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Neural mechanisms underlying reduced nocifensive sensitivity
in autism-associated Shank3 mutant dogs
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Autistic individuals carrying mutations in SHANK3 (encoding a synaptic scaffolding protein) have been consistently reported to
exhibit reduced pain sensitivity. However, the neural mechanisms underlying impaired pain processing remain unclear. To
investigate the role of SHANK3 in pain processing, we conducted behavioral, electrophysiological, and pharmacological tests upon
nociceptive stimulation in a Shank3 mutant dog model. Behaviorally, Shank3 mutant dogs showed reduced nocifensive sensitivity
compared to wild-type (WT) dogs. Electrophysiologically, Shank3 mutant dogs exhibited reduced neural responses elicited by the
activations of both Aδ- and C-fiber nociceptors. Additionally, Shank3 mutants showed a lower level of aperiodic exponents, which
serve as a marker for the excitatory-inhibitory balance of neural activity. The aperiodic exponents mediated the relationship
between genotype and nocifensive sensitivity as well as between genotype and neural responses elicited by nociceptive stimuli.
Pharmacologically, the reduced nocifensive sensitivity and atypical excitatory-inhibitory balance were rescued by a GABAAR
antagonist pentylenetetrazole. These findings highlight the critical role of Shank3 in pain processing and suggest that an impaired
excitatory-inhibitory balance may be responsible for the reduced nocifensive reactivity in autism.
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INTRODUCTION
Pain is essential for alerting individuals to potential dangers and
facilitating self-protection [1]. Abnormal pain perception can lead
to unnecessary suffering or increased risks of harm. In individuals
with autism, altered pain perception has been linked to a
significantly heightened risk of injury-related death [2]. Many
autistic individuals exhibit hyposensitivity to pain [3, 4] and often
engage in self-injurious behaviors [5]. Consistently, neurophysio-
logical studies reveal reduced responses to nociceptive stimuli in
autistic individuals, providing objective evidence of altered pain
processing [6, 7].
Several genes have been implicated in altered pain processing

in autism, including SCN9A [8] and SHANK3 [9]. SHANK3 is a high
profile autism-related gene, with mutations found in over 1% of
autism cases [10, 11]. Autistic individuals carrying SHANK3
mutations exhibit higher pain thresholds compared to typically
developing peers and other autistic individuals [12, 13]. However,
the neural mechanisms underlying this reduced pain sensitivity
due to SHANK3 mutations remain largely unexplored.
Animal models have been used to investigate the neural

mechanisms of altered pain sensitivity in autism. Reduced behavioral
sensitivities to various nociceptive stimuli, including mechanical,
thermal, inflammatory, and neuropathic, have been observed in
rodent [14–16] and monkey [17] models of autism. For instance,
Shank3Δex4–22 mutant mice exhibited reduced heat hyperalgesia,
potentially linked to disrupted expression of the transient receptor

potential subtype V1, which regulates heat transduction and
interacts with SHANK3 in dorsal root ganglion neurons [18].
Unlike other animal models, dogs have been domesticated for

over 30,000 years and share various emotional and cognitive traits
with humans [19, 20]. Additionally, the somatosensory system
including components of the peripheral and central nervous
systems in domestic dogs closely resembles that of humans
[21, 22]. Moreover, there are strong parallels in behavioral
responses and neurophysiological processes to pain between
humans and dogs [23, 24]. These features make dogs an ideal
model for studying autism and offer the potentials to provide
valuable insights into the neural mechanisms underlying altered
pain sensitivity in autism.
Spontaneous electrophysiological activities in the brain are

composed of both oscillatory activities and background aperiodic
components. Oscillatory activities are periodic and exhibit
frequency-specific “narrowband” power, appearing as peaks in
the power spectrum. Aperiodic activities are distributed across
multiple frequency bands, typically exhibiting a 1/f power
distribution [25, 26]. The slope of the aperiodic signal (i.e., the
aperiodic exponent) is regarded as a marker for the excitatory-
inhibitory (E/I) balance of neural activity [27], which is crucial for
nociceptive processing [28–31]. Notably, the relationship between
the aperiodic exponent and E/I balance is supported by
computational models [32–34] and empirical findings [33, 35].
Targeting GABA signaling could modulate the aperiodic
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component [36] and the E/I balance to normalize nociceptive
sensitivity in chronic neuropathic pain mice [37].
To reveal the neural mechanisms of impaired nocifensive

processing due to Shank3 mutations, we conducted behavioral,
electrophysiological, and pharmacological rescue tests upon
nociceptive stimulation using a previous established Shank3
mutant dog model (Fig. 1), which exhibited social and sensory
impairments associated with autism [38, 39]. First, we assessed
whether Shank3 mutant dogs exhibited reduced nocifensive
sensitivity similar to that observed in autistic individuals and
rodent models (Experiment 1). We then evaluated cortical
responses to nociceptive stimuli in both time and time-
frequency domains to better understand the behavioral pheno-
types (Experiment 2). Next, we investigated the potential neural
mechanisms underlying the reduced nocifensive sensitivity in
Shank3 mutant dogs, focusing on resting-state brain oscillations
and particularly the aperiodic exponent, which serves as a marker
for the excitatory-inhibitory balance of neural activity [33]. Finally,
we examined whether a GABAA receptor (GABAAR) antagonist, i.e.,
pentylenetetrazole (PTZ), could rescue the abnormal nocifensive
sensitivity (Experiment 3), as this drug may correct the atypical

excitatory-inhibitory balance by increasing resting-state brain
oscillations [40]. The findings from the present study provide
mechanistic insights into the abnormal nocifensive processing in
individuals with autism, and may suggest potential targets for
developing interventions for autism.

