
stimuli within human-sensitive frequencies, leaving it an open
question regarding a possible mechanistic link between SHANK3
mutations and the auditory hypersensitivity observed in ASD
patients.

The current work addressed this issue by recording electrocor-
ticograms (ECoGs) to tones in Shank3 mutant and wild-type dogs.
Dog is a credible species for investigating particular aspects of the
evolution of human sociocognition in comparative neuroscience.
Dogs have acquired the ability to engage in acoustic communi-
cation with humans during the process of domestication (Andics
et al. 2016). Dogs also exhibit a range of sociocognitive skills that
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share key behavioral and functional characteristics with humans
(Bunford et al. 2017). Moreover, dogs and humans are sensitive to
sounds of a similar frequency range and dogs process acoustic
cues from human or dog vocalizations in overlapping auditory
brain regions (Andics et al. 2014). Our recent study showed that
Shank3 mutant dogs generated by CRISPR/Cas9 editing exhibited
social withdrawal and elevated anxiety mimicking the clinical
manifestations of ASD patients (Tian et al. under review). The cur-
rent study further employed the Shank3 mutant dogs as a model
to examine possible relationships between Shank3 mutations and
atypical auditory processing.

We recorded ECoGs from Shank3 mutant and wild-type dogs
in an “oddball” paradigm in which deviant tones of different
frequencies or probabilities were presented along with other tones
in a repetitive stream (standards). Studies of ASD patients (rel-
ative to controls) using this paradigm found larger amplitudes
of event-related potentials (ERPs) to infrequent pitch changes in
tones and vowels within 200 ms after onsets of auditory stimuli
(Lepistö et al. 2005; Roberts et al. 2011). To find a potential role
of Shank3 in auditory processing, we compared ECoGs to deviant
tones with varying frequencies (Experiment 1) and probabilities
(Experiment 2) to test whether neural responses to deviant tones
were enhanced or more sensitive to variations of deviant fre-
quencies in Shank3 mutants compared with wild-type dogs. Our
results showed larger amplitudes of early neural responses to
and increased sensitivity to varations of frequencies of deviant
tones in Shank3 mutant compared with wild-type dogs. These
findings suggest new genetic and neural mechanisms underlying
the abnormal auditory processing in ASD patients.

Materials and methods
Subjects
Five wild-type Beagle dogs from Sinogene Ltd (Beijing, China)
and five Shank3 heterozygous mutant dogs (all males aged
from 1 to 3 years) were tested in all experiments. Two mutant
dogs were − 496 bp/+ and three were − 483 + 7 bp/+ (−496 bp
and − 483 + 7 bp refer to two specific indels in exon 21 of the
Shank3 gene where there are deletions of 496 and 483 base
pairs together with an additional insertion of 7 base pairs,
respectively. + after the slash means a wild-type copy of the gene).
These mutations generate frameshifts and truncated proteins
disrupting the ANK domain and proline-rich domain of Shank3.
All mutant dogs showed a similarly reduced level of Shank3
protein and similar autism-like social deficits, including social
withdrawal, elevated anxiety, and reduced social interactions
with humans (Tian et al. under review). Each dog was housed in
a separate cage and maintained on a 12-hour light/12-hour dark
cycle with lights on at 7:00 am. The dogs were fed with canine food
(Keao Ltd, Beijing, China) twice daily from 08:00 to 10:00 and 15:30
to 17:00. No animal was sacrificed in this study. All experimental
protocols (AP2022001) were approved by the Institutional Animal
Care Committee of the Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, and all procedures were
carried out in accordance with the institutional policies for the
Care and Use of Laboratory Animals.

Experimental procedures for ECoG recording
Surgery for electrode implantation was performed under general
anesthesia and strictly sterile conditions. The subject dogs were
anesthetized by simultaneous administration of dexmedetomi-
dine hydrochloride (5 μg/kg, intramuscular), Zoletil 50 (1 mg/kg,

intramuscular), and propofol (5 mg/kg, intravenous), as previ-
ously described (Grimm et al. 2011). Heart rate, blood pressure,
body temperature, SpO2 (peripheral capillary oxygen saturation),
ETCO2 (end-tidal carbon dioxide), and reflex response to noxious
stimulation were monitored throughout surgery by an electrocar-
diogram monitor (Jieruitai, Changsha, China) to adjust the dose
of isoflurane accordingly. We implanted customized 32-channel
ECoG arrays (Kedou, Suzhou, China) in the epidural space; each
electrode was made of 2.0 mm diameter copper and gold disc with
an inter-electrode distance of 5 mm. Electrodes were placed to
cover most of the lateral surface of the right hemisphere includ-
ing the frontal, motor, parietal, temporal, and occipital cortices
because neural responses to novel stimuli are stronger in the right
hemisphere of the brain (Rinne et al. 2000; Naatanen et al. 2007).
The position coordinates of recording electrodes were determined
based on the combination of pre-acquired magnetic resonance
images and postoperative computer tomography images.

