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Sensory processing anomaly is a common co-morbidity associ-
ated with Autism Spectrum Disorder (ASD). While the prevalence
of altered sensory responses is reported in up to 90% of ASD indi-
viduals [1], sensory processing abnormalities exhibit considerable
heterogeneity of either heightened or reduced reactivity to various
stimuli, including tactile [2]. Despite the significance of sensory
issues, the cause and pathophysiology underlying sensory abnor-
malities in ASD individuals remain largely unknown. Mutations
in SHANK3 are one of the most common genetic causes of ASD.
Besides highly penetrant autism core behaviors, sensory process-
ing issues are reported commonly in individuals with SHANK3
genetic mutations. Approximately 75% of individuals with
SHANK3-associated disorders have sensory processing issues,
including under-responsiveness to tactile stimuli, increased pain
tolerance, and other sensory issues related to smell, taste, vision,
and audition [3]. Opposite to the reduced tactile response in
patients carrying SHANK3 mutations [3], increased [4,5] or unal-
tered [6] responses to tactile stimuli in Shank3 isoform-specific
mutant mice were observed. The exact reasons behind the incon-
sistent tactile phenotypes in Shank3 mutant mice and patients car-
rying SHANK3 mutations remain unclear; these could be attributed
to differences in species, individual experiences, genotypes, or
experimental paradigms (i.e., specific stimuli and target sites).
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Although the potential connection between altered sensory
processing and core autism behaviors has been investigated in
ASD patients [7], the complex presentations of sensory issues
and autistic behaviors in human ASD pose a significant challenge
to dissect these behaviors in animal models [5,8]. Crucially, whole
genome analyses reveal significant convergence in obsessive-com-
pulsive disorders, a comorbidity of ASD, between humans and dogs
[9]. We recently generated and characterized a Shank3 mutant dog
model that exhibited impaired social interactions with both con-
specifics and humans [10]. With this model, we can delve into
the tactile processing abnormalities in Shank3 mutant dogs. Nota-
bly, the somatosensory system including components of the
peripheral and central nervous systems sub-serving tactile sensa-
tions in domestic dogs closely resembles that of humans [11].
Additionally, the experimental paradigms of tactile detection in
dogs are comparable to that in humans, as limb skin is the main
site for stimulation in humans and dogs [12]. In the current study,
we aimed to investigate sensory processing abnormalities and
their underlying neural mechanisms in Shank3 mutant dogs
(Table S1 online). All surgical and experimental procedures, as well
as animal care and handling, were approved by the ethics commit-
tee at the Institute of Genetics and Developmental Biology, Chinese
Academy of Sciences (AP2022033 and AP2024026).

To explore the potential role of Shank3 in regulating the
somatosensory function, we evaluated tactile sensitivity in Shank3
mutant dogs. By comparing tactile responses to electrical pulses,
we observed that the tactile threshold at which a stimulus-
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induced paw-lifting response in Shank3 mutant dogs was signifi-
cantly higher than that in wild-type (WT) dogs (Fig. 1a), indicating
reduced tactile sensitivity in Shank3 mutant dogs. Consistently,
Shank3 mutant dogs exhibited impaired tactile discrimination of
different textures (Fig. S1 online).

To assess neural processing to tactile stimuli, we recorded
somatosensory evoked potentials (SEPs) using 32-channel electro-
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corticographic (ECoG) electrodes placed on the right brain hemi-
sphere, covering a full range of cortical regions (Fig. 1b). The
largest grand-averaged SEP waveforms, in response to tactile stim-
uli ranging from O to 4 mA in 0.5 mA increments at inter-stimulus
interval (ISI) of 800 ms delivered to the left forepaw (Fig. 1c), are
observed at the somatosensory cortex for both Shank3 mutant
and WT dogs (Fig. 1d and Fig. S2a online). Grand-averaged SEP
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Fig. 1. Shank3 mutant dogs showed reduced reactivity and neural responses to tactile stimuli. (a) Schematic for tactile sensitivity test with electrical stimuli delivered to the
left forepaw at digits 3 and 4. Comparison of tactile threshold between Shank3 mutant (Mu, n = 13, 6.54 + 1.39 mA) and wide-type (WT, n = 15, 1.90 + 1.21 mA) dogs. (b)
Schematic displaying the placement of 32-recording ECoG electrodes with the ground and reference covering the right cerebral cortex, contralateral to the stimulated
forepaw. (c) Schematic for the recording of cortical responses to tactile stimuli at long (800 ms) and short (200 ms) ISIs in Mu and WT dogs (in each group, N = 6 and 5 for long
and short ISIs, respectively). (d) Grand-averaged cortical responses evoked by electrical stimuli at long ISI (I-ISI) in Mu (red) and WT (blue) dogs at the somatosensory cortex
(n =270 blocks for each group). (e) Comparisons of P1, N1, and P2 amplitudes. (f) Grand-averaged cortical responses evoked by electrical stimuli at short ISI (s-ISI) in Mu and
WT dogs (n = 225 blocks for each group). (g) Comparisons of P1 (absolute values), N1, and P2 amplitudes for long and short ISIs in WT and Mu groups. Both groups showed
adaptation of SEP responses. (h) Group-level spectral powers of resting-state brain oscillations (—450 to —100 ms pre-stimulus) from Mu and WT dogs. (i) Comparisons of
spectral powers at different frequency bands (n = 270 blocks for both groups). Mann-Whitney U test, ns: no significance, *P < 0.05, **P < 0.01, ***P < 0.001.
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waveforms at different intensities were presented (Fig. S3 and responses to electrical stimuli of mild intensities largely reflect tac-