MATERIALS AND METHODS
Ethics approval and consent to participate
All animal care, surgical and experimental procedures in this study strictly
adhered to the guidelines for animal experimentation and were approved
by the ethics committee of the Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences (AP2022033 and AP2024026).

Animal husbandry
All dogs were housed individually in home cages (1 × 1 × 1m3) under
temperature- and humidity-controlled conditions (22–24 °C, 40–60%
humidity) with a 12-h day-night cycle (lights on from 07:00 to 19:00). All
dogs received food twice daily and had access to water ad libitum. To
minimize individual variability, efforts were made to keep the life
experiences of all animals as similar as possible. The behavioral experiment

Fig. 1 Experimental design and behavioral results. A Schematic of the nocifensive sensitivity test in dogs (Experiment 1). Laser stimuli were
delivered to the skin of the shaved left forepaw (indicated in orange). B Comparison of the nocifensive threshold between Shank3mutant (Mu,
N= 14) and wild-type (WT, N= 14) dogs. Data are presented as mean ± SEM, with statistical significance determined using the Mann-Whitney
U test, ***p < 0.001. C Comparisons of nocifensive behavior scores between Shank3 mutant and WT dogs at different stimulus intensities. Data
are presented as mean ± SEM. Statistical significance was determined using two-way repeated-measures ANOVA. N= 14 for each condition of
each group. ***p < 0.001. D Schematic of the recording of the laser evoked potentials (Experiment 2), which involved five stimulus intensities
and 30 trials for each intensity. The inter-stimulus interval was more than 30 s. E Schematic depicting the nocifensive sensitivity test and
electrophysiological signal recording after saline or pentylenetetrazole (PTZ) administration. F The analyses of electrophysiological signals
included: 1) event-related potentials, 2) time-frequency distributions, 3) spectral analysis, and 4) aperiodic exponent analysis.
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(Experiment 1) was conducted on 28 adult male beagle dogs (14 wild type
[WT] and 14 Shank3 mutant dogs, Supplementary Table 1), each weighing
between 10 and 16 kg. Of these, 12 dogs (6 WT and 6 Shank3 mutants,
Supplementary Table 1) were also involved in the electrophysiological
experiment (Experiment 2). In the pharmacological rescue experiment
(Experiment 3), 12 dogs (6 WT and 6 Shank3 mutants) were assessed
behaviorally, and 6 dogs (3 WT and 3 Shank3 mutants) were also included
in the electrophysiological assessment (Supplementary Table 1).

Nocifensive laser stimuli and behavioral assessment
Radiant-heat stimuli were generated using an infrared neodymium
yttrium–aluminum perovskite (Nd:YAP) laser with a wavelength of
1.34 μm (Electronical Engineering, Italy). The laser pulse could selectively
activate Aδ and C fiber nerve endings located in the superficial layers of
the skin [41, 42]. The laser beam was transmitted through an optic fiber,
and its diameter was set at ~7mm on the target skin area by focusing
lenses.
During the behavioral experiment, dogs were placed into a

0.6 × 1.2 × 1m3 box surrounded by transparent plastic boards, within
which they could move freely. To test nocifensive sensitivity, graded laser
pulses for 4 ms durations with ten stimulus intensities, ranging from
2.00–4.25 J with 0.25 J increments, were applied to the left forepaw of the
dogs (Fig. 1A). Each dog was tested three times every other day (1 time/
day), and in each test, ten stimuli with different intensities were delivered.
The order of stimulus intensities was randomized, with an inter-stimulus
interval of more than 1min. The target site of the laser beam moved
around to avoid repeatedly stimulating at the same spot [43]. After each
stimulus, nocifensive behavior (i.e., forepaw withdrawal) was recorded by
the experimenter, who was blinded to both the stimulus intensity and the
dogs’ genotype. No skin burn injuries were observed in each dog during all
the tests. The nocifensive threshold was defined as the minimal stimulus
intensity that elicited a left-forepaw withdrawal. Nocifensive behaviors
were quantified by using a 0–3 numerical rating scale: 0, no movement; 1,
flinching, i.e., small abrupt body jerking movement; 2, forepaw withdrawal
gently, might accompanied by body tremble; 3, forepaw withdrawal with
apparent avoidance behaviors, such as moving away from the laser beam.

Electrode implantation and electrophysiological recording
A 32-channel array of electrocorticographic (ECoG) recording electrodes
(Kedounaoji, Jiangsu, China) was placed on the right brain hemisphere,
following the method described previously [40, 44]. The reference and
ground electrodes were both placed on the posterior occipital cortex. The
location coordinates of the recording electrodes were determined using
previously acquired magnetic resonance images and postoperative
computed tomography images.
To systematically assess the dogs’ neural responses to nociceptive

stimuli, a session including five blocks of stimuli at different intensities was
performed for each dog per day. Each block consisted of 30 stimuli with a
fixed stimulus intensity delivered to the left forepaw of the dogs. Five low
levels of stimulus intensity were used to prevent burns from repeated laser
stimuli (I1–I5, 2.25–3.25 J with a 0.25 J increment, Fig. 1D). The sequence of
stimulus intensities across blocks was randomized. The inter-stimulus
interval was more than 30 s. To ensure the dogs’ well-being and maintain
their engagement, they received food rewards and were allowed to rest for
at least 5 min between successive blocks with different stimulus intensities.
The procedure was repeated five times for each dog, i.e., 5 sessions per
dog and one session per day, which resulted in a total of 30 sessions for 6
WT and 6 Shank3 mutant dogs, respectively (Supplementary Table 1).