A classical auditory-frequency oddball paradigm following pre-
vious reports (Sams et al. 1985; Gil-da-Costa et al. 2013) was
employed in this study. Auditory stimuli were generated using
the software Praat (http://www.praat.org/) and delivered by audio
speakers (Philips, Shanghai, China) in a sound-attenuating room.
Each acoustic stimulus was a pure sinusoidal tone of 100 ms
(10 ms rise/fall) duration with 80 dB SPL intensity. Inter-stimulus
interval varied randomly from 600 to 800 ms. Intervals between
tones were varied to prevent predictability of the acoustic events.
Psychtoolbox-3 (Brainard 1997) was used to control the presenta-
tion of auditory stimuli.

ECoG recordings were performed in subjects with restricted
moving in square fences (0.9 m × 0.9 m). We recorded one ECoG
session per day, including 6 blocks (3 blocks in each experiment)
in Experiments 1 and 2 in a random order. The probability or
frequency of deviant stimuli were specific for each block. In
Experiment 1, 1,100, 1,200, or 1,500 Hz deviant tones with a
probability of 20% were presented among 1,000 Hz standard tones.
In Experiment 2, 1,500 Hz deviant tones with a probability of 50,
20, or 10% were delivered among 1,000 Hz standard tones. These
frequencies were selected based on the overlapping frequency
ranges in dogs and humans (Barber et al. 2020) and those used in
the previous reports on monkeys and humans (Gil-da-Costa et al.
2013; Lee et al. 2017). Each block consisted of 500 stimuli including
100 deviant stimuli in Experiment 1. To obtain an equal number
of deviant stimuli (n = 100) in different conditions in Experiment
2, we delivered 200, 500, and 1,000 stimuli with 50, 20, and 10% of
devienat tones in each block, respectively. There were 45 sessions
(6 blocks per session, one session per day, 9 sessions per dog)
performed on five wild-type and five Shank3 mutant dogs for
statistical analysis. The numbers of trials for statistical analysis
of each condition are presented in Table S1.

ECoG data acquisition and analysis
Zeus data acquisition systems (Zeus, Nanjing, China) were used to
record ECoG signals with a sampling rate of 1 kHz. ECoG data anal-
yses were performed in MATLAB version 2020b (Mathworks Inc.,
Natick, MA) and the EEGLAB toolbox (Delorme and Makeig 2004).
During pre-processing, those signals were re-referenced using a
common average referencemontage, and band-pass filtered from
0.1 to 30 Hz. Neural responses specific to deviant tones were
quantified as the differential responses to deviant vs. standard
tones over frontal/central electrodes (channels 9, 11, 13, 19, 21,
23, 25, and 27; shown in red box in Fig. 2) and temporal electrodes
(channels 1, 2, 4, 6, 8, and 10; shown in green box in Fig. 2) in
all experiments. We segmented datasets from −100 to 500 ms
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Fig. 1. Neural response to deviant stimuli at varied frequencies in dogs. (A) Illustration of the auditory oddball paradigm used in this study. The stimulus
sequence consisted of repeated 1,000 Hz standard tones (blue box) and rare deviant tones (red bar)with varied frequencies (1,100, 1,200, or 1,500 Hz).
(B) The temporal ERPs averaged from all deviants of all frequencies (1,100/1,200/1,500 Hz) in both groups (wild types and mutants). (C) Grand averaged
ERPs to all deviants of all frequencies in frontal/central telectrodes. (D) Differential neural responses to deviant (vs. standard) stimuli at the temporal
electrodes, including Pd31/53 at 11–59 ms and Nd91 at 79–103 ms, followed by Pd146 at 126–166 ms. (E) Pd42 (32–50 ms) and Nd147 (123–245 ms) response
to deviant tones in frontal/central electrodes. Green lines in D and E marked time windows in which deviant tones evoked significant responses (point-
by-point paired t-tests, P < 0.01, FDR corrected).