Tables S2, S3 online). The short latency of SEPs (e.g., <20 ms of ini- tile (fast conduction), rather than nociceptive (slow conduction),
tial response) in dogs supports that cortical, as well as behavioral, processing. In WT dogs, three major deflections were observed in
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Fig. 2. PTZ ameliorated resting-state brain oscillations, tactile reactivity, and social interactions in Shank3 mutant dogs. (a) Schematic for tactile sensitivity test (left, n = 6 for
each group) and for recording tactile-evoked cortical responses (right, n = 3 for each group) in Mu and WT dogs after saline or PTZ administration. (b) Comparisons of tactile
sensitivity between Mu and WT dogs after saline and PTZ administration. (c) Group-level spectral powers of resting-state brain oscillations from WT (left) and Mu (right) dogs
after saline and PTZ administration. (d) Comparisons of spectral powers at 30-50 Hz and 50-80 Hz for Mu and WT dogs after saline and PTZ administration (n = 54 blocks
each). (e) Grand-averaged cortical responses evoked by tactile stimuli at the somatosensory cortex for WT (left) and Mu (right) dogs after saline and PTZ administration. (f)
Comparisons of P1, N1, and P2 amplitudes between Mu and WT dogs after saline and PTZ administration (n = 54 blocks each). (g) Schematic displaying the dog—human social
interactions at different phases (phase 0: habituation without the experimenter inside the puppy pen; phase 1: with the experimenter standing in the puppy pen; phase 2:
with the experimenter crouching) in Mu and WT dogs after saline or PTZ administration (n = 9 for each group). (h) Representative traces of dog-human social interactions
after saline (top) and PTZ (bottom) administration for WT (left) and Mu (right) dogs. The blue area denotes the position of the experimenter. (i) Locomotive activities
(movement distance) (left) and interaction duration (right) in the open field test for Mu (n = 9) and WT (n = 9) dogs after saline and PTZ administration. Data are represented
as mean * SEM, two-way ANOVA, ns: no significance, *P < 0.05, **P < 0.01, **P < 0.001.
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the somatosensory cortex within 200 ms following electrical stim-
uli, i.e., an initial sharp positive peak (P1), followed by a negative
peak (N1), and a slow positive peak (P2). In Shank3 mutant dogs,
the first P1 peak (observed in WT dogs) was replaced by a later
and smaller negative peak (Fig. 1d). Additionally, Shank3 mutant
dogs showed reduced amplitudes and prolonged latencies for
almost all waves (Fig. 1e and Fig S2c online), indicating impaired
somatosensory processing in Shank3 mutant dogs.

To verify the abnormal somatosensory processing to tactile
stimuli at 800-ms ISI in Shank3 mutant dogs, we performed a par-
allel experiment with stimuli at a shorter ISI of 200 ms (Fig. 1f), a
time window that contained the majority of SEPs. We also
observed a significant reduction in SEP amplitudes in Shank3
mutant dogs elicited by tactile stimuli when compared with WT
dogs (Fig S2b, 2d online). Additionally, the combination of these
two experiments allowed us to assess somatosensory adaptation,
which was referred to as a reduced response elicited by repeated
stimuli with a shorter ISI compared with a longer ISI [13]. Shank3
mutant and WT dogs showed different adaptation effects, i.e.,
SEP response differences between short and long ISIs (Table S4
online). Specifically, Shank3 mutant dogs exhibited significantly
smaller decreases in N1 and P2 amplitudes compared with that
in WT dogs (Fig. 1g and Table S5 online). These results suggested
a reduced adaptation of SEP responses, specifically for N1 and P2
waves, in Shank3 mutant dogs compared with WT dogs.