ECoG recording and data analyses
ECoG data were amplified and recorded using the Zeus data acquisition
system (Zeus, China; high pass: 0.01 Hz; sampling rate: 1000 Hz), and analyzed
in MATLAB version 2020a (Mathworks Inc., Natick, MA) with the EEGLAB and
FieldTrip toolboxes. Continuous ECoG data were band-pass filtered between
1 and 100 Hz, and notch filtered between 49 and 51Hz to remove the 50-Hz
powerline artifacts. Epochs were extracted using a 2000ms analysis window
(500ms pre-stimulus and 1500ms post-stimulus), and baseline-corrected
using the pre-stimulus interval. Trials with amplitude exceeding ± 500 μV at
any point across the time course for any electrode were considered to be
contaminated by gross artifacts and were automatically rejected. Fewer than
three trials were removed from each session for all dogs. Average LEP
waveforms, time-locked to the onset of laser stimuli, were computed across
all stimulus intensities for each dog (Fig. 1F).

Since radiant laser heat pulses concomitantly activate Aδ and C skin
nociceptors, Aδ laser-evoked potentials (Aδ-LEPs) were observed to be
followed by C-LEPs in humans [45]. Consistent with human findings, we
observed two obvious negative-positive complexes in dog LEP responses,
i.e., Aδ-N2/P2 complex occurring between 100 and 450ms and C-N2/P2
complex occurring between 400 and 800ms (Fig. 2C). Both responses were
optimally detected from fronto-central electrodes with an average reference.
Moreover, an early negative peak (Aδ-N1, occurring between 50 and 100ms)
preceding the Aδ-N2/P2 complex was clearly identified in LEP responses at
post-central electrodes referenced to temporal electrodes, which showed a
concurrent positive component. Baseline-to-peak amplitudes of the Aδ-N1
wave and peak-to-peak amplitudes of Aδ-N2/P2 and C-N2/P2 complexes
were measured for each block in both groups. Brain topographies of these
responses were computed using linear interpolation to reveal the spatial
differences between WT and Shank3 mutant dogs.
The time-frequency representations of LEP responses were calculated

using a windowed Fourier transform with a fixed 300-ms Hanning window.
This analysis yielded, for each trial, a complex spectral estimate F(t, f) at each
time-frequency point, extending from −500–1500ms (in steps of 1 ms) in
latency, and from 1–100 Hz (in steps of 0.5 Hz) in frequency. The spectro-
gram, P(t, f)=|F(t, f)|2, represents the spectral power as a joint function of time
and frequency at each time-frequency point [46]. Spectrograms were
baseline-corrected by subtracting the average power within the pre-stimulus
reference interval (−350−150ms relative to stimulus onset) for each
frequency. The reference interval was chosen to avoid the bias from
windowing post-stimulus activity and padding values. The magnitudes of
time-frequency features, including low-frequency LEP responses (LEP) and
high-frequency gamma band oscillations (GBO), were extracted with specific
time-frequency regions-of-interest (ROIs) [Aδ-LEP, 100–400ms, 1–13 Hz; C-
LEP: 400–800ms, 1–13 Hz; Aδ-GBO, 100–400ms, 60–95 Hz; C-GBO:
400–800ms, 60–95 Hz] (Fig. 1F). These magnitudes were quantified by
computing the top 20% of all time-frequency points within each ROI [47, 48].
A Fast Fourier Transformation was performed on each trial within the

pre-stimulus time window ranging from –5–0 s to estimate the spectral
power of resting-state brain oscillations [46]. This operation yielded a
power spectrum ranging from 1–80 Hz, in steps of 2 Hz, for each electrode
of each dog. Frequencies from 1–80 Hz were divided into five bands: delta
(<4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma
(30–80 Hz). The total power within each frequency band was defined as
the mean value of power spectra within the respective frequency range
(Fig. 1F). Brain topographies of spectral powers of resting-state brain
oscillations at these frequency bands were computed by linear interpola-
tion. To extract the aperiodic exponent (Fig. 1F), we employed the FOOOF
algorithm within the frequency range from 10–80 Hz [49]. The aperiodic
exponent was calculated for each electrode, with a focus on fronto-central
electrodes.

Pentylenetetrazole (PTZ) administration
PTZ, a GABAA receptor antagonist, increases the duration of the closed
state of the GABAA receptor by inhibiting the GABA-activated Cl- current in
a concentration-dependent manner, thereby maintaining neuronal excit-
ability [50]. To investigate whether the GABAA receptor antagonist could
modulate the excitatory-inhibitory balance of neural activity in Shank3
mutants and thus rescue abnormal nocifensive sensitivity (Experiment 3),
we administered PTZ at a concentration of 1.5 mg/kg which could not
induce seizures, as established in the previous study [40]. No seizures or
other adverse effects were observed in dogs after PTZ administration. After
saline or PTZ administration, the dogs were returned to their home cages
for 30min before performing experimental assays, which included
nocifensive behavioral assessments and the collection of ECoG data.