relative to the onset of stimuli. To avoid artifacts arising from dif-
ferences in the number of standard (n = 400) and deviant (n = 100)
trials, we selected all deviant tones (n = 100) and the standard
tones immediately preceding the deviants (n = 100). Both standard
and deviant epochs were applied to baseline corrections from
−100 to 0 ms. After the baseline correction, an automatic data
cleaning procedure was performed. We first cleaned epochs for all
electrodes with abnormal trends (rejtrend function: slope > 100 μV
with R2 > 0.5). Next, epochs over frontal/central and temporal
electrodes containing a voltage difference of more than 50 μV
between sample points, a voltage difference exceeding 150 μV
within a trial, or a maximum voltage difference less than 0.5 μV
within 100 ms intervals were automatically rejected.

Statistical analysis
Neural responses to tones in each trial were averaged to obtain
grand-averaged ERPs to tones in different conditions. To quantify
the neural response specific to deviant tones, we calculated dif-
ference waves by subtracting the averaged ERPs to standard tones
from the averaged ERPs to deviant tones. The difference waves

were calculated to examine neural responses specific to deviant
tones of each frequency (1,100/1,200/1,500 Hz, Expeirment 1) and
each probability (50, 20, and 10%, Expeirment 2) from the frontal/
central and temporal electrodes in both subject groups (wild types
and mutants). These difference waves were further analyzed by
conducting point-by-point paired t-tests with false discovery rate
(FDR) corrections. The mean amplitudes of the difference waves
components were averaged from time windows centered around
the peak latency ±10 or 20 ms (Luck and Gaspelin 2017). To
compare the difference waves between wild type and Shank3
mutant dogs, the mean amplitudes of the difference waves were
subjected to a two-way repeated measures analysis of variance
(ANOVAs) with Frequency (1,100, 1,200, or 1,500 Hz, Expeirment
1) or Probability (50, 20, or 10%, Experiment 2) of deviant tones as
a within-subjects factor and Group (Shank3 mutant vs. wild-type
dogs) as a between-subjects factor. Greenhouse–Geisser epsilon
corrections were applied to adjust the degree of freedom when
the sphericity assumption was violated. Post-hoc comparisons
were corrected using the Bonferroni procedure. The summary of
statistical analysis results is presented in Table S2.
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Fig. 2. Maximal differences in ERPs between wild-type and mutant dogs observed in the temporal electrodes. Graphs depict difference waves (obtained
by subtracting the ERPs to standard from those to deviant stimulus) in wild-type (blue line) and Shank3 mutant (red line) dogs. The frontal/central and
temporal electrodes were indicated by red and green box, respectively. The electrodes array is shown at the bottom left. Ch, channel.

Results
Neural responses specific to deviant tones
in dogs
In Experiment 1, we recorded ECoG signals from wild-type and
Shank3 mutant dogs using a classic auditory oddball paradigm
with infrequent 1,100, 1,200, or 1,500 Hz deviants at 20% prob-
ability embedded in a rhythmic stream of repeatedly occurring
1,000 Hz standard pure tones (Fig. 1A). To avoid biased eval-
uation of neural responses specific to deviant tones, we first
calculated grand-averaged ERPs to standard and deviant tones
by averaging ECoG signals to deviant tones of all frequencies
(1,100/1,200/1,500 Hz) in both subject groups (wild types and
mutants). The ERPs observed at the temporal electrodes were
characterized by an early positive deflection at 9–29 ms peaking
at 19 ms (P19), followed by a negative deflection at 49–69 ms (N59),
and a late positive deflection at 131–251 ms (P191), as illustrated
in (Fig. 1B). ERP components at the frontal/central electrodes
included an early negative deflection at 4–24 ms (N14), a positive
deflection at 47–67 ms (P57), and a late negative deflection at 127–
247 ms (N187), as illustrated in (Fig. 1C).

Neural responses specific to deviant tones were identified by
calculating difference waves (ERPs to deviant tones minus those
to standard tones) and analyzed by conducting point-by-point
paired t-tests to compare ERPs for deviant vs. standard tones at
0–400 ms. The first positive response (Pd53) in Shank3 mutant
dogs (Fig. 3D) was delayed compared with that (Pd31) observd
in wild-type dogs (Fig. 3B). A paired t-test revealed three neural
responses specific to deviant tones, including an early positive
response peaking at 31/53 ms (11–59 ms) and a negative response
(Nd91 at 79–103 ms), followed by a late positive response (Pd146 at
123–245 ms) at the temporalelectrodes (P < 0.01, all FDR corrected;
Fig. 1D). The Pd31/53, Nd91, and Pd146 showed the largest ampali-
tudes at the temporal electrodes compared with other electrodes.
Neural response specific to deviant tones at the frontal/central
electrodes were characterized by a positive response Pd42 (32–
50 ms) and a negative response Nd147 (118–234 ms) (Fig. 1E). In

the following analysis, we focoused on the difference in neural
responses specific to deviant tones (i.e. difference waves, Fig. 2)
between wild-type and mutant dogs.