Previous studies demonstrated that cortical responses evoked
by sensory stimuli could be affected by resting-state brain oscilla-
tions occurring before the delivery of the stimuli [14]. To explore
the potential that Shank3 mutant dogs might display abnormalities
in resting-state brain oscillations, we compared pre-stimulus ECoG
signals in Shank3 mutant and WT dogs. Spectral powers estimated
from pre-stimulus ECoG signals (-450 to -100 ms) using fast Four-
ier transformation revealed distinctive patterns between Shank3
mutant and WT dogs (Fig. 1h). Specifically, the spectral powers
of pre-stimulus brain oscillations in Shank3 mutant dogs were sig-
nificantly lower than in WT dogs at all frequency bands (Fig. 1i),
especially for high-frequency gamma oscillations (>30 Hz),
although the brain topographies between WT and Shank3 mutants
appeared similar (Fig. S5a online). It is well-established that GABA
antagonists can enhance resting-state gamma oscillations [15]. We
therefore investigated whether a GABA, receptor antagonist, such
as PTZ, could rescue the reduced resting-state brain oscillations in
Shank3 mutant dogs (Fig. 2a). To determine the optimal PTZ dose,
we tested the dose-dependent relationship between PTZ and tac-
tile sensitivity (Fig S4 online). In the formal rescue experiment,
we administrated PTZ intramuscularly at 1.5 mg/kg, 10 times
lower than the seizure-inducing concentration [16]. Neither
Shank3 mutant nor WT dogs exhibited any signs of seizures during
and after the experiment. PTZ significantly increased the spectral
powers of resting-state brain oscillations in both Shank3 mutant
and WT dogs, with a stronger modulation for high-frequency
gamma oscillations in Shank3 mutant dogs (Fig. 2c, d, Fig. S5b,
and Table S6 online). Notably, PTZ induced more significant
increases in the spectral powers of resting-state brain oscillations
in Shank3 mutant dogs compared to WT dogs (Fig. 2c and
Table S6 online). PTZ administration also significantly improved
the tactile threshold in Shank3 mutant dogs (Fig. 2b). Moreover,
SEPs in Shank3 mutant dogs were enhanced after PTZ administra-
tion, to levels close to the responses observed in WT controls
(Fig. 2e, f, and Table S7 online). In particular, the initial negative
peak of SEPs in Shank3 mutant dogs exhibited a reversal in polarity,
transforming into a positive wave (P1), similar to the polarity
observed in WT controls (Fig. 2e, f, and Table S7 online).
These results revealed that PTZ effectively improved both
resting-state brain oscillations and tactile reactivity in Shank3
mutant dogs.
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We also investigated whether the PTZ treatment could have any
impact on the impaired human-dog social interactions in Shank3
mutant dogs using a two-phase open-field assay (Fig. 2g). After sal-
ine administration, Shank3 mutant dogs displayed a proclivity for
wandering in the two-phase test, devoid of any discernible location
preference in the presence of an experimenter as depicted by the
traces, while WT controls notably favored proximity to the exper-
imenter; after PTZ administration, both Shank3 mutant and WT
dogs became more locomotive in the presence of the experimenter,
with a more pronounced increase in social interaction, e.g., more
receptive to social touch, more rearing and sniffing of the experi-
menter observed in Shank3 mutant dogs (Fig. 2h, i, Fig. S6, and
Table S8 online). Moreover, Shank3 mutant dogs showed a signifi-
cantly longer interaction duration with the experimenter either
standing (phase 1, 2 min) or crouching (phase 2, 2 min) after PTZ
administration compared with saline administration (Fig. 2i and
Table S8 online). These results indicate a positive effect of PTZ
treatment on social interactions in Shank3 mutant dogs.

Altogether, we for the first time examined behavioral and elec-
trophysiological phenotypes related to somatosensory processing
in a dog model carrying autism-associated Shank3 mutations. We
found that heterozygous Shank3 mutant dogs exhibited reduced
tactile reactivity, cortical responses, and resting state brain oscilla-
tions. Importantly, we found that PTZ, a GABA, receptor antago-
nist, was capable of reversing these reduced behavioral and
electrophysiological phenotypes as well as social interaction
impairment in Shank3 mutant dogs. Furthermore, the spectral
powers of resting-state brain oscillations at most frequencies
exhibited significant correlations, not only with tactile sensitivity
but also with locomotor activity and social interaction duration
in Shank3 mutants and WT dogs (Tables S9 and S10 online). Our
findings support that the Shank3 mutant dog is a valid model to
investigate sensory issues associated with ASD as Shank3 mutant
dogs faithfully recapitulate the clinical features of ASD patients
and allow us to dissect a mechanistic link between impaired sen-
sory processing and core autistic behaviors. The rescue effects of
the GABA, receptor antagonist PTZ for both sensory processing
and autistic behaviors suggest a close connection between tactile
responses and social interactions, and a potential therapeutic tar-
geting GABA-associated signaling pathway for SHANK3-associated
disorders or broadly for sensory issues of idiopathic ASD.
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