Statistical analysis
All statistical analyses were carried out using the IBM SPSS 26 (IBM Corp.,
Armonk, NY) and R (version 4.0.2). Nocifensive threshold and resting-state
ECoG features (i.e., spectral powers and the aperiodic exponent) were
compared between Shank3 mutant and WT dogs using the Mann-Whitney
U test, with the common language effect size (CLES) quantifying the effect
size. We compared cortical responses (i.e., time-domain LEP waves and
time-frequency oscillations) evoked by nociceptive stimuli between Shank3
mutant and WT dogs using mixed effect models implemented in the R
package lme4 (ver 1.1–35.5).
To assess group differences in forepaw withdrawal behaviors and

oscillatory responses across different stimulus intensities, two-way
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repeated-measures analyses of variance (ANOVA) were performed, with
stimulus intensity (I1–I5) as the within-subject factor and group (Shank3
mutant and WT dogs) as a between-subject factor. Additionally, to assess
the effects of PTZ on aperiodic exponents and nocifensive sensitivities, we
used two-way repeated-measures ANOVA with condition (saline and PTZ
administration) as the within-subject factor and group (Shank3 mutant and
WT dogs) as the between-subject factor. When significant main effects or
interactions were identified, post hoc pairwise comparisons with Bonferroni
correction were performed.
The relationships among nocifensive behaviors, cortical responses

evoked by nociceptive stimuli, and pre-stimulus resting-state ECoG
features were first assessed using correlation analyses. Bonferroni
correction was applied to account for multiple comparisons. To reveal
how the excitatory-inhibitory balance of the neural system, which is
represented by the aperiodic exponent, influences the relationships
between genotype (Shank3 mutant and WT dogs) and nocifensive
behaviors or cortical responses evoked by nociceptive stimuli, we built
mediation models based on the correlation results following previous
methods [51, 52]. The independent variable (X) in the model was the
genotype, and the dependent variable (Y) was the forepaw withdrawal
behavior in model 1 and cortical responses evoked by nociceptive stimuli
in model 2. The aperiodic exponent, calculated from pre-stimulus ECoG
data, was used as the mediator variable in both models. The mediation

analyses were performed using AMOS 26.0 (SPSS Inc.), and the detailed
procedures along with the criteria for the model fit were described in the
previous studies [51, 52].

RESULTS
Reduced nocifensive sensitivity in Shank3 mutant dogs
To evaluate whether the nocifensive reactivity was altered due to
Shank3 mutations, we assessed nocifensive sensitivity in Shank3
mutant and WT dogs (Fig. 1A). We used a limited number (n= 3)
of nociceptive stimuli at each intensity to elicit withdrawal
behaviors of the dogs to minimize possible injuries to the
subjects. We found that the nocifensive threshold in Shank3
mutant dogs (N= 14, 3.71 ± 0.20 J) was significantly higher than
WT dogs (N= 14, 2.40 ± 0.12 J, Z= 16.50, p < 0.001, CLES= 0.940;
Fig. 1B). Nocifensive behavior scores, significantly increased with
the increase of stimulus intensity (F(9234)= 28.202, p < 0.001,
η2= 0.520), were significantly higher in WT dogs than Shank3
mutant dogs (F(1,26)= 14.88, p= 0.001, η2= 0.364; Fig. 1C). There
was no significant interaction between genotype and stimulus
intensity (F(9234)= 1.378, p= 0.199, η2= 0.050). These results

Fig. 2 Reduced cortical responses to nociceptive laser stimuli in Shank3 mutant dogs. A Grand-averaged LEP responses recorded from the
post-central cortex (pink electrodes), referenced to the temporal cortex (black electrodes), to extract the Aδ-N1 wave. B Comparison of Aδ-N1
amplitudes between WT and Mu dogs. C Grand-averaged LEP responses recorded from the fronto-central cortex (purple electrodes),
referenced to the common average (Ave.), to extract the Aδ-N2/P2 and C-N2/P2 waves. D Comparison of the peak-to-peak amplitudes of Aδ-
N2/P2 and C-N2/P2 waves between WT and Mu dogs. Data are represented as mean ± SEM. Statistical significance was determined using the
mixed effect model, with n= 150 blocks per group. *p < 0.05, **p < 0.01. E Brain topographies of Aδ-N1 amplitudes and peak-to-peak
amplitudes of Aδ-N2/P2 and C-N2/P2 waves in WT and Shank3 mutant dogs.
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demonstrated that Shank3 mutant dogs exhibit a reduced
nocifensive sensitivity, regardless of stimulus intensity.