Enhanced early neural responses to deviant
tones in Shank3 mutants
Figure 3A–D show ERPs at the temporal electrodes in response
to standard tones and deviant tones of different frequencies in
Experiment 1. To compare neural processing of deviant tones
between Shank3 mutant and wild-type dogs, we calculated the
mean amplitudes of Pd31/53 (21–41 ms in wild types, 43–63 ms in
mutants), Nd91 (81–101 ms), and Pd146 (126–166 ms) to deviant
tones of different frequencies. The amplitudes of each neural
response were subjected to ANOVAs with Deviant frequency
(1,100, 1,200, vs. 1,500 Hz) as a within-subjects factor and Group
(Shank3 mutant vs. wild-type dogs) as a between-subjects factor.
ANOVA of the mean Pd31/53 amplitudes showed a significant
interaction of Deviant frequency × Group (two-way ANOVA,
F(2, 176) = 3.748, P = 0.027, η2 P = 0.041, 90% confidence interval
(CI) = 0.003–0.092), indicating distinct sensitivity of the mean Pd53
amplitudes in response to deviant tones of different frequeicnes
in Shank3 mutant and wild-type dogs. Further analyses found
that a higher frequency of deviant (vs. standard) tones elicited
a greater Pd53 response in Shank3 mutant dogs (main effect of
frequency: F(2, 87) = 5.324, P = 0.007, η2 P = 0.109, 90% CI = 0.019–
0.205) but not in wild-type dogs (F(2, 87) = 1.641, P = 0.2, η2 P = 0.036,
90% CI = 0–0.106; Fig. 3E).

The ANOVA of mean Nd91 amplitude revealed a significant
main effect of frequency (F(2, 176) = 3.138, P = 0.047, η2 P = 0.034,
90% CI = 0011–0.082), indicating larger Nd91 amplitudes to deviant
tones with higher frequencies (Fig. 3F). In addition, there was
a significant main effect of Group (F(1, 88) = 11.746, P = 0.001, η2
P = 0.118, 90% CI = 0.032–0.225; Fig. 3F) due to a larger Nd91 ampli-
tude in Shank3 mutant than wild-type dogs. However, there was no
interaction of Deviant frequency × Group (F(2, 176) = 1.332, P = 0.267,
η2 P = 0.015, 90% CI = 0–0.049). The ANOVA of the mean Pd146
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Fig. 3. Neural responses to deviant tones are enhanced in Shank3 mutant dogs. (A) Grand averaged ERPs to 1,000 Hz standard stimuli (blue line) and
deviant stimuli (20% probability, red line) from the temporal electrodes in wild-type dogs. The deviant frequency varied among 1,100, 1,200, and 1,500 Hz.
Both deviant and standard tones evoked an early positivity P19 followed by an N59 and a P191. (B) Differential neural responses to deviant (vs. standard)
stimuli in wild-type dogs. These include Pd31, Nd91, and Pd146. (C) Grand averaged ERPs to standard stimuli (blue line) and deviant stimuli (red line)
were recorded from the temporal electrodes in Shank3 mutant dogs. (D) Differential neural activities in response to deviant (vs. standard) tones in Shank3
mutant dogs. (E–G) Early responses (Pd53 and Nd91), but not late response Pd146, showed hypersensitivity to deviant frequencies in Shank3 mutants
than wild-type dogs. Data are represented as mean ± SEM; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 by two-way ANOVA.

amplitudes only revealed a significant main effect of Deviant
frequency (F(2,176) = 11.134, P < 0.001, η2 P = 0.112, 90% CI = 0.044–
0.182; Fig. 3G), suggesting larger Pd146 amplitudes in response
to deviant tones with higher frequencies in both subject groups.
These results uncovered enhanced neural responses to deviant
tones and greater sensitivity of neural responses to deviant fre-
quencies in the early stage of auditory processing in Shank3
mutants compared with wild-type dogs.