Reduced cortical responses to nociceptive stimuli in Shank3
mutant dogs
To investigate whether neural responses elicited by nociceptive
laser stimuli also altered due to Shank3 mutations, we compared
laser-evoked ECoG responses between Shank3 mutant and WT
dogs (Fig. 1D and E). Although with similar brain topographies
(Fig. 2E), the amplitude of Aδ-N1 wave at about 60ms after laser
stimuli (i.e., maximal at post-central electrodes, likely generated
from the primary somatosensory cortex, as suggested from
human studies [45]) was significantly lower in Shank3 mutant
dogs than WT dogs (−6.83 ± 0.57 vs −9.90 ± 0.89 μV, χ2= 8.34,
β= 3.069, t= 2.908, p= 0.004; Fig. 2A, B). Similarly, peak-to-peak
amplitudes of Aδ-N2/P2 and C-N2/P2 complexes, maximal at
fronto-central electrodes (Fig. 2E) and likely originating from
bilateral insula and anterior cingulate cortex [45], were signifi-
cantly lower in Shank3 mutant dogs than WT dogs (Aδ-N2/P2,
11.28 ± 0.54 vs 13.28 ± 0.56 μV, χ2= 5.60, β=−1.798, t=−2.377,
p= 0.018; C-N2/P2, 8.80 ± 0.62 vs 10.90 ± 0.45 μV, χ2= 7.59,
β=−2.102, t=−2.773, p= 0.006; Fig. 2C, D). Significant differ-
ences in Aδ-N2 and Aδ-P2 latencies between Shank3 mutant and
WT dogs were also observed (Supplementary Table 2). These
results showed that Shank3 mutants exhibit reduced cortical
responses to nociceptive laser stimuli.
Time-frequency analysis revealed four distinct neural oscillatory

responses to nociceptive laser stimuli in both Shank3 mutant and
WT dogs (Fig. 3A, B), including low-frequency (1–13 Hz) LEP

responses (Aδ-LEP, 100–400ms; C-LEP: 400–800ms), and high-
frequency (60–95 Hz) gamma-band oscillatory (GBO) responses
(Aδ-GBO, 100–400ms; C-GBO: 400–800 ms). Notably, brain topo-
graphies of all oscillatory responses were similarly maximal at
fronto-central electrodes in both Shank3 mutant and WT dogs
(Fig. 3C). When compared with WT dogs, Shank3 mutant dogs
displayed significantly lower magnitudes of all oscillatory
responses evoked by nociceptive laser stimuli (Aδ-LEP:
4.78 ± 0.33 vs 6.02 ± 0.48 μV2/Hz, χ2= 4.73, β=−1.240,
t=−2.184, p= 0.030; C-LEP: 3.77 ± 0.27 vs 5.05 ± 0.40 μV2/Hz,
χ2= 6.91, β=−1.288, t=−2.644, p= 0.009; Aδ-GBO: 0.10 ± 0.004
vs 0.15 ± 0.01 μV2/Hz, χ2= 22.52, β=−0.053, t=−4.837,
p < 0.001; C-GBO: 0.11 ± 0.005 vs 0.16 ± 0.008 μV2/Hz, χ2= 24.10,
β=−0.048, t=−5.011, p < 0.001; Fig. 3D, E). Additionally, these
cortical responses exhibited consistent differences between
Shank3 mutant and WT dogs for most stimulus intensities,
especially for gamma oscillations (Supplementary Fig. 1). More-
over, GBOs were dependent on nociceptive stimulus intensity (Aδ-
GBO: F(4232)= 4.624, p= 0.001, η2= 0.074; C-GBO: F(4232)= 10.104,
p < 0.001, η2= 0.148; Supplementary Tables 3 and 4) and
significantly correlated with nocifensive sensitivity (Aδ-GBO:
r=−0.304, p < 0.001; C-GBO: r=−0.339, p < 0.001; Supplemen-
tary Table 5).

Reduced powers of resting-state brain oscillations in Shank3
mutant dogs
Previous studies demonstrated that brain oscillations during the
resting state modulated the perception of nociceptive stimuli in
humans [53]. To determine whether resting-state brain oscillations

Fig. 3 Reduced oscillatory responses to nociceptive laser stimuli in Shank3 mutant dogs. A, B Group-level time-frequency representations
of laser-evoked cortical responses in the fronto-central cortex of WT and Shank3 mutant dogs. The color scale represents the increase or
decrease of oscillation magnitude relative to the pre-stimulus interval (−350−150ms). Low-frequency LEP (1 Hz–13 Hz) and high-frequency
GBO responses (60 Hz–95 Hz) are marked with white frames. C Brain topographies of Aδ-LEP, C-LEP, Aδ-GBO, and C-GBO in WT and Shank3
mutant dogs. D, E Comparison of Aδ-LEP, C-LEP, Aδ-GBO, and C-GBO magnitudes between WT (blue) and Shank3 mutant dogs (red). Statistical
significance was determined using the mixed effect model, with n= 150 blocks per group. *p < 0.05, **p < 0.01, ***p < 0.001.
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were also modulated by Shank3 mutations, we compared the
spectral powers of resting-state brain oscillations between WT and
Shank3 mutant dogs (Fig. 4A). Spectral power of resting-state
brain oscillations in Shank3 mutant dogs was significantly lower
than in WT dogs at all frequency bands (delta: 14.74 ± 0.12 vs
15.31 ± 0.13 dB, Z=−3.602, CLES= 0.819; theta: 12.52 ± 0.10 vs
13.34 ± 0.12 dB, Z=−5.199, CLES= 0.661; alpha: 8.70 ± 0.13 vs
9.90 ± 0.11 dB, Z=−8.497, CLES= 0.746; beta: 5.12 ± 0.11 vs
8.19 ± 0.08 dB, Z=−13.682, CLES= 0.970; gamma: 1.01 ± 0.06 vs
4.12 ± 0.17 dB, Z=−13.569, CLES= 0.952; all p < 0.001; Fig. 4B),
while brain topographies of spectral power within these frequency
bands showed similar distributions between Shank3 mutant and
WT dogs (Fig. 4C).