Similar analyses were conducted on the mean Pd42 and Nd147
amplitudes at the frontal/central electrodes (Fig. 4A–F). Only the
ANOVA of the mean Nd147 (127–167 ms) amplitudes showed
a significant main effect of Devient frequency (F(2,176) = 6.94,
P = 0.001, η2 P = 0.073, 90% CI = 0.019–0.135), suggesting increased
Nd147 amplitudes to deviant tones with higher frequencies in
both subject groups. This effect, however, did not differ signifi-
cantly between Shank3 mutant and wild-type dogs (F(2,176) = 0.091,
P = 0.909, η2 P = 0.001, 90% CI = 0–0.006).

Enhanced early neural responses to deviant
tones in Shank3 mutant than wild-type dogs
are independent of deviant probability
In Experiment 2 we further investigated whether the enhanced
early neural responses to deviant tones in Shank3 mutants com-
pared with wild-type dogs were independent of the probabil-
ity of deviant tones. We recorded ECoG signals from wild-type
and Shank3 mutant dogs in response to standard (1,000 Hz) and
deviant (1,500 Hz) tones under three conditions in which the prob-
ability of deviant stimuli varied (50, 20, and 10%; Fig. 5). Similarly,
we first calculated grand-averaged ERPs to standard and deviant
tones by averaging ECoG signals to deviant tones of all probabili-
ties (50, 20, and 10%) in both subject groups (wild type and mutant
dogs). The ERPs at the temporal electrodes were characterized by
an early positive deflection P20 (10–30 ms), following by a negative
deflection N58 (48–68 ms), and a late positive deflection P192
(132–252 ms), as shown in (Fig. 5A). ERPs at the frontal/central
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Fig. 4. Neural responses to deviant tones at the frontal/central electrodes in Shank3 mutant dogs. (A,C) grand averaged ERPs in response to standard tones
(blue line) and deviant tones (red line) from the frontal/central electrodes in wild-type (A) and Shank3 mutant (C) dogs. Both deviant and standard tones
evoked an early negativity N14, a positivity P57 and a long-latency negativity N187 under deviant frequency varied among 1,100, 1,200, and 1,500 Hz.
(B, D)differential neural responses to deviant (vs. standard) stimuli in wild-type (B) and Shank3 mutant (D) dogs, evidenced by Pd42 and Nd147. (E, F)
no significant difference in Pd42 andNd147 repsonses between wild-type and mutant dogs. Data are represented as mean ± SEM; ∗P < 0.05 by two-way
ANOVA.

electrodes consisted of a negative N15 (5–25 ms), followed by P56
(46–66 ms) and late N186 (126–246 ms) (Fig. 5B). Point-by-point
paired t-tests identified three neural responses to deviant and
standard tones, including an early Pd16/55 (4–24 ms in wild types,
52–58 ms in mutants), a negative Nd86 (71–108 ms), and a positive
Pd154 (122–276 ms) at the temporal electrodes (Fig. 5C). Similarly,
Pd37 (24–53 ms), Pd77 (67–87 ms), and Nd154 (134–174 ms) were
observed at the frontal/central electrodes (Fig. 5D).

We conducted ANOVAs of the mean amplitudes of Pd16/55
(6–26 ms in wild types, 45–65 ms in mutants), Nd86 (76–
96 ms) and Pd154 (134–174 ms) at the temporal electrodes
with Probability (50, 20, and 10%) as a within-subjects factor
and Group (Shank3 mutants vs. wild-type dogs) as a between-
subjects factor (Fig. 6A–G). We found the mean Pd16/55 and
Nd86 amplitudes showed no significant main effect of Probability
(Pd16/55: F(2,176) = 1.44, P = 0.239, η2 P = 0.016, 90% CI = 0–0.052;
Nd86: F(2,176) = 0.98, P = 0.376, η2 P = 0.011, 90% CI = 0–0.042), but
ANOVA of the mean Pd16/55 and Nd86 amplitudes revealed
significant main effects of Group (Pd16/55: F(1,88) = 5.417, P = 0.022,
η2 P = 0.058, 90% CI = 0.004–0.15; Nd86: F(1,88) = 11.176, P = 0.001, η2
P = 0.113, 90% CI = 0.029–0.219; Fig. 6E, F), indicating larger Pd55
and Nd86 amplitudes in Shank3 mutant than wild-type dogs.
ANOVAs of the mean Pd154 amplitudes revealed a significant

main effect of Probability (F(2,176) = 11.158, P < 0.001, η2 P = 0.113,
90% CI = 0.015–0.123, Fig. 6G), as the Pd154 amplitudes increased
to deviant tones with lower probabilities. In addition, decreased
Pd154 amplitudes were found in mutant dogs compared with
wild types (main of group, F(1,88) = 5.165, P = 0.025, η2 P = 0.055, 90%
CI = 0.004–0.147, Fig. 6G). However, the effects of the interaction of
Probability × Group on neural responses did not significantly
differ between Shank3 mutants and wild-type dogs (P = 0.696,
0.913, and 1.194 for Pd16/55, Nd86, and Pd154 interaction of
Probability × Group, respectively).

ERPs at the frontal/central electrodes in response to standard
tones and deviant tones of different probabilities are shown in
(Fig. 7A–D). The ANOVA of the mean Pd37 and Pd77 amplitudes at
the frontal/central electrodes showed significant main effect of
Group (F(1,88) = 6.685 and 6.682, P = 0.011 and 0.011, η2 P = 0.071 and
0.171, 90% CI = 0.009–0.167 and 0.009–0.167; Fig. 7E, F), indicating
smaller Pd37 and larger Pd77 amplitudes in Shank3 mutant
than wild-type dogs. ANOVAs of the mean Nd154 amplitudes
at the frontal/central electrodes did not show any significant
effect (P = 0.315, 0.684, and 0.121 for main effect of Probability,
Group, and Probability × Group interaction, respectively) (Fig. 7G).
The results in Experiment 2 provide evidence for greater early
neural responses to deviant tones in Shank3 mutants than in
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Fig. 5. Neural response to deviant stimuli with varied probability of deviants in dogs. (A, B) Grand averaged ERPs to deviant tones in different probability
conditions (50, 20, and 10%) of both wild-type and mutant groups, at temporal (A) and frontal/central (B) electrodes. (C, D) Results of point-by-point
paired t-tests identified differential neural responses to deviant (vs. standard) stimuli, including Pd16/55 at 4–24 and 52–58 ms and Nd86 at 71–108 ms,
followed by Pd154 at 122–276 ms at the temporal electrodes (C), and Pd37 at 24–53 ms, Pd77 at 67–86 ms, and Nd154 at 112–247 ms at the frontal/central
electrodes (D). Green lines in C and D marked time windows in which deviant tones evoked significant neural responses (point-by-point paired t-tests,
P < 0.01, FDR corrected).

wild-type dogs regardless of the variation of probabilities of
deviant tones.

Discussion
The present study investigated whether Shank3 mutations cause
ASD-like atypical auditory processing by quantifying neural
responses to deviant tones using ECoG in wild-type and Shank3
mutant dogs. ECoG signals specific to deviant tones were
identified by calculating difference waves of ECoG signals to
deviant (vs. standard) tones with variations of deviant frequencies
(Experiment 1) and probability (Experiment 2). Comparisons of
the neural responses specific to deviant tones in the two subject
groups allowed us to examine the effect of Shank3 mutations on
neural activities involved in auditory processing in a dog model.

Our ECoG results revealed three successive neural responses
to deviant tones at the temporal electrodes, including an early
positive response Pd31 and a negative response Nd91, followed
by a late positive response Pd146, and the Pd42 and Nd147 at
the frontal/central electrodes in wild-type dogs. The early neural
response (i.e. Pd31) to deviant tones started at about 13 ms and
peaked around 30 ms after tone onset. Previous animal studies
reported similar early neural responses to novel tones in rats
(0–50 ms; Lee et al. 2018), cats (25–50 ms; Pincze et al. 2002),
and monkeys (10–48 ms; Gil-da-Costa et al. 2013), different from
that in humans (100–250 ms; Naatanen et al. 2001, 2007). The
early neural responses to deviant tones observed in our work
peaked later than the brainstem auditory evoked potentials that

usually occur within 10 ms after stimulus onset in dogs (Strain
et al. 1991; Meij et al. 1992) but in a time window of middle-
latency auditory-evoked potentials recorded in acepromazine-
sedated dogs (Murrell et al. 2004). In addition, ECoG signals at
the temporal and frontal/central electrodes (e.g. temporal Pd146
and frontal/central Nd147) showed opposite polarities in a similar
time window, suggesting possible sources of the ECoG signals
specific to deviant tones in the auditory cortex.