Excitatory/inhibitory imbalance in Shank3 mutant dogs
The aperiodic exponent, referred to as the slope of the aperiodic
component of power spectra, has been used as a marker for the
excitatory-inhibitory balance of neural activity [33, 35, 49] and is
crucial for nociceptive processing [28–31]. To investigate whether
the excitatory-inhibitory balance was altered due to Shank3
mutations, we compared the aperiodic exponent in the mutant
and WT dogs. Grand-averaged traces of aperiodic component of
power spectra in Shank3 mutant and WT dogs are shown in
Fig. 5A. Although brain topographies of the aperiodic exponent
were highly similar between Shank3mutant and WT dogs (Fig. 5B),
Shank3 mutants exhibited significantly lower aperiodic exponent
than WT dogs (−1.26 ± 0.03 vs −1.13 ± 0.02, Z=−3.903, p < 0.001,
CLES= 0.616; Fig. 5C). This result suggested that the excitatory-
inhibitory balance of neural activity (i.e., E/I ratio) shifted to a more
inhibited state due to Shank3 mutations.
Correlation analyses revealed significant correlations between

aperiodic exponent and (1) nocifensive sensitivity (r=−0.239,
p < 0.001) and (2) laser-evoked neural oscillatory responses (Aδ-LEP:
r= 0.285, p < 0.001; C-LEP: r= 0.165, p= 0.004; Aδ-GBO: r= 0.235,
p < 0.001; C-GBO: r= 0.221, p < 0.001). Mediation models were built
to assess the possible effect of aperiodic exponent on the relation-
ship between genotype and nocifensive sensitivity or neural
oscillatory responses. For the first mediation model (the dependent
variable was the forepaw withdrawal upon nociceptive stimuli),
genotype showed a direct (b= 0.954, SE= 0.006, CI= [0.939 0.964],

p= 0.010) and indirect effect (b= 0.146, SE= 0.014, CI= [0.003,
0.026], p= 0.016) on nocifensive sensitivity through the aperiodic
exponent (Fig. 5D). For the second mediation model (the
dependent variable was cortical responses evoked by nociceptive
stimuli), the aperiodic exponent also mediated the effect of
genotype on cortical oscillatory responses, both directly
(b=−0.250, SE= 0.078, CI= [−0.411 −0.106], p= 0.015) and
indirectly (b= 0.030, SE= 0.018, CI= [0.001 0.068], p= 0.031;
Fig. 5D). These results indicated that the aperiodic exponent, a
marker of the E/I balance, mediated the relationship between
genotype and nocifensive sensitivity as well as between genotype
and neural oscillatory responses.

PTZ rescued altered E/I balance and nocifensive sensitivity in
Shank3 mutant dogs
It is well-established that GABAAR antagonists can enhance
gamma oscillations [54] and increase neuronal excitability [50].
Therefore, we hypothesized that the GABAAR antagonist PTZ
might modulate the E/I balance, thereby alleviating the reduced
nocifensive sensitivity in Shank3 mutants. As expected, PTZ
increased the spectra of resting-state brain oscillations (Fig. 6B)
and the slope of the aperiodic component of power spectra
(Fig. 6C) in Shank3 mutants. We also observed a significant
interaction between groups (Shank3 mutant and WT dogs) and
conditions (saline and PTZ administration; F(1133)= 6.053,
p= 0.015, η2= 0.044). Post hoc pair-wise comparisons revealed
that the aperiodic exponent was significantly modulated by PTZ in
Shank3 mutants (−1.37 ± 0.04 vs. −1.22 ± 0.05, p= 0.015) but not
in WT controls (−0.99 ± 0.03 vs.−1.06 ± 0.06 μV, p= 0.254; Fig. 6D).
This result suggests that the E/I balance of neural activity has
shifted to a more activated state after PTZ administration in
Shank3 mutants. For nocifensive sensitivity, a significant main
effect of condition was observed (saline vs. PTZ administration;
F(1,10)= 18.617, p= 0.002, η2= 0.651). Post hoc pair-wise compar-
isons revealed that Shank3 mutant dogs exhibited increased
nocifensive sensitivity after PTZ administration compared to saline
administration (N= 6, 2.25 ± 0.13 J vs. 3.29 ± 0.36 J, p= 0.020). In
contrast, no significant difference was observed between saline
and PTZ administration in WT controls (N= 6, 2.54 ± 0.03 J vs.
2.13 ± 0.06 J, p= 0.128; Fig. 6A). Additionally, PTZ significantly

Fig. 4 Reduced spectral powers of resting-state brain oscillations in Shank3 mutant dogs. A Group-level spectral powers of resting-state
brain oscillations (averaged over 5 s pre-stimulus and across all electrodes) from Shank3 mutant (red) and WT (blue) dogs. B Comparison of
spectral powers at different frequency bands between the two groups. Statistical analysis was performed using the Mann-Whitney U test, with
n= 150 blocks for each group. ***p < 0.001. C Brain topographies of spectral powers at different frequency bands in Shank3mutant andWT dogs.
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increased nociceptive-evoked neural oscillations in Shank3mutant
dogs, but not in WT controls (Supplementary Tables 6 and 7).
These findings support the hypothesis that the E/I imbalance of
neural activity underlies the impaired nocifensive reactivity in
Shank3 mutants.

DISCUSSION
In the present study, we observed reduced nocifensive reactivity
—including both behavioral and electrophysiological responses—
in a Shank3mutant dog model. The reduced nocifensive reactivity,
characterized by decreases in behavioral sensitivity and Aδ-/C-LEP
responses to nociceptive stimuli, recapitulates those observed in
individuals with autism, including those with SHANK3 mutations
[12, 13] and Shank3 mutant rodents [18, 55]. These findings thus

reinforce the notion that reduced pain sensitivity is conserved
characteristic of SHANK3/Shank3-related autism across species.
Importantly, we demonstrated that impaired E/I balance of neural
activity contributes to the reduced nocifensive reactivity in Shank3
mutant dogs. Furthermore, adjusting the E/I imbalance towards a
normal state by the GABAAR antagonist PTZ rescued the reduced
nocifensive sensitivity in the mutants. Together, these findings for
the first time revealed the critical role of E/I balance in pain
processing associated with autism caused by SHANK3/Shank3
mutations.
Laser pulses concomitantly activate Aδ- and C-fiber nociceptors,

eliciting a typical double sensation in humans: an initial Aδ fiber-
conducted pricking pain followed by a C fiber-conducted
prolonged burning sensation because of the different conduction
velocity of Aδ (~15 m/s) and C (~1 m/s) afferents [45]. The

Fig. 6 PTZ improved nocifensive sensitivity and aperiodic exponent in Shank3 mutants. A Comparison of nocifensive sensitivity between
Shank3 mutant (N= 6) and WT (N= 6) dogs after saline (grey) and PTZ (orange) administration. B Group-level power spectral density (dashed
line) and its aperiodic component (solid line) of resting-state brain oscillations (150 s, 10 Hz–80 Hz) from Shank3 mutant (right) and WT (left)
dogs after saline (grey) and PTZ (orange) administration. C Group-level traces and brain topographies of aperiodic components for Shank3
mutant (right) and WT (left) dogs after saline (grey) and PTZ (orange) administration. D Comparison of aperiodic exponents from the fronto-
central cortex between Shank3 mutant and WT dogs after saline (grey, n= 90 blocks) and PTZ (orange, n= 45 blocks) administration. ns: no
significance, *p < 0.05, **p < 0.01.

Fig. 5 The aperiodic exponent mediated the relationship between genotype and nocifensive sensitivity or neural responses evoked by
nociceptive stimuli. A Group-level spectral power of resting-state brain oscillations, displaying both the overall spectral power (dashed lines)
and the isolated aperiodic component (solid lines) for Shank3mutant (red) and WT (blue) dogs. B Group-level traces and brain topographies of
the aperiodic component for Shank3 mutant and WT dogs. C Comparison of aperiodic exponents from the fronto-central cortex between the
two groups. Statistical analysis was performed using the Mann-Whitney U test, with n= 150 for each group. ***p < 0.001. D Mediation models
illustrating how the aperiodic exponent mediated the effect of genotypes (Shank3 mutant and WT dogs) on nocifensive sensitivity (left) and
neural activities elicited by nociceptive laser stimuli (right). Standardized regression weights are shown in each model. D direct effect, I
indirect effect. *p < 0.05, **p < 0.01, ***p < 0.001.
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concomitant activation of Aδ and C-nociceptors results in Aδ-LEP
and C-LEP responses in the same trials [45, 56]. Different from
humans, Aδ-fiber afferents in rodents are virtually insensitive to
heat, meaning that the laser heat pulses only activate C-fiber
afferents when delivered to the rat skin [57, 58]. In our study, the
brain responses elicited by nociceptive laser stimuli in dogs
showed clear deflections at latencies compatible with the
conduction velocity of Aδ (Aδ-N1: ~60ms, Aδ-N2/P2:
100–450ms) and C fibers (C-N2/P2: 400–800 ms) (Fig. 2). The
early N1 wave of the Aδ-LEPs may, as in human studies, originate
from the primary somatosensory cortex and reflect
somatosensory-specific activity correlated with the magnitude of
the incoming nociceptive input [59, 60]. However, possibly due to
the low-signal-to-noise ratio of C-N1 wave and the potential
contamination from the preceding Aδ-N2/P2 complex, the N1
wave associated with the activation of C fibers was not identified
in our study. Additionally, similar to our findings that both Aδ- and
C-fiber LEP responses were significantly lower in Shank3 mutant
dogs compared to WT controls, autistic patients exhibit a
significantly lower and prolonged P2-wave in response to
nociceptive heat [6]. Autistic individuals show significantly lower
responses to contact heat in typical pain-encoding brain regions,
including the thalamus, S1, bilateral S2, insula, and dorsal anterior
cingulate cortex [7], which are neural sources of Aδ-LEP and C-LEP
responses. The similarity in cortical responses to nociceptive
stimuli in both humans and dogs suggests that the reduced pain
sensitivity associated with SHANK3/Shank3 mutations may be
evolutionarily conserved across species. These findings are
unlikely to reflect temperament differences or attention deficits
in mutants, as the changes in sensory sensitivity are different in
different modalities (e.g., enhanced auditory sensitivity but
reduced visual and tactile sensitivity) [40, 61].
Numerous studies suggest that cortical oscillations in the