More importantly, our ECoG results unraveled two patterns
of distinct neural responses specific to deviant tones in Shank3
mutant and wild-type dogs. First, while the amplitudes of the
two neural responses (Nd91/Pd146) in Experiment 1 increased to
deviant tones with higher frequencies in both subject groups, the
early response (Pd53) was sensitive to deviant frequencies only in
Shank3 mutant dogs. Spatial mapping of frequency selectivity of
neuronal responses in the auditory cortex has been established
in different species (Schreiner et al. 2000), including dogs (Tunturi
1962). There are separate neuron clusters along the tonotopic or
spectral decomposition axis that respond selectively to preferred
frequencies (Merzenich and Schreiner 1992; Schreiner et al. 2000;
Petkov et al. 2004). Our findings suggest that Shank3 mutations
might influence neural responses to tone frequencies at an early
stage of auditory processing in the primary auditory cortex. Sec-
ond, we found that Shank3 mutants compared with wild-type dogs
showed larger amplitudes of the Nd91 neural response to deviant
tones in Experiment 1 and larger amplitudes of both the Pd55 and
Nd86 responses to deviant tones in Experiment 2. Moreover, the
enhanced neural responses to deviant tones in Shank3 mutant (vs.
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Fig. 6. Enhanced early neural responses to deviant tones in Shank3 mutant dogs independent of deviant probability. (A, C) grand averaged ERPs in
response to 1,000 Hz standard tones (blue line) and 1,500 Hz deviant tones (red line) from the temporal electrodes in wild-type (A) and Shank3 mutant
(C) dogs. The deviant probability varied among 50, 20, or 10%. Both deviant and standard tones evoked an early positivity P20 at 10–30 ms followed
by a negativity N58 at 48–68 ms and a long-latency positivity P192 at 132–252 ms. (B, D) Neural responses to deviant tones in wild-type (B) and Shank3
mutant (D) dogs. The response include Pd16/55, Nd86, and Pd154. (E–G) Early neural response (Pd16/55 and Nd86) showed significant difference between
wild-type and mutant dogs.

wild-type) dogs were evident regardless of deviant frequency or
probability varied in the stream of auditory stimuli. These results
provide experimental evidence supporting that Shank3 mutations
result in enhanced early neural responses to deviant tones in dogs.

Electroencephalography (EEG) studies of humans using scalp
electrodes showed electrophysiological responses to deviant
tones as early as 100 ms after stimulus onset in humans (100–
250 ms), which are denoted as mismatch negativity (MMN)
with a source in the auditory cortex (Naatanen et al. 2007).
There is also evidence that MMN amplitudes in humans
are sensitive to deviant frequency and probability, as there
are increased MMN amplitudes to deviant stimuli with a
higher frequency or a lower probability (Sams et al. 1985;
Sato et al. 2000; Naatanen et al. 2007). Comparisons of the
electrophysiological and pharmacological properties suggest a
homology between MMN in humans and MMN-like responses
in animals (Shiramatsu and Takahashi 2021). The Nd86 and
Nd91 observed in dogs seem to be homologous to MMN in

humans. Unlike previous ERP studies of dogs that reported a
negative deflection in response to deviant tones at 160–200 ms
in dogs (Howell et al. 2012), we found earlier Nd86 and Nd91
responses to deviant tones, similar to other animal studies that
found MMN-like repsonses within 150 ms after stimulus onset
(e.g. at 61–75 ms in cats, Pincze et al. 2002; at 48–120 ms in mon-
keys, Gil-da-Costa et al. 2013). Increased MMN amplitudes and
delayed latencies to tone-frequency deviants were observed in
ASD patients relative to the typically developed controls (Roberts
et al. 2011; Matsuzaki et al. 2019). Larger MMN amplitudes were
also observed in children with autism who showed auditory
hypersensitivity and superior pitch-processing abilities (Lepistö
et al. 2005). Based on the findings of abnormal MMN in ASD
patients who exhibit aberrant processing of various low-level
perceptual features of sounds (e.g. loudness and frequency;
O’Connor 2012), one may hypothesize a causal relationship
between SHANK3 mutations and enhanced processing of low-
level perceptual features of sounds. Our ECoG findings that Shank3
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Fig. 7. Enhanced neural responses to deviant tones in frontal/central electrodes in Shank3 mutant dogs. (A, C) Grand averaged ERPs in response to
standard tones (blue line) and deviant tones (red line) from frontal/central electrodes in wild-type (A) and Shank3 mutant (C) dogs. Both standard and
deviant tones elicited an early negativity N15 at 5–25 ms followed by a positivity P56 at 46–66 ms and a long-latency positivity N186 at 126–246 ms.
(B, D) Neural response to deviant tones in wild-type (B) and Shank3 mutant (D) dogs, including Pd37, Pd77, and Nd154. (E–G) Early neural responses (Pd37
and Pd77) are significantly different between wild-type and mutant dogs. No significant difference in Nd154 (G) was observed between wild types and
mutants.

mutations led to enhanced neural sensitivity to frequencies of
deviant tones provide experimental evidence supporting this
hypothesis.

Because SHANK3 mutation is one of the most extensively
characterized risk factors associated with ASD (Monteiro and
Feng 2017), there have been increasing interests in generating
animal models, mostly rodent models, with Shank3 mutations to
elucidate the atypical auditory processing in ASD patients (Zhou
et al. 2016; Engineer et al. 2018; Rendall et al. 2019; Castro and
Monteiro 2022). However, humans use low-frequency sounds for
vocal communication, and dogs and humans share a similar
sensitivity to sounds of low frequencies (Barber et al. 2020).
Besides, dogs are sensitive to segmental cues in speech and are
able to process emotional prosody and speech familiarity (Andics
et al. 2014; Ratcliffe and Reby 2014; Cuaya et al. 2022). We report
in the present study atypical processing of auditory information
in Shank3 mutant dogs, which exhibited deficits in social behavior
(Tian et al. under review). The co-occurrence of abnormal
sensory perceptual processing and social-cognitive deficits is

repeatedly reported in autism (Robertson and Baron-Cohen 2017).
The relationship between enhanced auditory processing and
social deficits in ASD patients remain unclear, though abnormal
auditory processing was observed in ASD patients with language
impairments (Roberts et al. 2011) and proposed to predict the
severity of autistic traits (Brandwein et al. 2015). Our previous
(Tian et al. under review) and current studies showed evidence
of social deficits and enhanced neural sensitivity to perceptual
features of auditory stimuli in Shank3 mutant dogs, respectively.
One possibility is that enhanced sensory and perceptual process-
ing leads to insensitivity to social information of stimuli and thus
results in deficits in social behavior. Alternatively, the atypical
auditory processing observed in Shank3 mutant dogs might be
a side effect of social deficits or independent of impaired social
behaviors. Indeed, dogs with their ability to process the features
of human speech (Andics et al. 2016) provide a compelementary
and valuable animal model for studying the relationship between
abnormal auditory information processing and social deficits in
ASD patients.
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Our findings leave open questions regarding the mechanisms
that link Shank3 mutation and ASD-like abnormal responses to
deviant tones. Neuroimaging studies of humans have shown evi-
dence that attention enhanced the MMN amplitudes (Alho et al.
1992) and increased neural responses to sounds of broad fre-
quencies in the primary auditory cortex (Petkov et al. 2004).
In human ASD patients, specific gene mutations may facilitate
focused attention by ignoring contextual information to elevate
the sensitivity to low-level perceptual features of auditory stimuli.
Whether a similar mechanism exists in Shank3 mutant dogs
can be examined in future research. Although ECoG recordings
acquire high-fidelity broadband neuronal signals from an entire
cortical hemisphere, the recording technique limited the sample
size. In addition, our study collected ECoG data from males only to
avoid potential confounds of sex differences in the effect of Shank3
mutations on auditory processing. Our findings contributed to the
understanding of the genetic and neural mechanisms underlying
ASD that is more common in males than in females (Lord et al.
2020). Further studies should increase sample size and include
more subjects of different sexes and ages. Furthermore, the pas-
sive hearing paradigm used in the present study did not provide
measures of behavioral responses and thus did not allow us to
dissect the relationship between behavioral and neural responses
to tones in Shank3 mutant dogs. One possible solution is to track
pupil dilation responses that increase to deviant sounds (Marois
et al. 2018) and covary with blood oxygenation level dependent
activity in human locus coeruleus (Murphy et al. 2014).

In conclusion, our ECoG results unraveled early neural
responses to novel sounds in wild-type dogs. Moreover, our ECoG
results revealed larger amplitudes of the early neural responses
to deviant tones, and more sensitive to varied frequencies in
Shank3 mutant dogs. Our findings provide experimental evidence
for the association between Shank3 mutations and enhanced
neural activities underlying the processing of low-level features
of sounds. The Shank3 mutant dogs tested in the present study are
expected to facilitate future studies of mechanisms underlying
the widespread atypical sensory processing in ASD patients.
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