gamma frequency (i.e., GBOs) are one of the most promising
neural markers of pain across species [47, 62–64]. GBOs could
reliably correlate with pain perception intensity within individuals
and pain sensitivity across different individuals, in both humans
[47] and rodents [63]. GBO magnitude could also track the time-
varying fluctuations of the intensity of pain [65–67]. Therefore,
detecting GBOs in the Shank3mutant dog model would enable an
objective and reliable examination of the dogs’ nocifensive
reactivity. Interestingly, time-frequency analysis in our study
revealed the concomitant presence of two components of
response corresponding to Aδ- and C-fiber responses, observed
not only in the low-frequency range but also in the high-
frequency gamma band (i.e., GBOs), which were also dependent
on nociceptive stimulus intensities (Supplementary Tables 3 and 4).
Moreover, we found that GBOs were significantly correlated with
nocifensive sensitivity in dogs (Supplementary Table 5). Shank3
mutant dogs exhibited significantly lower GBO magnitudes
compared to WT dogs, which aligns with GBO abnormalities
associated with various sensory processing in autistic individuals
[68, 69]. These findings reinforce the notion that impaired
nocifensive processing is presented in individuals with SHANK3
mutations, and GBOs could be considered as a neural marker for
diagnosing autism of abnormal nociceptive processing.
What are the potential neural mechanisms underlying reduced

nocifensive reactivity in Shank3 mutant dogs? The perceived
intensity of a nociceptive stimulus is influenced by the state of
brain immediately preceding the stimulus [53]. By examining
resting-state brain oscillations, we found that spectral power was
significantly lower in Shank3 mutant dogs than WT dogs at all
frequency bands (Fig. 4). This finding aligns with a report showing
decreased spectral power across all frequency bands in the frontal
regions of infants at high risk for autism [70]. Power spectra can be
considered as a combination of aperiodic components and
periodic oscillations [33, 49, 71]. Previous studies often overlook
the impact of aperiodic signals on neural oscillations and extract

the spectral power of brain oscillations without considering
aperiodic activity [49]. This oversight may lead to inconsistent
findings regarding spectral power across studies and could
misinterpret results; for example, significant differences in spectral
power across all frequency bands might stem solely from
variations in the aperiodic component. Several studies have
reported E/I imbalance (indicated by steeper slopes, as seen in
Fig. 5) in various psychiatric disorders, including Rett Syndrome
[72], Fragile-X syndrome [73], and Schizophrenia [74]. Other
studies further report that the extent of E/I imbalance is correlated
with the clinical severity of autistic phenotypes, such as social and
sensory deficits [69, 75]. In the present study, Shank3 mutant dogs
showed that the E/I balance shifted toward inhibition. Addition-
ally, mediation analyses revealed that reduced E/I ratios might
underlie the impaired nocifensive reactivity in Shank3 mutants.
Furthermore, the GABAAR antagonist PTZ, increasing the duration
of the excitatory state of neural activity [50], significantly shifted
the abnormal E/I balance from inhibition to excitation, which was
accompanied by increased nocifensive sensitivity in Shank3
mutants. Thus, E/I balance in neural circuitry contributes, at least
partially, to nocifensive reactivity in autism. Shank3 encodes a
post-synaptic scaffolding protein in excitatory synapses, and its
loss results in impaired neural excitability and synaptic transmis-
sion in excitatory neurons [76]. We previously found reduced
spontaneous excitatory postsynaptic currents while maintaining
normal inhibitory postsynaptic currents in neuronal activity of
pyramidal neurons due to Shank3 mutations in dogs [77]. Thus,
the reduced aperiodic exponent in Shank3 mutant dogs could be
attributed to a relatively enhanced inhibitory state arising from
decreased excitatory synaptic transmission. Together with a
previous report that the GABAAR antagonist PTZ ameliorated
tactile and social impairments [40], our findings indicate that E/I
balance might be a potential target for alleviating sensory and
social deficits in autism.
Altogether, this study has provided mechanistic insights into

abnormal pain processing in individuals with autism. However, a
few limitations should be acknowledged. First, we used only
transient nociceptive laser stimuli, leaving unclear how Shank3
mutant dogs process sustained or different types of nociceptive
stimuli (e.g., mechanical). Second, we examined changes of neural
responses exclusively in the brain, leaving uncertain whether
similar changes occur in the peripheral nervous system. Third, our
study included adult dogs only, raising questions about the
generalizability of these findings to younger ones. Fourth,
although the average plasma half-life of the GABAAR antagonist
PTZ was approximately 1.4 h in dogs [78], the duration of
nociceptive modulation and potential side effects of PTZ remain
unclear in dogs, warranting further investigation. Beyond target-
ing the GABA neurotransmitter, other neurotransmitters and their
receptors [79, 80], such as dopamine, norepinephrine, and
serotonin, may also serve as promising targets for rescuing
nociceptive abnormalities associated with autism.

DATA AVAILABILITY
The data and analysis code that support the findings of this study are available from
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